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Nova Scotian Bees as sources of antimicrobial compounds against American

Foulbrood Disease

by Prashansa Kooshna

Abstract

Honey beesApis mellifera face many parasites and pathogens such as
Paenibacillus larvagthe causahgent of American Foulbrood disease (AFB), a highly
contagious disease. Honey bees rely on a diverse set of individual andey@up
defenses to prevent disease. One route by which honey bees might combat disease is
through the protective effects of themnicrobial symbionts. This study focuses on
microbial interactions in bees that help in fighting AFB through the inhibitidh of
larvae

Honey bees and wild bees in Nova Scotia were sampled for microbial isolation
and screened agairdt larvaeusing paiwise antimicrobial assay. Isolates showing good
inhibition were chosen for extraction of metabolites with ethyl acetate and 1:1
chloromethanenethanol to obtain antimicrobial compounds that inl#bitarvae The
extracts were analysed using LC/DAD andRIKC/MS.

Novel microbial species such Bseudomonas chloroaphis, Debaromyces
prosopidisandPaenibacillus lactisalong with previously reporte. cereusandB.
subitilis, were isolated from beehive swabs and showed strong inhibition against
larvae Chloroform: Methanol extracts of E8 that is a mixture of at least 6 microbial
strains and of A12 showed strong inhibition while ethyl acetate extracts showed moderate
inhibition againsP. larvae.Our findings show great potential for discovery of novel
antagonistic compounds against AFB.

24 April 2020
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1. Introduction

1.0. Importance of honey bees

Honey beesApis melliferg contribute to the ecosystem and economy through
their pollination services, benefiting humans both directly and indirectly. It was reported
by Mendleson that honey bpellination is worth about $1.7 billion in Canatlaround
380 000 beehives in Canada, which is half the stock of Canadian beehives, are
responsible for the pollination of canola seeds only. Moreoverstfiftyof the 115
leading global commodities depead honey bee pollination. For instance, 80% of the
worl dés supply of al monds are pollkinated b
dependent commodities can face a deadinemore than 90%n theiryield without honey

beest

1.0.1 The status quo honey beopulation

While global honey bee populations have been increasing, the rate of increase is
not keeping pace with demand. The proportion of land dedicated to the production of
pollinatorindependent crops has shrunk when compared to land used fortamuitof
pollinatordependent crops. Furthermore, in spite of the global increase in honey bee
populations, some parts of Europe and North America have been facing declines in honey

bee population$?

Managed honey bee populations are influenced by neantgrs including

diseases, parasites, pesticides, the environmensagigeconomic factors American
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foulbrood disease (AFB) is the masirious bacterial disease of the honey“@eall
diseases affecting honey bees, AFB has had the greatest impact on the industry. In 2000,

annual economic loss attributed to AFB infection in US arasindUSD $5 million>®

1.1 American Foulbroatdisease

American Foulbrood disease is a worldwide problem; it has been reported that
Paenibacillus larvaespores, the causal agent of the disease, were found in honey samples
in regions of US, sub SaharAfrica andSouth Americ&:®’ Prevention and corut of
the disease are challengingcausé. larvaeform spores that can survive environmental
adversities for long periods of tilléAFB affects honey bees at a larval stage and can
wipe out a whole generation, through larval death within only 6 to 128d&ytibiotics
tylosin and oxytetracycline were approved by the FDA to be used aBailasvae®1911
However, the pathogen developed drug resistance against both antibiotics. Moreover,
higher doses of those antibiotics are harmful for human consumgftihe honey. Thus,

beekeepers resort to burning infected hives to contain the disease.

1.1.1 Pathogen, Paenibacillus larvae

Paenibacillus larvaewhich is part of the genu®aenibacillus is a rodshaped,
facultative anaerobic, spore forming agrampositive bacteri&!?P. larvaehas been
classified into four different genotypdsnterobacterial Repetitive Intergenic Consensus
ERIC Ii IV).12 These genotypes differ phenotypically with respect to spore and colony
morphology, metabolism, and most importantly viruleHc&:'® The genotypes ERIC |
and ERIC Il are regularly isolated from infected colonies worldwide, whereas ERIC Il

and ERIC IVare only represented by few historical isolates in type culture colleéfions.
12



Based on genomic data, it has been proposedPthatvaeERIC | and Il evolved
different strategies to achieve invasion of leenocoel. The hemocoel is the body cavity
in bees, comprising &eries of interconnected spaces between tissues and,dhgangh

which a mixture of blood and lymphatic fluid (hemolymph) flows freély.

It has been demonstrated that the genotype ERIC Il is more virulent on the larval
level than ERIC .11t commonly kills bee larvae withiri @ days, while ERIC | strains
need up to 12 days to kill all infected larvdélowever, these differences on the
individual larval level have different implications for virulence on the colony level,
because the e#fl larvae die, the more efficiently they can be removed by nurse bees
engaged in brood hygiene. This is a part of the social immune response of honey
bees’® The social immune response is better adapted to contain ERIC Il infections rather
than ERIC | inéctions. This leads to the paradoxical situation Bha@rvaeERIC Il is

less virulent on the colony level than ERIC 1.

Several species frofaenibacillusgenus are known for their usefdenibacillus

derived antimicrobial compounds such as polymyx=ind fusaricidins. Moreover, many
Paenibacillusgenus species yield a range of enzymes that have several applications in
medicine, food, textiles and biofulOn the other handPaenibacillus larvaavhich is a
pathogen releases a chitinase, thaeésporsible fat h e p a invasian efthé s

midgut of honey bee larvddJnderstanding the mechanism of the infection can provide

better guides to solutions against AFB.

13



1.2 Mechanism of pathogenicity

1.2.1 Pathobiology #. larvaechitin-degrading enzymes

In most invertebrates like bees, the role of mucus is incurr@etityophic matrix
(PM), the lining of the gut epithelium and provides a protective barrier against
pathogeng$?2*The PM consist of a network of chitin containimécrofibrils in a matrix
of proteinsglycoproteins andproteoglycansThe major constituents are the fibrils

made of chitin, an insoluble linear beta (lljaked N-acetylglucosaminé&:

Invasive pathogens likB. larvae need to breach the midgut epithelium before
they can interact with the epithelial cells. Hence, degradation of the PM in the larval
midgut is a key step in the pathogenesiB darvae?® The mechanism of infection .
larvaeis shown in figure 1. It was found that the chifiegrading enzymelCBP49
responsible for the degradation was not a classical chitinase as the genomic sequences of
P. larvaedid not reveal functional genes fomskical chitinases. HencefortiCBP49
was classified as a novel member of auxiliary activity 10 (AA10) family of Iytic
polysaccharide monooxygenases (LPM&g):2®Members of the AA10 family are
capable of degrading recalcitrant polysaccharides lis&altine chitin via a novel,

copperdependent, oxidative enzymatic mechantéft=°

14
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tramsmigsion of spores to naive lanvae

/ by nurse bees \

non-invasive phase invasive phase

destruction af the larval peritrephic matrix
breaching of the midgut epithalium
larval death
degradation of the carcass to a ropy mass
sporulation of B lanvae

uptake of germination of spores
F larvae spores | praliferation of bacteria

Figure 1. Pathogenesis @&. larvaeinfections in honey bee larvae. From stage | to Il,
honey bee larvae ingest tRelarvaespores in the contaminated food. Egpre to excess

of nutrients in the midgut promotes spore germination (lll) and allows the vegetative
bacteria to proliferate until they occupy nearly the entire midgut lumerf [T

invasive phase of infection is initiated by the total destructioneofititigut PM enabling

the bacteria to cross the epithelial barrier and invade the hemocoel (V). At stage V, the
infected larva is dead arRl larvaetotally degrades the cadaver to a ropy mass and
eventually starts forming spores again. Nurse bees tryidg#o the brood cell become
contaminated and transmit the spores to other uninfected larvae when feeding them.
Along with the chitin degrading enzyme, certain toxins/secondary metabolites released
by P. larvaealso participate in invading of the hemoc(MLiller et al).® Permission for

use of image was granted
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1.2.2 Pathobiology #. larvaetoxins/secondary metabolites

P. larvaesecondary metabolites exhibiting antimicrobial activity may play a role
duringP. larvaeproliferation in the midgut lumen. Only ERIC | will be discussed here as
it is more virulent atolony level and is the one studied in this honours préj&RIC |-
genome harbors several functional toxin gefg of the ERIC dspecific toxins PIx1,
PIx2 are novel ABtoxins. AB-toxins consist of two subunits, an enzymatically active A
subunit anda B subunit that assist in the translocation of subunit A into the host cell. The

A subunit inhibits normal cellular functions by modifying its targét.

These ABtoxins, PIx1 and PIx2 most likely act on the epithelial cells, once the
protectivePM hasbeen degradedinfhauset al. (2013khed light on some possibilities,
but the actual mechanism of toxins is yet to be confirmed. They found that the PIx1 B
subunit contained four ricin B |like domain
shown to be involved in carbohydrate bind#dhus, PIx1 might be able to bind to
glycoproteins or glycolipids present on honey bee larval midgut epithelial cells,
facilitating the entry of the toxin into host ceff8As for PIx2, from the observed
sequence and structural features of PIx2 A suptirey hypothesized that activity of
PIx2 in the host cell results in loss of the actin cytoskeleton that may lead to the observed

rounding up of host cells in tH% midgut ep

Also, P. larvaeproliferating in the larvamidgut will encounter microbial
competitors as soon as the larval food is supplemented by honey and pollen containing
bacterial spores, bacteria, and fungi. Other secondary metabolites like paenilamicin or the

paenilarvins will enabl®. larvaeto defendts niche and outcompete saprophytes during

16
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degradation of the larval cadaver, thus ensuring that a pure cult@réanfaeprevails in

the end3°36

Figure 2. Role of toxins PIx1 and PIx2 in virulencefflarvae
These toxins most likely act on dpalial cells once the
protective PM has been degradBdlarvaethen breacbsthe

epithelial layer and invades the hemocoel (Muller et al. 2914).

Permission for use of image was granted.

@» P larvae ERIC |

& PICBP49
® o toxins

1.3 Solutions

1.3.1 Progress on fighting against AFB so far

There is an ongoing search for antimicrobial compounds against tlogeath.
larvae Several antibiotics have been testeditro andin vivo against AFB such as
oxytetracycline and tylosin. It was found that AFB was controlled by oxytetracycline
hydrochloride, tylosin and terramycin but in all cases, colonies exhibgeds®
recurrence from five to 10 months after treatnf@Many other potential antimicrobial
compounds against the honey bee pathogen have recently been discovered from various
sources such as tea tree oil, poplar resins, tilmicosifieanmented materiaf&** For
instance, 4 active dihydroflavonols from poplar resins (pinobarBcbityrate,

pinobanksir3-isopentanoate, pinobanksdhexanoatepinobanksir3-octanoate) were

17



found to inhibitP. larvae (ICso: 17-68 uM) where an increasy antimicrobial activity

againstP. larvaewas observed, with longer acyl grous.

Studies have also demonstrated the efficiency of probiotics in strengthening
honey beebds resistance against AFB. Lactic
Bifidobacterium, originating from honestomach exhibited resistance both in vitro and in
vivo againstP. larvaeand was proposed as candigdte use as probiotgagainst
AFB.*?Lactobacillus plantarum(ATCC 14917) Lactobacillus rhamnosu®TCC
55826), and.actobacillus kunkedjpreviously isolated from a healthy honey bee hive)
weretestedas probioticgo provide resistance against AFB amdwgey beesand found
to reduce pathogen load, upregulate expression of key immune genes, and improve
survivalduringP. larvaeinfection3 These findings show that the use of probiotics
supplement can be a practical and affordable solution for beekeEpensse of
probiotics can be a cheaper alternatoenpared t@ntibioticsasthe cost of synthesis of

antibioticsis likely to behigher

1.3.2 Microbiome of honey bee as source of active compounds

A study found that seven strains showed strong inhibitory activity ag&inst
larvaeout of 35 isolates from the digestive tract of the Japanese hone§heegerana
japonica Most of the antagonistic bacteria belonged to Bacillus species and the strong
inhibitory strains were closely related to gubtilisandcereussubspecie$? Another
study by Alippi and Reynalffitested 242 isolates from apiarian sources in Argentina
from which 49%produced no inhibition, 28% produced medium inhibition, 12%

produced good inhibition, and 11% produced very good inhibition. Within thit%e
18



(26) strains that showed very good inhibition, 10 strains were selected and identified as:
Bacillus subtilis Bacillus pumilusBacillus licheniformisBacillus cereusBacillus

megateriumBrevibacillus laterosporuysBacillus laterosporus.

Furthermore, a bacterial strain showing a high level of antimicrobial activity
againstP. larvaeATCC 9545 was isolated from honey samples and identified as

Paenibacillus polymyx&®

1.3.3 Microbiome of wild bees as source of active compounds

It was foundby Keller and ceworkers thaPaenibacillusstrains with genes
encoding the virulence factors or chitinases of American Foulbrood disease were not
found among 13 species of wild bééslence, it is possible that wild bees have co
evolved with some immun@sponses against AFB. For instance, Olofsson and
Vasque?? (2008) reported a novel bacterial flora composed of lactic acid bacteria of the
generd.actobacillusandBifidobacterium in Apis melliferahoney stomach.
However,Evans and Armstrort§(2006)failed to find Lactobacillusspecies irA.
mellifera, suggesting that the gut microbial population is not constant even within the
same species. Therefore, it can be hypothesized that wild bees have different gut
microbiomes too. Their gut microbiomes casoabe potent sources of antimicrobial

compounds if wild bees have evolved with a microbiome against diseases such as AFB

19



1.4 Theory behind methods
1.4.1 Finding potential inhibitors

There are countless microorganisms thriving in the bee microbiomenthyat
be producing potent antimicrobial compounds. The isolation of microbes depends on
several factors such as nutrient availability, nature of substrate, oxygen levels and
temperature. Alsdhe presence and nature of competitors (other surrounding nmsgrobe
can affect the chemical composition of the media as they produce secondary
metabolites that can inhibit or promote growth of other strailasy of those factors,
such as presence of competitors, cannot be controlled at the beginning stage. Therefore,
the choice of media and physical conditions are crucial in maximizing the number of

isolates.

General media allow the growth of néastidious microorganisms while
selective media willsupport fastidious organisms, which need a specific set of
requirementsmet, to grow.Nutrient agar (NA) was used as general media, while
nutrient agar with antibiotic ampicillin (NAA) was uséd favor fungal growth and
nutrient agar with fungicide cycloheximide (NAC) was used for selegtioa/th of

bacteria

Streaking colonies aseptically leads to the isolation of individual colonies,
which are a group of microbial cells that came from one singleepitug microbe?
An antimicrobial assay that can screen several strains at once, is nefgteddtential
producers of antimicrobial compoundsvelve well platespairwise assagllow us to

conduct several pairwise testisonce.

20



1.4.2 Identificatiorof inhibitors

DNA extraction and primers used

For DNA (deoxyribonucleic acid)

extraction, cells and their nuclei need to be broken open. This can be
accomplished by mechanical methods, such as grinding, or by chemical methods that
break apart cellvalls and cell membranes. The use of ethanol helps in precipitating DNA
and removing salts by solvating them better than DNA.

For bacterial identification, %ribosomal RNA(16S rRNA) is targeted and
sequenced as it is a highly conserved region of the bacterial genome. 16S rRNA is the
component of th80Ssmall subunit of @rokaryoticribosomethat binds to th&hine
Dalgarno sequencd@heShineDalgarnosequences aribosomal binding sitan bacterial
and archaeahessenger RNAMRNA) that helps to recruit mRNA for protein
synthesig?5051

Fungi also have amtemaltranscribedspacel(ITS), whichis a highly conserved
cluster present in the rRNAhis cluster encodes three subunits of ribosomal RIS
(small subunit, 5.8S and 288arge subunit) and ITS region. An important attribute of
the ITS sequences farolecular phylogenetic research is that they show significant
variations between closely related fungi, and sometimes between populations within a
single species. These variations are caused by insertions, deletions, and point mutations,

which are conserd in the ITS regiof?>3
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Sanger Sequencing

This sequencing procedure which is dideoxy sequencing was invented by Frederic
Sanger and his colleagues in 1977. With a few modifications and automation, this method
is still used today in genomicallowing large sequencing centers to read over 1,000

bases of DNA sequence per secéhd.

Sanger sequencing test samples consist of the extracted DNA of test organism,
primers that are oligonucleotides of around 20 base pairs longpamalementary to the
target DNAThe sample mixture is added to four tubes containing one of the four dNTPs
(deoxyribonucleotides), their corresponding ddNTPs (dideoxyribeotidt) and DNA

polymerase.

Each tube first undergoes heating to separate thielelstranded DNA by
disrupting the hydrogen bonds avah der Waals forces of attractiohhe DNA primer is
then annealed at one end of the sequence of interds¢ DINA strands, which act as

template strands for DNA polymerase.

DNA polymerase extends the oligonucleotide, using the template strand to guide
incorporation of dNTPs. Randomly, a ddNTP will be incorporated into the growing DNA
strand. Because itismisgin t he 36 hydroxyl group, the dd

chain from being extended further.

In addition, each ddNTP has a different color label. Consequently, each

terminated DNA chain is colored according to the nucleotide at its end. When the DNA
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strandsare separated by length by capillary electrophoresis, individual chains of

increasing length can be identified by their céfor.

TC

Various samples of DNA
are subjected to the
dideoxy reaction, but a
different colour dye
(shown by arrows) is

attached to each primer

The resulting fragments
are separated in a single
lane of gel, where they

move downquicker or

slower according to size

A laser source at the
bottom of the lane
detects the colours and
sends the corresponding
information to a
computer, which deduces

the sequence

Figure 3. Schemeshowing how the ddNTPs causes termination in Sanger sequencing by

stopping DNA polymerase from elongating DNA strand and can be used to sequence

DNA.>* Permission for use of imageas granted.
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Analysis of sequence

A sequence similarity search allows scientists to deduce the function of a
sequence from similar sequences. The sequence received from Sanger sequencing can be
analysedvith various bioinformatic tools. BLAS{Basic Local Alignment Search Tool)
is a weltknown program thdinds regions of local similarity between sequences. The
program compares nucleotide or protein sequences to sequence databases and calculates
the statistical significance of matches. This can be wskdlp identify members of gene
families or infer functional and evolutionary relationships between sequences.
TheBLASTN nucleotidenucleotide search tiks for more distargequences while
themegaBLASTnucleotidenucleotide search is optimized for very similar sequences in
the same or in closely related species. MegaBLAST first looks for an exact match of 28

bases, and then attempts to extend that limitétch into a fullalignment™®

1.4.3 Target secondary metabolites and extraction

Antimicrobial activity is caused by the production ofaaray of secondary
metabolites of bacteria and fungi such as peptides i p o placthing, glyeopeptidds,
lantibiotics, surfaéhs and many moré®>*8 The methodf extraction varies according
to the nature of target compounds. A common point observed from previous studies is the
use of methanol or precipitation by ammonium sulphate or concentrated acid to extract
antimicrobial compounds. Acetone and chloroforetenalso used to extract

antimicrobial compounds from microb&¥$?:62

Bacillus subtilis isolated from honey and bee gut samples showed very good
inhibition in Al i*J23006), and is kndve fprpadudng usfactgrt u d y
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Natural surfactin ppduced byB. subtilisis a mixture of isoforms with slightly different
properties as a result of substitutions in amino acids and the aliphatic chain. Cell free
supernatants of th#. subtiliscultures were precipitated with concentrated HCI and was
thenextracted with methanol. Vegetative celldoflarvaewere affected as soon as they
came in contact with the surfactin sample in their antimicrobial &8say.

Bacillus cereusanother strain that has been showing very good inhibition in
previous studieshas been fairly well investigated for its useful or toxic secondary
metabolitesBizanni and Brandelli (2002) identified a bacteriocin produced by the
bacteriumBacillus cereus 8 Ahat could be used in food safety. Converselyas also
found thatBadllus cereugproduces food poisoning toxins such as an emetic that causes
vomiting. The emetic toxin has been named cereulide and consists of a ring structure of
three repeats of four amino and/or oxy aci@s(-Leu-D-Ala-L-O-Val-L-Val]s. This
dodecadepsipeptide has a molecular mass of 1.2 kDa and is chemically closely related to
the potassium ionophore valinomycin, which is a potent antibiotic that translocates K

ions across cell membran®$3

Another studyisolatedbacteriocinlike inhibitory substances (BLIShat are
antagonistic td°. larvaefrom B. cereussolated from apiarian sourcé®oth BLIS have a
narrow activity range and highly inhibit the growthRoflarvae An electrophoretic
analysis of the proteina aBLIS moleculeshowed three bands having apparent

molecular weights of about 6.2, 14.4 and 17.1 kDa respecfively

Paenibacillus polymyxeolated from honey samplggoduced an antimicrobial

compounddf molecular mass 1168.78 Daatching that of polymyxin EThe
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antimicrobial compound was purified by 80% saturated ammonium sulfate precipitation
followed bycarboxymethylsepharose chromatography and characterised by reverse
phase HPLC andectrosprayionization-quadrupole tne of flight mass spectragtry

(ESFGTOF M9.46

1.4.4 Purification & analysis of active compounds

High Performance Liquid Chromatography Mass Spectrometry (HPLC/MS)

The target molecules of this project are small antimicrobial compounds with
molecular weigts below XDa. Reversed phastPLC (RP-HPLC) successfully
separates both polar and nonpolar neutral molecules with molecular westivws2000

Daltons.

RP- HPLC s characterized by a situation in which the mobile phase used is more
polar than the stationary phaser neutral analytes, the mobpbase consists of water
(the more polar component) and@ganic modifier, which is commonly known as the
organic phase. The organic modifier lowers the polarity of the mobile phase leading to a
variation in the retention of analytda.reverse phase kwonn chromatography, stationary
phase is usually comprised ofX8 column. Water is usually used as the aqueous mobile
phase and methanol or acetonitrile as organic modifiers. When ionic analytes are present,
other additives such as buffers or ion paitieggents can be added to the mobile phase to

control retention and reproducibility. Formic acid is commardgd as aadditive.
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Chromatographically, iRPPHP L C wat er i s the &6dweakest o

most polar, it repels the hydrophobic analytes the stationary phase more than any

other solvent, hence lengthening retention times.

When the organic modifier is added, the hydrophobic part of the analyte is no
longer as strongly repelled into the stationary phase, spends less time in the stationary

phase, and therefore elutes earlier.

Alternative methods iIRP-HPLC cannot separate compound depandthe nature
of the compoundiormalphase ohydrophilicinteractionliquid chromatography (HILIC)

can be used for very hydrophilic compounds which may have too short retentions in RP.

On the other handonraqueous reversed phase chromatography (NARR)be
usedif analyte is very hyrbphobic which is indicated by strong retention under reversed

phase conditions and may require the use ofarpreous conditions.
LC/DAD

UV-Vis chromatography uses light over the ultraviolet range {¥8%® nm) and visible
range (4006 700 nm) of elecbmagnetic radiation spectrum. From literature, it was found
that isolated antimicrobial compounds tend to be in the ultraviolet range which is why
samples are analysed at wavelength®l@f 225, 254275 and 350 nm to detect peptide

compounds inthe range of 200 to 225 namdaromatic compounds higher than 225 $m.
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1.4.5 Testing extracts

Several wel known bioassays such as duikfusion, well diffusion and broth
or agar dilutionare commonly used, but others such as flgteftuorometric and
bioluminescent methods are not widely used as they requirakpedequipment. This
makes the latter methods less appealing for preliminary tests of activity from unknown

compounds even if they can provide rapid results of the antimicrobial agent's effects.

The agawell diffusion method i€ommonly used to evaluate thetimicrobial
activity of microbial extracts. The agar plate surface is inoculated by spreading a volume
of the microbial inoculum to be tested against over the entire agar surface. Then, a hole is
punched aseptically with a 1000 ul pipette tip, and titeracrobial agent or extract
solution at desired concentration is introduced into the well. Agar plates are subsequently
incubated under suitable conditions depending upon the test microorganism. The
antimicrobial agent diffuses in the agar medium anditththe growth of the microbial
strain tested. The radius of inhibition can then be used to quantitatively compare the

activity of the extract$®

1.5 Objectives

The objective of this study is to find and characterise antimicrobial compounds
against AB that are harmless to both humans and bees using the microbiome of bees.
Since testing the found antimicrobial compounds on human and animals is out of this

studybés scope, the anti micr odhloval compounds
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concentrations will bedieal, in the hopes that they will also be less tdXe.arealso

open to finding isolates that has the potential to be used as probgdicst AFB.

Moreover, ve are interested in investigating if wild bees have some strong
inhibitory microbes again#®FB, as it was reported in a study (Keller et‘lthat the

pathogerP. larvaewas not found among any of the wild bees sampled.

For honey bees, the exteriors, beehive swabs and guts will be isolated, while for
the wild bees, the guts and exteriors onilf be isolatedBombus species (bumble bees)
and Andrena species (mining beed) be used as a model for wild bees due to the ease
of their collection. The strains isolated from the samples will be tested aBalastae
in a pairwise assay in 12 well plates. Strains showing inhibition will then be inoculated in
larger scale to extract secondary metabolites wetng aceaite(EA), methanol and
chloroform as solvents. The extracts will be fractionated and tested dgaliastae The

active fractions will then be characterized usingMG, IR and NMRspectrosopies

The activity of the extracts will be tested agaistarvaeusing well diffusion
assay. An average of the radius of inhibition will be recorded and cethpath a

negative control such as sterile water and extracts of nutrient agar.

2. Experimental

2.1 Sample Collection and processing of bee samples

Along with colleaguesMorganCrosbyandJulie Anne Dayrit, honeybeesand
beehiveswabswerecollectedfrom 3 differentapiariesacrosdNovaScotiaandstoredin

sterilecentrifugetubesduringsummer.ThelocationscoveredwereMiddle
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MusquodoboitMiddle StewiackeandTruro. The samplesvereprocessedvith the help

of MorganCroshy.The honeybeeswereaneshetizedby leavingthetubesin thefreezer

for half anhourto anhourbeforeprocessingThe samplesvereprocessedby first

vortexingin nutrientbrothto culturethe microbeson the exteriorof thebeesThe

exterior ones were left to incubate for 2 weeks befowdremking on agar plates. The
beehive swabs were cultured in nutrient broth and left to incubate for 7 days before
streaking on solid media. Nutrient brqtkB) was made of 5g Tryptone, 5g NaGy

yeast extract and 1L of deionized water. Nutrient agar had the contents of nutrient broth
along with 15 g of agai he media were sterilized in a Getinge Vacuum Steam Sterilizer

(Model 533Ls) at 121°C for 15 minutes.

Bombus species (bumble bees) &mdirena species (mining bees) were collected
as a model for wild bees in South End Halifax, with the help of Abdurrahman Elajmi.
Those bees were chosen for collection as they could be easily found in the locality. The

wild bees would be out in hot summexyd, especially around noon and early afternoon.

The wild bees were collected using butterfly nets and stored in sterile centrifuge
tubes until processingrocessing and dissection of the wild bees were performed by
Abdurrahman Elajmi and myself. Pictsref the wild beewsvere taken for identification
and records.The exteriors of the bees were cultured using the same method as the

sample processingf honey beexteriors.

2.1.1 Dissection and processing of honey bee and bumblebee guts
The Adrenabeeser e n6t di ssected due to their

tools were sterilized by first washing with 10 % bleach solytterile water and then 70
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% ethanol. The ethanol was allowed to evaporate before dissecting the bees.Hsrstly, t
thoraxwascutwith asterilescalpelto accesghe gut. Thewhole gutwaspulledalong

with the honeystomachwith steriletweezersasit washardto isolatethe gutswithout
burstingthe honeystomachThegut samplesvereculturedin PeptoneY eastExtract
Glucose(PYEG) broth (5 pg/ml Hemin, 0.5 pug/ml Vitamin K1, 0.5 pg/ml Vitamin Ko,

20 g tryptone,10gyeastextract,10 g D-Glucose 0.5gL-cysteine0.4gNaHCG;, 0.08g

NaCl, 0.04gKH2PQ4, 0.04g KHPQ) for oneweekat 37 e @ntil growthwasseen.The
microbial cultureswerethenstreakedn PYEG agarandincubatedat37e @ 2.5L
anaerobigars (Mitsubishi AnaeroPack Rectangular JarThermo Scientific, R685025).
An anaerobic indicator, Oxoid ResairuAnaerobic indicator from Thermo Scientific
(BR0O055B) was used to monitor the anaerobic conditions of the jar. Pink colour indicates

the presence of oxygen while white shows anaerobic conditions.

2.2 Strain Isolation

Colonies were isolated according tsilale morphological characteristics such as
shape (figurel), margin or edge of colony (figu#g, colour, texture (powdery, smooth,

fluffy) and opacity (translucent, clear, opaque).

Circular Irregular Filamentous Rhizoid

Figure 4. Types of shapes of bacterial colonies
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Entire Undulate Filiform Curled Lobate

Figure 5. Types of edges of colonies

2.2.1 Honey bees

This part of the project was done with talaboration of Morgan Crosby and
Abdurrahman Elajmi. At the end of the incubation periods of the first cultures, the
samples were rstreaked in 3 different media to maximize the number of strains isolated.
Plain nutrient agar (NA), nutrient agar withrig/ml cycloheximide (NAC), nutrient agar
with 1 mg/ml ampicillin, (NAA). Ampicillin was added when the agar cools down until it

is comfortable to touch to prevent degradation of ampicillin.
2.2.2 Wild bees

Twenty ul of the first cultures of the guts di¢ bees were fstreaked on NA
incubated under aerobic conditions and on PYEG agar incubated in anaerobic jars at 37
eC. The first cultures o fstreakdeccon X Ordyr i or of

general media, NAyas used to reduce volumewbrk due to time constraints.
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2.3 Antimicrobial screening

A general antimicrobial screening was performed using 12 well plates to find
potential inhibitos. The metabolites of candidates showing inhibition would then be

extracted tdurthertest inhibitoryactivity.

2.3.1 Revival of Paenibacillus larvae

Paenibacillus larvaglATCC 9545) was obtained from ATC@merican Type
culture Collection The entire pellet was rehydrated with 500 pL of Brain Heart Infusion
with thiamineHCI (BHIT) broth. (37 gBrain Heart Infusion extractlL deionized water,
0.1mg/L Thiamine HCI). The entire contewas transferred to aril tube of BHIT broth
(primary culture). Additional tubes ofrél BHIT broth were inoculated with 500 pL of the
primary culture and left to intate at 37°Gor 48to 72 hours under aerobic conditions.
The primary culture was also streaked on BHIT aguat left to incubate under the same
conditions.The P. larvaegrew in the broth rather than agar after a few dRydarvae
liquid cultures were rstreaked on BHIT agar and on NA later, for use in antimicrobial
assay. The appearance of the growth of the strain did not differ when media was switched
from BHIT agar to NA. However, thE. larvae got contaminated and a new batgas

ordered.

Upon revival of the new batch using tiferementioned method, the larvaegrew

very slowly, slower than the first batch. It was also growing differently from the first batch.
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2.3.2 General antimicrobial screening

This part was also done aollaboration with Abdurrahman Elajmi. Antimicrobial
screening of honey bee and wild bee gut isolatas carried ouagainstP. larvae(ATCC
9545) using a pairwise assay on 12 well plateshasvn in figure 6. The temperature
conditions were useaccording to the incubation conditions of the test isolates during
isolatone beehive swabs strains isolated at ro
at RT, gut strains which were incubated at both aerobic and anaerobic conditions at 37
e C. For anaerobic i1isol ates, 12 well pl at es

(Themo Scientific) with Resazurin anaerobic indicator (Thermo Scientific).

Figure 6. Pairwise antimicrobial assay using

O @ O @\ 12 well plates to test inhibition among bee

isolates (test isolates) agaiistlarvae The

Q Q O Q first column is the control which is plain

NA, second and third column is streaked

Q Q O Q with test strain an@. larvaerespectively

and the last column is the pairwise test.
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2.3.3 Modified pairwise assay

For pairwise assays
inoculated first ad left to incubate for one to two weeks depending on the speed of
growth of the test isolate. This is done to allow the test strain to produce secondary
metabolites that may inhibR. larvae TheP. larvaewas then streaked in its control
column and oppsite to the test strain in the pairwise test column. Comparison of the
growth ofP. larvaein the pairwise test column and control was taken after 3 days and
one week.

Inoculate test strains Inoculate P. larvae

= == — &
" Y Y Y CH@)(C &) | 3%
A\ 4 4 4 JAEFIYE. 4 4 A orl
AN/ o | Weeks — — e week
\\ /‘(\ /"K /;w‘\ / [—.1 < \, e/( )/\nx,) —
— S s S o

Incubate Incubate
) O\ ( e 4 /7\\ N AT 0\ A
@ /"\ Oy O L /l //H\\;/‘\ A

Figure 7. Modified 12 well plates pairwise assay to test isolates from bee sampilestaga
P. larvae The first column is theegativecontrol NA, second and last column is streaked
with test isolates firsaind left to incubate for one to two weeks to allow test isolates to
produce secondary metabolites. Lagfly|arvaeis streaked in the thindhich acts as a
positive control foiP. larvaeand last colummvhich is the pairwise tesGrowth ofP.

larvaeatfter 3 days or 1 week is compared with the contré.darvae(third column).

35

where inhibition

wa



2.3.4 Preparing cultures to further test inhibition

Two inhibitory strains, A12 (a honey bee swab isolate from RT) and E8 (a honey
bee swab i sol at e fctedtonfurd gsCinhjbition asrthey showeds t
really good inhibition in the pairwise assays. They were cultured in 10 stenhé 15
centrifuge tubesoflof NB and i ncubated at 30 eC.

12 well plates and incubatedRT for 4 weeks.

After finding out E8 is a mixture of strains, some strains isolated from E8 namely

E8.4 and E8.3A were inoculated each on NA in four 12 well plates at RT for 4w.

2.3.4 Extraction of Metabolites

The liquid cultures were centrifuged to pellet cells and extracted with EA
followed by methanol. The solid cultures were extracted with EA and 1:1 methanol:
chloroform. The agar was transferreceibenmeyer flasks and left to sit in ca. IO0EA
for 24h. The agar in the EA mixture was then filtered by gravity. The filtrate which is the
EA extract was evaporated using vacuum while the solid cultures weréragted with
1:1 chloroform: methanol (CM3olution and left to sit for 24 h before gravitytrition

and vacuum rotary evaporatiffirgure 8)

Al

Extractswere evaporated and stored in tefigeratorat 4e C, away fr om

until further use to prevent contamination and degradation of extracts. Around 15 to 30
mg of extracts were then dissolved in HPLC grade methanol for LC/DAD and LC/MS

analysis.
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% %: %}i\ f'% Let sit Let sit
a8 e &8s a2 Iransfer for 24h Transfer for 24h
B R2R®
Ethyl acetate Ethyl acetate 1:1 Chloroform:  1:1 Chloroform: methanol
extract methanol extract
Rotovap Rotovap
o= e

Figure 8. Scheme of method of extraction of solidtares.

2.3.5 Prelinmary tests for activity (Well Diffusion Assay)

Twenty ul of P. larvaein sterile deionized water at 0.5 OD was spread evenly
over the surface of NAsing a sterile cotton swaWells were made using sterile 1000 pl
pipette tips and 20 pl of the crude &dts with approximate concentrations of 38
mg/ml were added to the wells to get preliminary activity results of the extracts. Distilled
water and plain NA extracts were used as negative controls. The extracts were tested in
duplicates or triplicates depending on the yield of the extracts. The diawietiees

inhibition were recorded after 24h and used to compare activity.

Diameter of inhibition

Figure 9. Graphical representation of well diffusion assay extracts adinatvae(dark
blue). Average radius of inhibition can be calculated from average diameter of area of

inhibition (pale blue). Average radius = Average diameter/2
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2.3.6 Analysis of Extracts
The methods were developed for general separation of secondary metabolites with
the help of Patricia Granados at the Saint

Analysis and Remediation (CEAR) Lab, Halifax, NS.

Crude extracts were analyzed using an Agilent 1100 seridd&@quipped with
an iontrap mass spectrometer (Agilent 110 Series LC/MSD Trap) and a diode array
detector. The 25 mgil samples of the extracts vestiltered using a 0.22 pum syringe and
run through a reverse phase chromatography witl® Column (Zorbax Eclipse XDB-C
18, 4.6 x 75mm, 3.5 microns), acetonitrifCN) with 0.1% formic acid as organic
phase and milliQ water with 0.1% formic acid as agsephase. Two gradient methods
wereused during method developmenhegradient method Anvolves elution of
sample at a flow ofrhl/min through a gradient of 20% ACN for 25 mins, followed by
80% ACN for 3 mins and 100% ACN for another 5 miithie gradient method B
involved an isocratic flow of 20% ACN: milliQ water for 15 mins. The column was kept
at a temperature of 30°C and maximum pressure of 100 bar. UV chromatography was
carried outat 212,225,254,275 and 350 nm fagach sample. Sin¢dee mass
spectrometer was malfunctioning, only the-D@D was used to detect the presence of

compounds in the samplaggtwere theranalysedvith anothemass spectrometer.
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Method development ofUHPLC/ESI-gTOF MS for active extracts analysis

An Agilent Technologies 1290 Infinity Il seri@sass spectrometer equipped with a
guadrupole time of flight (qTORand coupled witan UHPLC was used to further

analyse some extracts.

Samples were run through a reverse phad& Column (Poroshell 12B8C-C18,
3.0x 150 mm, 2.5 micron) with acetonitrile with 0.1% formic acid as organic mobile
phase and milliQ water with 0.1% formic acid as aqueous mobile phase at a flow of 0.6
ml/min. The samplewere run through the column using bgttadient method And B.
The column was maintained at a temperature of 30°C and maximum pressure of 600 bar.
Samples were analyzed from 1®@z to 2200m/z using + Electrospray lonization
guadrupole timef-flight mass spectrometnyith adrying gas flowof 11 L/min at 350

°C.

2.4 Fractionation of extracts

The crude extract of each of the pure isolate straind ¢f 25 mgml in
methanol) was fractionated using a gravity microcolumn with C18 ¢8i&acm height,
approximately 1 g) and an acetonitrile/water gradientnglLl®ach of 0%, 10%, 28,
60%, 80%, and 100% acetonitrile in water). Each fraction was collected il astbomt
vials and stored in thefrigeratorat 4°C away from light for subsequent bioactivity
testing and analysi3he fractions were tested using the well diffusion assay and

analyzed as explained in section 2.3.3 and 2.3.4 respectively.
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2.5 Identification of inhibitors

Fifteenrandomly selected inhibitory strains were revived and incubated for at
least 24 h for PCR preparation. DNA was extracted by mixing 750 pl of 70% ethanol,
glass beads and an inoculation loopful of the sample. The mixture was then vortexed 6

times at highspeed for 10 seconds each time.

For sample preparatio,ul of 10 uM 16S rRNA FOR primer (AGA GTT TGA
TCC TGG CTC AG Band10 puM 16S rRNA REV primer (ACG GCT ACC TTG TTA
CGA CTT) for bacterial sample8ul of 10 uMITS 1Fand2 pl of 10 uMITS 4 primers
for fungal samplesl9 ul nuclease free water, 25 pl master mix (GoTaq® DNA
Polymerasavhich is suppliedn 2X Green GoTaq® Reaction Buffer (pH 8.5), 400
dATP, 400uM dGTP, 400uM dCTP, 400uM dTTP and 3mM MgG) were used along
with 2 pl of extractedNA.** PCR products were examined by using agarose gel
electrophoresis and visualized using ethidium bromide and UV light. The DNA samples
were sent to McGill University and Génome Québec Innovation Centre for Sanger

Sequencing.

Results

3.1 Strairisolation

From the honey bee samples, about 359 isolates were obtained using NA, NAA
and NAC. 235 isolates comprising 99 from the exterior, 69 from beehive swabs
incubated at 30 eC and 69 from beeh8ve swa
isolats comprising of 69 from the exterior anc
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isolated using NAC and 38 isolates comprising of 25 from the exterior and 13 from

beehive swab at 30 eC were obtained using

Table 1. Summary of number of isolates founsing differentmedia and conditions.

Isolationof beehive swabs at RTasnotcompletedwvith use of NAA and NAC.

Media Honeybee exterior . SSKA @S { ¢ Beehive swabs, RT

NA 99 69 69
NAA 25 13 -
NAC 69 17 -

From wild bees, about 140 isolates have been found so far using NA. (The
selective media such as NAA and NAC were not used due to time and workload
limitations) 24 strains were isolated from guts of bumble bees under anaerobic

conditions.
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3.2 Potential ihibitors

3.2.1 General antimicrobial screening

About 102 out of 359 isolates from honey bee samples showed inhibition against
P. larvae The pairwise assay using 12 well plates gave only qualitative insights on the
inhibitory activity of the isolates. Mepver, these observations cannot show us if
inhibition is caused by production of antagonistic compounds that Ralanvaeor
competition for nutrients. Therefore, somelates (A12 and E8) showimgpod inhibition

were chosen to further test inhibitiand find antimicrobial compounds.

From the 24 strains isolated from bumble bee guts, 3 strains showed strong
inhibition. Those strains did not grow on NA under aerobic conditions, indicating that the
strains may be obligate anaerobearther tests needeal be done to confirm this
observation. Frozen stocks of the isolateserevivedfor further testing. Upon revival
the second time, less colony growth was seen and the appearance of the colonies also
changed, which indicated that the viability of the celécreased. Also, due to the slow
growth of both test strains aidlarvaeon NA underanaerobic conditions, it was
difficult to observe cases of moderate inhibition. The modified pairwise assay may be

more suitable to test inhibition of the test strains

From the modified pairwise assay performed on Wwéé exterior isolates,
inhibition could not be tested due to a reduction in the cell viabilig). ddrvae.The loss
in cell viability was observed from unusual patterns and slowsfeg®wth inP. larvae

upon restreaks or revival from frozestocks.
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3.2.2 Identification of selected inhibitors

Of the previously selectethndidates, A12 was identified Bacillus Cereus
( per cent99%)cmediEd douldynot Be identified duehtgh noise level in the
sequenceeported by Sang&equencing. The high noise level was indicative of the
presence of more than one strain in E8. E8 wasreaked to isolate the different strains.
Subsequently E8 was found to contain at least 6 strhiinem Bacillus subtilisgroup
(E8.1A), 2 belonging t&seudomonas chloroaptgsoup (E8.1B, E8.3A), 1 as
Debaromyces prosopid{&8.2A) and a mixture of strains (E8.EB.4 contains at least 2
unknown strains as the sample showed bandsdibrl6S andTS primersin gel
electrophoresisThe high noise level observed during its sequencing confirms the

presence of more than one strain in E8.4.

Out of the 15 selected inhibitors sent for Sanger sequencing, 9 were successfully
identified ( 9% whletmetothdr @ hadca high npise@signal ratio and
could not be sequenced. The 9 strains comprised of 1 reldRabtdtella terrigena4 in
Pseudomonas chloroaplgsoup, 2 taDebaromyces prosopodis Paenibacillusas

Paenibacillus lactiand 1belonging to théacillus subtilisgroup

3.3 Assessment of bioactivity and analysis of extracts

3.3.1 Bioactivity of first batch of extracts
From the first trial of well diffusion assay of crude extracts of A12 and E8 adpainst
larvae the CM extract of 4w old A12 at RT, methanol extracts of 4w old liquid cultures
of A12 and E8 showed really good inhibition with the former showing the highest

activity (table 1)However, on the second trial of testing the extracts, the control NAP
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showed inhibition, which indicated that the extracts were contaminated. Since the

extracts got contaminatetthey were no more viable for further analysis.

Table 2. Averageradius of inhibition of agar well diffusion assay of extracts of solid and
liquid cultures of A12 and ES8 at different temperatures for 4 weekslid culture at

RT.bl i quid culture at 30 eC.

Average radius

Extract (mm)
Control NAP, EA 0
Control NAP, CM 0

Al12, CM? 3.9
Al2, EA? 15
A12, methand! 3.0
Al2, EA° 0
E8liq. Methano? 4.1
E8lig. i EAP 1.9

3.2 Activity of A12 (identified & cereuks
The CM extract of the solid cultures of A12 showed strong inhibition ag&nst
larvae (figure 10). Therefore 4w oldA12 cultured on NA (solid culture) were extracted
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again for further analysis. LC/DAD with asocratic gradient was run on t# crude
extract.The UV chromatogram was compared to that ofGMecrude extract of NA

(figure 11). Several peaks from A12 was detected indicating that fractionating the extract
will be needed tdind the anti P. larvaeantagonisticompounds. The crude extract was
fractionated and analysed usibgHPLC/IQTORMS. Preliminary results arecluded in

Appendix C

Unfortunately, the activity of the extracts and fractions from the second extraction could

not be tested againBt larvaedue to loss o€ell viability.

Area of inhibition

P larvae

Figure 10. Well diffusion assay of first batch of extracts; CM extract of 4w old A12. The
assay is divided into 2 parts. One part is the well diffusion assay which is divided into 3
fractions comprising of water as a control and 2 replicates of the test extractgh€&h

part is another test method, that involve dropping the test extract directly over the plate
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streaked withP. larvae It is comprised of a water control and one replicate of test

extract. Inhibition is more visible through the well diffusion assay.
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Figure 11 UV chromatograms of CM extract of A12 4w old ran under isocratic gradient

of 20% acetonitrilewater for 15 mins a= 254,225,350,212,275 nm.
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3.3.3 Activity of E8 (mixture of strains)
The extracts of E8 showed strong to moderate inhibition adaiatvae(figure 12).

However, it was discovered that E8 is a mixture of strains.

Area of inhibition

P larvae

Figure 12.Well diffusion assay of first batch of extracEA extract of 4w old E8 against
P. larvae Theassay is divided into 2 parts. One part is the well diffusion assay which is
divided into 3 fractions comprising of water as a control and 2 replicates of the test
extracts. The other part is another test method, that involve dropping the test extract
directly over the plate streaked wikh larvae It is comprised of a water control and one

replicate of test extract. Inhibition is more visible through the well diffusion assay

Since, E8 showed promisiragtivity, isolates from E8H8.4 andE8.3A) were
selected for further analysis. 4w &8.4 ande8.3A solid cultures were extracted for

further analysisLC/DAD with an isocratic gradient was run on the crude extracts. The
a7



labelled peaks in the chromatograms below show peaks that were eitf@und in the
or werepresenttlower absorbance unitst their respective retention times in the

controk.

Therefore, the labelled peaks may be indicative of the metabolites produced by
the microbes. From the UV chromatograms, the retention tirtteed@M extracts of both
E8.3A andE8.4 are very short (less than 4 mins) and the peaks are not well separated.
However, the isocratic gradient seems to be working better with the EA extr&&slof
andE8.3A. Activity of the extracts could not be testeghanstP. larvaedue to loss of its

viability.
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LC/DAD of E8.3A (identified asPseudomonas chloroaphis
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Figure 13.UV chromatograms of EA extract BB.3A ran under isocratic gradient of

20%acetonitrilewat er f or 1 5225850A2,275nmA= 2514,
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Figure 14.UV chromatograms of CM extract BB.3A ran under isocratic gradient of

20% acetonitrilewater for 15 mins a= 254,225,350,212,275 nm.

50



LC/DAD of E8.4(mixture of unknown strains)
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Figure 15.UV chromatograms of EA extract 8.4 ran under isocratic gradient of 20%

acetonitrile:water for 15 mins ati= 254,225,350,212,275 nm.
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Figure 16.UV chromatograms of CM extract B8.4 ran under isocratic gradient of 20%

acetonitrile: water for 15 mins at 254,225,350,212,275 nm.
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3.4 Well diffusion assay of the second batch of extracts of A12, E8.3A & E8.4

No growth of P. larvae wasbserved on the plate after 3 days and very little

growth was seen after 1 wedR. larvaedid not grow homogeneously and grew

unusually slow in a different pattern.

Figure 17.Post 2 weeks observations of well diffusion assay of second batch extracts
againstnewly orderedP. larvae Methanol ad water were used as negative controlgs
trial of well diffusion assayvasunsuccessful aB. larvaedid not grow lmmogeneously

to allow for assessmenf theextracts.

4. Discussion

4.1 Strain isolation

Interestingly, isolates were obtained mostly from the exterior of bees relative to
swabs of the beehives. The exterior isolates were slow growers, specially at the
beginning. They were left to incubate for longer than the swabs which may have allowed

for more microorganisms to grow.
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4.2 Finding inhibitors

Twelvewell plates pairwise assay was suitable for screening a large amount of
strains in a time efficient manner, as the activity of 3 test strains can be assessed per
plate. However, it was challenging to determine the activity of test strains in some cases
asthe growth of test strains aid larvaein the pairwise test would not differ much from

their respective controls.

Another general antimicrobial screeniagsay, perpendicular streak methasw
usedin previous studiewherebya 20 mm streak of thegt strains made with a sterile
cotton swab across the plate and incubated for a few days to allow the production of
antagonistic substanceélhen 3 to 5 streaks &f. larvaeare made perpendicular to the
test strainds st r eeankdayatodssessanhibitibtiTios methodu b at e
would give more insights on whether the metabolites of the test strains are causing
inhibition as it allows test strains to produce potential antagonistic substances before
inoculatingP. larvae If the metabolies of the test strains cause inhibition, restricted
growth ofP. larvaewill be observed in the pairwise testhe modified 12 well plates
pairwise assay provides the same advantage as the perpendicular streak method and
top of thatt allows assessctvity of more than one test strain at the same time.

Inhibitors from wild bees could not be found yet because inhibition could not be
assessed using the modified 12 well plate pairwise assay Bsldrgaewas growing in
neither the control nor the paiise test. We confirmed that it is not due to contact
independent inhibition i.e. inhibition caused by gaseous antagonistic compounds, because
theP. larvaewas not even growing well on a separate control. Comparison of the growth
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pattern ofour P. larvae(figure 19) with literature (figur&8), confirmsthat ourP. larvae

is behaving strangely which may due to loss in cell viability.

Figure 18. Physicalappearance of colonies Bf larvaegenotype ERIC | (a) and ERIC
Il (b) and (c). TheP. larvaewas isolated from AFB outbreaks in It&R(Permission for

use of image is granted)

Figure 19.P. larvaere-streak from newly revived ATCC 954% larvaestrain (ERIC I)
with biofilm prodiction. No biofilm is visible in any of the reported ERIC | and ERIC I

genotypes oP. larvaeisolated from AFB outbreaks italy (fig.18)
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The reason for loss of viability &f. larvaeand the unusual growth pattern such
as formation of biofilms is unknaw Normally, cells change their genetic expression,

resulting in changes in appearance or formation biofilms when they are highly stressed.

A bacterial community can induce death in a part of the population in response to
various stressonditions to favour the survival of the colony, including: oxidative stress,

radiation exposure, nutrient deprivation, phage infections, and many others.

Biofilms protect bacteria from stressing conditions as well as from other
microorganisms that live in the same environment. Sfaoreing bacteria produce both
biofilm and endospores being able to respond more swiftly to environmental stresses.
Moreover, biofilm is an optimal environment for sporulattéinceP. larvaeis spre
forming bacteria, the formation of biofilm of the bacteria can indicate that the bacteria

were transformed due to exposure to stress conditions.

4.2.1 Identification of inhibitors

Some samples showed a high level of noise, which is indicative ofdberyme of
nucleotides from different sources in the sample. It is very likely to occur due to the
presence of more than one microbial strain in the isolates sequenced. Moreover, during
Sanger Sequencing of a sample batch, an unexplained error of thecpreskmel
homopolymer microsatellite contaminated short fragment, was reported in all the samples
which affected the quality of theequencesSince it was found in all the samples, it is
highly possible that the Go Tag green master mix has degradexs @owtaminated.
Nonetheless, the presence of the Indel homopolymer microsatellite contaminated short

fragment still enabled acquisition of good quality short sequences for BLAST analysis.
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For the strains with approved quality of sequences, the oneshwithighest
number of hits and highest percent identity were chosen. All 9 identified strains can be
found in the environment, such as in soil

of origin which are beehive swabs of honey bees.

In most casesll the top hits were found to belong to the same group of species.
A group ofbacterialspecies comprises géneticallyclosely related individuals. In some
casessud asidentificationof A12, it was difficult to distinguish between species due to

some scores being the same, showing that the species were closely related to each other.

For further identification, species specific primers can be used. In some cases,
biochemical tests also can be used to distinguish among candidate species. Fa, instan
E8.2A was identified by BLAST aBebaromyces prosopidiand Debaryomyces
subglolosuswith Debaromyces hasenas the second closest hibebaryomyces
prosopidiscan be differentiated phenotypically from both varietieBelbaromyces
hasenii,D. hansenivar. hanseniiandD. hansenivar. fabryi by lack of growth on
cellobiose after 2 weeks incubation and from the vahatyseniiby a higher maximum

temperature for growtf?,

The top hitfor A12 wasBacillus Cereusnd the other close hits belaujo the
Bacillus Cereus group. THgacilluscereusgroupcontainsclosely related grarpositive
bacteriasuch a$3. anthracisbut exhibit highly divergent propertie$hey are genetically
very similar, but scientists have not classified them as one species as their metabolomics
and behavior are sigicantly different There isa wide difference in behaviosiof B.

Cereusstrains themselveS&ome strains dB. cereusan cause foetorne disease, while
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some are also plant growth promoter and animal probi6tigs.cereusstrains can

produce betdactamases and bacteriocins such as emetic tékds.the other had, B.
cereusisolated from apiarian sources have been found in many studies to ihibit

larvaeby producing bacteriocinl i ke i nhi bitory substances

combined with an Integrated Pest Management appfach.

The fact that closely relatd®l cereusspecies can have different metabolomics
suggests that it is highly possible that A12 is producing antimicrobial compounds that are

yet to be discovered.

16S rRNA is limited in its ability to differentiate tlige cereugroup bacteria. The
nucleotide sequences of the 16S rRNAs ofBheereugyroup exhibited very high levels
of sequence similarity (>99%) Likewise, Ash and Collins reportedethatthe 23S
rRNA gene sequences Bf anthracisand an emesisausingB. cereusstrain were almds
identical.However, astudywas able t@xamine the phylogenetic relationshipBof
cereusgroup strainsaigng nucleotide sequences gfoEL andsodAgenes
ThegroEL genes, encode highly conserved housekeeping proteins that assist in proper

protein foding (chaperons}:

E8.4 contains at least one bacterial and fungal strain as genetic material was
isolated when 16S and ITS primers were used respectively. E8.3A belongs to the
Pseudomonas chloroaphgsoup and, more specifically, 8seudomonashloroaphis
subsp auranticaPseudomonas chloroapHisis been found to be a biocontrol agent
against plant pathogens caused-bgarium graminearum. Pseudomonas chloroaphis

produces phenanzines amxysporumphenazing-carboxamide, an antifungal metabolite
57
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that is required for biocordl of plant diseases such as tomato foot and rodt towill

be interesting to find an®. larvaecompounds as well from this strain.

4.3 Separation and MS analysis of extracts

The isocratic gradient provided better separation with both CM anekEActs of
Al12. However, the E8.3A and E8.4 CM extracts were not well segaatehad short
retention times. This shows different gradient methods may be needed for extracts of
different isolateslf retention times stay short after adjusting gradieatmal phase

chromatography may be used for further analysis.

TheCM extract of A12 was fractionatedun throughthe isocratic gradient (Gradient

method B) inUHPLC and analysed with qTG®S. Although the isocratic method was
efficient using HPLC, the gdient does not seem efficient in separating the compounds
using UHPLG givenshortretention timegless than 4 minsyere observed. Gradient

method A showed better separation in the crude extracts of A12 compared to the isocratic
gradient. Therefore, gradient method A can be used as an attempt to better separate the
fractions of A12 Preliminary results of mass spectfalee crude extracts and fractions of

the CM extract of A12 are attached in Appendix C.

Conclusion

Novel microbial species such Bseudomonas chloroaphis, Debaromyces
prosopidisandPaenibacillus lactissolated from beehive swabs have been found to
inhibit P. larvae.Along with the mentioned novel speci@s,cereusandB. subitilisthat
were heavily reported to show good inhibition agaihgarvaewerealso isolated as A12

58



and E8.1A from our samples. CM extracts of A12 and E8 showed strong inhvlitilen

EA extracts of E8 showed moderate inhibition agdhsarvae.Since E8 showed

stronger inhibition than A12, it will be interesting to see whether the inhibitory activity is
due to a synergistic activity of the different strains together againstvaeor the

strains independently inhibit. larvae.Reproducibility of the activity of extracts can be
influenced by factors such as presence of contaminants, concentration of extracts and

stability of compounds in the extracts.

Future work

Future wok involves ensurind. larvaerecovery and quality from the newly
ordered batch to allow further testing of extradtse minimum inhibitory concentrations
of the active fractions need to be determined to lower risks of toxicity. The CM fractions
of A12 canbe analysed to detect novel antimicrobial compounds producBddereus
as high inhibition was already observeanirthe first batch of extract&radient method
A will be performedior UHPLC/gTOFRMS on the fractions of Al® elucidate

compoundghat inhibitP. larvae

It will be interesting to ompae activity of E8 isolates with E8 to determine if
inhibition is gore or reduced when the strains in E8 are separatgtl2 andE8.1 A
produce novel inhibitory compounds that have not been reported in literature yet, more
specific primers will be needed to characterizeBheillus cereusndBacillus subtilis

speces respectively.
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Moreover, there should be a focus on finding new compounds fronotss
bacteria that were found to inhilfit larvae This can be helpfub avoid isolating
already discovered antimicrobi@@mpounds. Biochemical tagb distinguish between
Debaryomyces prosopidedDebaromyces hasergan be pursukgiventheir

simplicity.

Thebumblebee microbial retreaks for isolatiomeed to be completedhe solates
shoud be testd againsP. larvaeusingthe modified12 well plategairwise assay to find
inhibitorsfor discovery of antP. larvae compoundsAlso, we could see if the inhibitors
found @nbe used as probiotics for honey bees ag&inkrvaegiven the promise of

probioticsin strengtheningponeybeé s i mmuni t y .

References
1. Mendleson R. Buzz KillCanadian Busines?010, 83(14), 2427.

2. vanEngelsdorp, D.; Meixner, M. D. A Historical Rew of Managed Honey Bee
Populations in Europe and the United States and the Factors That May Affect
Them.Journal of Invertebrate Patholog301Q 103 s93s95.

https://doi.org/10.1016/}.jip.2009.06.011

3. Aizen, M. A.; Garibaldi, L. A.; Cunningham, S. A.; Klein, A. M. Lofi@rm
Global Trends in Crop Yield and Production Reveal No Current Pollination
Shortage but Increasing Pollinator Dependeyrent Biology2008

18(20):15721575. doi: 10.1016/j.cub.2008.08.066.

60


https://doi.org/10.1016/j.jip.2009.06.011

. Genersch, E. American Foulbrood in Honeybees and Its Causative Agent,
Paenibacillus Larvadournal of Invertebrate Patholog3010103(1), S16

9. https://doi.org/10.1016/}.jip.2009.06.015

. Eischen, F. A.; Graham, R. H.; Cox, R. Regional Distribution of Paenibacillus
Larvae Subspecies larvae, the Causative Organism of American Foulbrood, in
Honey Bee Coloies of the Western United Statdsurnal of Economic

Entomology2009 98(4):108793 https://doi.org/10.1603/002249398.4.1087

. Hansen, H.; Brgdsgaard, C. J.; Kryger, P.; Nicolaisen, M. A Scientific Note on the
Presence of Paenibacillus Larvae Larvae Spores isS8hhran African Honey.

Apidologie2003 34, 471472 https://doi.orgl0.1051/apido:2003029

Piccini, C.; Zunino, P. American Foulbrood in Uruguay: Isolation of Paenibacillus
Larvae from Larvae with Clinical Symptoms and Adult Honeybees and
Susceptibility to Oxytetracyclindournal of Invertebrate Patholod@3001, 78(3),

166-177 https://doi.org/10.1006/jipa.2001.5055

. Muller, S.; GarciaGonzalez, E.; Genersch, E.; Sissmuth, R. D. Involvement of
Secondary Metabolites in the Pathogenesis of the American Fodlbfddoney
Bees Caused by Paenibacillus Larvdatural Product Report2015 32,765

https://doi.org/10.1039/c4np00158c.

. Reynaldi, F. J.; Albo, G. N.; Alippi, A. M. Effectiveness of Tilmicosin against

Paenibacillus Larvae, the Causal Agent of American Foulbrood Disease of
61


https://doi.org/10.1016/j.jip.2009.06.015
https://doi.org/10.1603/0022-0493-98.4.1087
https://doi.org/10.1051/apido:2003029
https://doi.org/10.1006/jipa.2001.5055

HoneybeesVeterinary Microbiology2008 132(1-2),119128.

https://doi.org/10.1016/j.vetmic.2008.04.034.

10.Evans, J. D. Diverse Origins of Tetracycline Resistance in the Honey Bee Bacterial
Pathogen Paenibacillus Larvaeurnal of Invertebrate Patholo®003 83, 46 50.

https://doi.org/10.1016/S0022011(03)00039D.

11.Miyagi, T.; Peng, C. Y. S.; Chuang, R. Y.; Mussen, E. C.; Spivak, M. S.; Doi, R. H.
Verification of OxytetracyclindResistant American Foulbrood Pathogen
Paenibacillus Larvae in the United Statisurnal of Invertebrate Patholodd00Q

75, 95 96. https:/Hoi.org/10.1006/jipa.1999.4888.

12.Grady, E. N.; MacDonald, J.; Liu, L.; Richman, A.; Yuan, Z. C. Current Knowledge
and Perspectives of Paenibacillus: A Revibicrobial Cell Factories2016

15,203.https://doi.org/10.1186/s129316-0603 7.

13.Genersch, E.; Forsgren, E.; Pentikdinen, J.; Ashiralieva, A.; Rauch, S.; Kilwinski,
J.; Fries, . Reclassification of Paenibacillus Larvae Subsp. Pulvifaciens and
Paenibacillus Larvae Subsp. Larvae as Paenibacillus Larvae without Subspecies
Differentiation International Journal of Systematic and Evolutionary Microbiology

2006 56 (3), 501511 https://doi.org/10.1099/ijs.0.6392B

14.Morrissey, B. J.; Helgason, T.; Poppinga, L.; Finfhaus, A.; Genersch, E.; Budge, G.
E. Biogeography of Paenibacillus Larvae, the Causative Agent of American
Foulbrood, Using a New Multilocus Sequence Typing Sch&meronmental
Microbiology 2015 17 (4),1414 1424. https://doi.org/10.1111/1462920.12625

62


https://doi.org/10.1186/s12934-016-0603-7
https://doi.org/10.1099/ijs.0.63928-0
https://doi.org/10.1111/1462-2920.12625

15.Djukic, M.; Brzuszkiewicz, E.; Funfhaus, A.; Voss, J.; Gollnow, K.; Poppinga, L.;
Liesegang, H.; Garci@onzalez, E.; Genersch, E.; Daniel, R. HowKill the
Honey Bee Larva: Genomic Potential and Virulence Mechanisms of Paenibacillus
Larvae.PLoS ONE2014 9 (3), €90914

https://doi.org/10.1371/journal.pone.0090914.

16.Neuendorf, S.; Hedtke, K.; Tangen, G.; Genersch, E. Biochemical Characterization
of Different Genotypes of Paenibacillus Larvae Subsp. Larvae, a Honey Bee
Bacterial Pathogemicrobiology2004 150 (7), 23812390

https://doi.org/10.1099/mic.0.271Xb

17.Genersch, E.; Ashiralieva, A.; Fries, I. Streamd Genotyp&pecific Differences in
Virulence of Paenibacillus Larvae Subsp. Larvae, a Bacterial Pathogen Causing
American Foulbrood Disease in Honeybefgsplied and Environmental
Microbiology 2005 71 (11), 7551 7555. https://doi.org/10.1128/AEM.71.11.7551

7555.2005.

18.Kanost, M. R. Chapter 1X-MHemolymph; Resh, V. H., Cardé, R. T. B-H..of I.
(Second E., Eds.; Academic Press: San Diego, 2009; ppl4496

https://doi.org/10.1016/B978-12-3741448.001260.

19.Genersch, E.; Ashiralieva, A.; Fries, |. Straamd Genotyp&pecific Differences in
Virulence of Paenibacillus Larvae Subsp. Larvae, a Bacterial Pathogen Causing

American Foulbrood Disease in Honeybe&splied and Environmental

63


https://doi.org/https:/doi.org/10.1016/B978-0-12-374144-8.00126-0

Microbiology2005 71 (11), 75507555.https://doi.org/10.1128/AEM.71.11.7551

7555.2005

20.Wilson-Rich, N.; Spivak, M.; Fefferman, N. H.; Starks, P. T. Genetic, Individual,
and Group Facilitation of Disease Resistance in Insect Sociktiagal Review of
Entomology2009 54, 405423.

https://doi.org/10.1146/annurev.ent0.53.103106.093301.

21.Terra,W. R. The Origin and Functions of the Insect Peritrophic Membrane and
Peritrophic GelArchives of Insect Biochemistry and Physiol@g91, 47 (2), 47

61. https://doi.org/10.1002/arch.1036.

22.Hegedus, D.; Erlandson, M.; Gillott, C.; Toprak, U. New Insightis Peritrophic
Matrix Synthesis, Architecture, and Functidémnual Review of Entomolog®09

54, 285 302.https://doi.org/10.1146/annurev.ento.54.110807.090559.

23.GarciaGonzalez, E.; Genersch, E. Honey Bee Larval Peritrophic Matrix
Degradation duringnfection with Paenibacillus Larvae, the Aetiological Agent of
American Foulbrood of Honey Bees, Is a Key Step in Pathogeaesisonmental

Microbiology2013 15 (11), 28942901.https://doi.org/10.1111/1462920.12167.

24.Manjeet, K.; Purushotham, P.; Neeraja, C.; Podile, A. R. Bacterial Chitin Binding
Proteins Show Differential Substrate Binding and Synergy with Chitinases.
Microbiological Researcl2013 168 (7), 461468.

https://doi.org/10.1016/j.micres.2013.01.006.

64


https://doi.org/10.1128/AEM.71.11.7551-7555.2005
https://doi.org/10.1128/AEM.71.11.7551-7555.2005

25.Mehmad, M. A.; Xiao, X.; Hafeez, F. Y.; Gai, Y.; Wang, F. Molecular
Characterization of the Modular Chitin Binding Protein Cbp50 from Bacillus
Thuringiensis Serovar KonkukiaAntonie van Leeuwenhoek, International Journal
of General and Molecular Microbiolog®011, 100 (3), 445453.

https://doi.org/10.1007/s104871.1-9601-2.

26.Moser, F.; Irwin, D.; Chen, S.; Wilson, D. B. Regulation and Characterization of
Thermobifida Fusca CarbohydreBending Module Proteins E7 and ES8.
Biotechnology and Bioengineeri2§08 100 (6), 10661077.

https://doi.org/10.1002/bit.21856.

27.Aachmann, F. L.; Sarlie, M.; SkjdBreek, G.; Eijsink, V. G. H.; VaajKolstad, G.
NMR Structure of a Lytic Polysaccharide Monooxygenase Provides Insight into
Copper Binding, Protein Dynamics, and Sulgrnteractions?roceedings of the
National Academy of Sciences of the United States of An2ica 109 (46),

18779 18784 .https://doi.org/10.1073/pnas.1208822109.

28.GarciaGonzalez, E.; Poppinga, L.; Funfhaus, A.; Hertlein, G.; Hedtke, K.;
Jakubowska, A Genersch, E. Paenibacillus Larvae Chidiegrading Protein
PICBP49 Is a Key Virulence Factor in American Foulbrood of Honey BaaxS

Pathogen01410 (7), e1004284ttps://doi.org/10.1371/journal.ppat.1004284

29.Chaplin, A. K.; Wilson, M. T.; Hough, M. A.; Svistunenko, D. A.; Hemsworth, G.
R.; Walton, P. H.; Vijgenboom, E.; Worrall, J. A. R. Heterogeneity in the Higtidin

Brace Copper Coordination Sphere in Auxiliary Activity Family 10 (AA10) Lytic

65


https://doi.org/10.1371/journal.ppat.1004284

Polysaccharide Monooxygenasésurnal of Biological Chemistr016 291(24),

1283850. https://doi.org/10.1074/jbc.M116.2247.

30.Funfhaus, A.; Poppinga, L.; Genersch, E. Identification and Characterization of
Two Novel Toxins Expressed by the Lethal Honey Bee Pathogen Paenibacillus
Larvae, the Causative Agent of American Foulbrdaavironmental Microbiology

2013 15 (11), 29512965 https://doi.org/10.1111/1462920.12229

31.Hazes, B. The (QxW)3 Domain: A Flexible Lectin Scaffdtdotein Scienc4996

5 (8), 14901501.https://doi.org/10.1002/pro.5560050805.

32.Holbourn, K. P.; one, C. C.; Acharya, K. R. A Family of Killer Toxins:
Exploring the Mechanism of ADRibosylating ToxinsFEBS Journal2006 273

(20), 45794593 https://doi.org/10.1111/j.1742658.2006.05442.x

33.GarciaGonzalez, E.; Miller, S.; Hertlein, G.; Heid, N.; Stissmuth, R. D.; Genersch,
E. Biological Effects of Paenilamicin, a Secondary Metabolite Antibiotic Produced
by the Honey Bee Pathogenic BacteriBaenibacillus LarvaéicrobiologyOpen

2014 3 (5), 642656.https://doi.org/10.1002/mbo3.195.

34.Richards, A. G.; Richards, P. A. The Peritrophic Membranes of Ingeutsial
Review of EntomologyQ77 22, 219 240.

https://doi.org/10.1146/annurev.en.22.010177.001251.

35. Alippi, A. M.; Albo, G. N.; Leniz, D.; Rivera, I.; Zanelli, M. L.; Roca, A. E.

Comparative Study of Tylosin, Erythromycin and Oxytetracycline to Control

66


https://doi.org/10.1074/jbc.M116.722447
https://doi.org/10.1111/1462-2920.12229
https://doi.org/10.1111/j.1742-4658.2006.05442.x












































































