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19  Highlights:
20 - Different biotic and abiotic stressors are affecting honeybees and large losses have been reported
21 worldwide impacting economically agriculture.
22 - Microbial symbionts are emerging as modulators of the innate immune system and, more in
23  general, of the insect health.
24 - Due to their crucial involvement in insect physiology, microbial symbionts could represent a
25  powerful tool to preserve and improve insect health through the application of Microbial Resource

26  Management (MRM) concept.
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Abstract

Among pollinators, honeybees are the most important ones and exert the essential key ecosystem
service of pollination for many crops, fruit and wild plants. Indeed, several crops are strictly
dependent on honeybee pollination. Since few decades, honeybees are facing large scale losses
worldwide, the causes of which are found in the interaction of several biotic and abiotic factors,
such as the use of pesticides, the habitat loss, the spread of pathogens and parasites, and the
occurrence of climate changes. Insect symbionts are emerging as a potential tool to protect
beneficial insects, ameliorating the innate immune homeostasis and contributing to the general
insect wellbeing. A review about the microbial symbionts associated to honeybees is here
presented. The importance of the honeybee microbial commensals for the maintenance and
improvement of honeybee health is discussed. Several stressors like infestations of Varroa mites
and the use of pesticides can contribute to the occurrence of dysbiosis phenomena, resulting in a

perturbation of the microbiocenosis established in the honeybee body.
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Introduction

Non-conventional habitats, among which extreme environments (like hot or cold deserts, inland or
coastal saline systems), polluted sites and animal gut, have been less explored in terms of
biodiversity, richness and functionality as compared to other well-studied conventional habitats,
such as soil- and water-associated matrices. Nonetheless, they represent a considerable source of
compounds and microorganisms with interesting biological and biotechnological potential [1-2].
Growing attention has been recently directed to the study of these niches and, among these various
non-conventional habitats, to the animal gut or, in general, body intended as niches in which
microorganisms survive and flourish [3].

All metazoans hosting a gut microbiota, including arthropods, establish with their microbes
complex and dynamic symbiotic interactions, which recently have been shown to go beyond a mere
nutritional complementation of the host diet, embracing a wide set of aspects related to the host
physiology, behavior, reproduction, evolution and immunity [3-4]. Insects are the most diverse
animal group on earth and during their evolutionary history they adapted to feed on a variety of
substrates and matrices, ranging from wood or phloem sap to blood. These nutritionally unbalanced
diets are exploited and/or complemented through insect microbiota [see the review 5].
Microorganisms also played a major role in insect adaptation and evolution [6].

Among insects, honeybees are of great importance worldwide due to their pollination activity for
crops, fruit and wild plants. They offer a key ecosystem service, essential for a sustainable
productive agriculture and for the maintenance of the non-agricultural ecosystem. Pollination
services are mandatory for the production of crops like fruits, nuts and fibers, whereas the results of
many other agricultural crops are significantly improved by pollination. It has been estimated that
without pollinators a decrease by more than 90% of the yields of some fruit, seed and nut crops
could occur [7]. In the case that wild bees do not exert their pollination service in a specific
agricultural crop, managed honeybees, which are versatile, cheap and convenient, represent the only

solution to ensure pollination [8]. The dependence of worldwide crops on pollinators is extremely
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deep and during 2005 the global economic value of insect pollination was estimated to be € 153
billion a year, which corresponds to 9.5% of the total economic value of agricultural crops for
human consumption [9].

Since few years, concerns are rising over honeybee health and, consequently, over its impact on
economy [10]. Large-scale losses have been reported worldwide and related to several causes, i.e.
the habitat loss of pollinators, the increasing use of agrochemicals, the outbreak of diseases, the
attacks of parasites, the alarm related to climate change, the introduction of alien species and the
interaction among all of these factors [10]. Managed honeybees are facing increasing threats of
diseases, pests, and reluctance among younger generations to learn the skills of beekeeping. In the
last years, to define and to calculate the vulnerability of world agriculture pollinator decline have
become a primary point of action [8-9-11-12]. Recently, Colony Collapse Disorder [CCD] has
attracted the attention of academic and public opinion, but this poorly understood syndrome is just
one cause of the colony losses. Recent studies suggest that several factors are involved in CCD, as
parasites, pathogens, pesticides (and other environmental stressors) and, above all, the interactions
among them [13-14].

Honeybee symbionts could be exploited in order to actively counteract bee pathogens and parasites
or to enhance bee immunity, and thus indirectly to increase the protection of honeybees’ health.
Probiotic bacteria, such as lactic acid bacteria have been administered in laboratory conditions to
honeybees, resulting in the stimulation of the innate immune system and the prevention of attacks
by pathogen [15]. Recent studies in the insect model Drosophila emphasize how complex, intimate
and multifaceted is the relation subsisting between the host and the microbiota, which, if well
balanced, leads to the optimal insect wellness [4].

In this review, we present the current understanding of the importance of honeybee symbionts for
the maintenance and improvement of the insect health. In particular, it is discussed the microbiota

involvement in the stimulation of the insect immune system and body homeostasis - with a special
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94  focus on the gut dysbiosis - and how this may be related to the use of pesticides, the spread of

95  viruses and the occurrence of parasites.

96

97  Microbial community associated to the honeybee Apis mellifera

98  Cultivation dependent and independent approaches have been long used to define the composition

99  and the structure of the honeybee microbiota, analyzing different honeybee developmental stages,
100  as larvae, pupae, newly emerging adults and adults; different genders, as females and drones; and
101 different social individuals, as queens, nurses or foragers [16]. Six phylogenetic groups, i.e. a-, -
102 and y-Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria have been found as the major
103  bacterial taxa of the honeybee bacterial community, representing moreover the bacterial core
104  maintained in honeybees worldwide [16].
105  The recent technological innovations in the genomics and metagenomics fields revolutionized the
106  potential of applications and the throughput of the analyzed data, allowing DNA sequencing of high
107  numbers of nucleotides with low costs and high accuracy. The microbial composition and structure
108  of a specific community can be evaluated with high sensitivity, low cost, and short times, thanks to
109  new sequencing technologies and the multiplexing approach [17-18]. Also honeybee microbiota has
110 been evaluated by the use of these techniques [19-20-21-22, Tab. 1]. Interestingly, eight bacterial
111 phylotypes have been retrieved as major constituents of honeybee bacterial community, i.e. Alpha-
112 1, Alpha-2, Beta, Gamma-1, Gamma-2, Firm-4, Firm-5, and Bifido, which correspond to the six
113 phylogenetic groups mentioned above.

114  The metagenomic survey on honeybees from CCD-affected and not affected hives performed by
115  Cox-Foster and colleagues [19] revealed that in non-affected honeybees Firmicutes and a-
116 Proteobacteria are more abundant than in CCD colonies. Similarly, in the work by Cornman et al.
117 [20], deep sequencing on honeybees showed a high proportion of Alpha-1, Alpha-2 and Bifido
118  phylotypes in individuals from not affected hives compared to those from CCD-affected hives.

119 Cloning libraries of 16S rRNA by Martison et al. [21] revealed that the most abundant taxon in Apis
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120  mellifera samples was represented by Firm-5 phylotype. A. mellifera showed a distinctive bacterial
121 pattern, made up of the eight typical phylotypes, some of which are also present in closely related
122 corbiculate bees of the genera Apis and Bombus. Lately, pyrotag analysis, quantitative PCR (qPCR)
123 and fluorescent in situ hybridization (FISH) confirmed Beta, Firm-5 and Gamma-1 phylotypes
124  (BFG phylotypes) as main members of A. mellifera microbiota, with a characteristic distribution
125  along the gastrointestinal tract [22]. The crop resulted poor in microbial species, due to continuous
126 filling and empting for nectar supply, and also the midgut showed a low BFG load, due to the
127  presence of the digestive enzymes and the peritrophic membrane that prevents microbial
128  attachment. On the other hand, the ileum and the rectum were rich in microbes. The ileum showed a
129  defined microbial distribution with Gamma-1 phylotype gathered in a thick mat, between Beta
130  phylotypes and the ileum wall, and with Firm-5 phylotype located in small pockets along the ileum
131 wall. The rectum showed the majority of BFG phylotypes together with the majority of bacterial
132 diversity [22].

133 A deep sampling of gut microbiota from 40 individuals has been performed by Moran et al. [23].
134  Four phylotypes were present in all samples, even if with different frequencies, i.e. one -
135  Proteobacterium, classified as Gilliamella apicola [24], one B-Proteobacterium corresponding to
136 Snodgrassella alvi [24] and two Firmicutes classified in Lactobacillus genus.

137  Yeasts, wide spread microorganisms in the honeybee environment, such as flowers, fruits and plant
138 leaves [25-26], are also important components of the bee microbiota. Recently by the use of
139  molecular tools, sequences related to the genera Saccharomyces/Zygosaccharomyces and to the
140  family Saccharomycetaceae have been identified [20], confirming previous results obtained by
141 cultivation-dependent methods that showed the association of yeasts with honeybee [27].

142

143  Emerging stressors for honeybee health
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144  Currently, a renewed attention has been directed to the relationship between honeybee health and
145  the use of pesticides, the occurrence of parasitic mites and the outbreak of viral disease,
146 emphasizing their interconnection in determining the insect health status [14-28].

147  Pesticides, especially neonicotinoids, which are widely used for their excellent systemic properties,
148  are indicated by scientists to play a role in CCD phenomenon and, in general, in weakening the
149  processes of the colony, interacting with other stressors, such as parasites [28]. Honeybees are
150  exposed to neonicotinoids at sub-lethal doses, and this results in insect behavioral disturbances,
151  orientation difficulties, and impairment in social activities [28-29]. Experiments to prove these
152  difficulties have been performed not only in laboratory conditions - by ingestion tests and indirect
153  contact tests [29] - but also in field trials, where honeybees were exposed to a direct contamination
154  with the pesticides during the foraging activity or to an indirect contamination with the pesticide-
155  contaminated materials stored in the hive or exchanged with the sister bees [28]. Sub-lethal doses of
156  pesticides resulted to be dangerous also for bumble bees, inducing a weight loss of the insect, a low
157  number of pupae, and a reduced number of queens, thus impacting lastly the bumble bee
158  populations [30].

159  The worldwide-spread, obligate-ectoparasitic mite Varroa destructor represents a severe threat for
160  apiculture. It can lead to a colony collapse within a 2-3 year period. Periodic treatments with
161 chemicals increase on one hand the costs for beekeeping, and on the other hand the risk of the
162  presence of chemical residues in the environment and in the honey [31]. Moreover, Varroa mites
163  act as disseminators of viruses between and within bee colonies [32]. Recent publications
164  highlighted the multifactorial origin of the honeybee collapse. For instance, Varroa can de-stabilize
165  Deformed Wing Virus (DWV) dynamics making the virus a rapidly replicating killer [14]. When
166 DWYV dynamics are destabilized, a host immunosuppressive status with the down regulation of the
167  transcriptional factor NF-kB is recorded. The authors suggest that the DWV-mediated
168  immunosuppressive effect shows a DWV-threshold dependency; below a certain threshold, DWV

169  infection is maintained under control. If a stress factor, like Varroa, subtracts the transcriptional
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factor NF-kB, the concentration of the latter becomes too low to keep under control DWV that can
finally outbreak, bringing to the collapse the bee population [14].

Pesticides, mites and viruses have a serious impact on the health of honeybees, but in all these
studies there is a missing actor, represented by the gut microbial community. We will show in the
next paragraphs how deeply correlated is the insect health with the gut microbiota and the immune
system. Microorganisms could be a key element in managing and preserving honeybee health status

towards different biotic and abiotic stressors.

Roles of the microbial partners

Recent research has shown that the gut microbiota is strictly linked to host homeostasis and
metabolic diseases, e.g. diabetes and obesity [33]. The gut microbial community is involved in
several aspects of the host life, ranging from the nutritional contribution to the energy salvage
through fermentation, from influencing mating preferences (e.g. this is the case of the gut bacteria
in Drosophila [34]) to immunity [5]. The animal immune system works synergistically to contain
the pathogens and to preserve the symbiotic relationships between host and microbiota. A fine
regulation of signaling networks, which control the presence of antimicrobial compounds in the gut,
allows the host to tolerate commensals and to block the proliferation of food-borne pathogens [35].
As presented above, the honeybee microbiota shows a consistency which leads to hypothesize the
possibility of a neutral or beneficial involvement of it, or at least with some members of the
microbiota, in the honeybee’s life. Several of the taxa identified in honeybees are known to produce
short chain fatty acids, such as lactic or acetic acid (Lactobacilli, Bifidobacteria, Acetobacteraceae
and Simonsiella). These products may act as supplements to honeybee diet. Moreover, gut bacteria
could allow to degrade pollen, which is covered by exine layers recalcitrant to most of digestive
enzymes, using then the intine as a nutrient source [36, 37].

While nutritional symbioses between insects and bacteria are well documented [5], the correlation

that exists between the proper function of insect innate immune system and its microbiota is less
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196  explored. Symbionts are recently receiving increasing attention because of their recognition as
197  strong and effective immunomodulators of insects [38-39-40].

198  In their work Ryu and collaborators [38] found that there is a fine equilibrium between the acetic
199  acid bacterial commensals and the Drosophila innate immune system. The normal flora suppresses
200 the growth of pathogenic bacteria, unless the system is perturbed. If a perturbation of the gut
201  bacterial community occurs, an increased number of pathogenic bacteria could lead to gut
202 apoptosis. In a normal condition the fly’s immune system allows the dominance of an
203  Acetobacteraceae strain, which in turn keeps down, by competitive exclusion, the proliferation of
204  the gut apoptosis inducer.

205  Another case study is represented by the tsetse fly and its obligate symbiont Wigglesworthia. The
206 latter complements the deficient diet of the fly with the products of its metabolism. However, the
207  symbiosis at the base of tsetse-Wigglesworthia interactions goes beyond the nutritional role: larvae
208  deprived of Wigglesworthia are immunocompromised when they reach the adult stage. Weiss and
209  co-workers [39] show that in aposymbiotic tsetse flies the cellular innate immune system is
210  seriously compromised and consequently the insects are highly susceptible to infections. When
211 hemocytes from wild type individuals are transplanted in aposymbiotic adults or Wigglesworthia
212 cell extracts are administered to the aposymbiotic mothers, the innate immune system functionality
213 isrestored.

214 Another study that highlights the multidimensionality of symbionts-host interactions has been
215  performed on the Hawaiian squid Euprymna scolopes and the luminous bacterium Vibrio fisheri
216 [40]. V. fisheri is the exclusive partner of the squid light organ and the symbiosis follows a dynamic
217  balance of symbionts expulsion and re-growth. The well-known mediators involved in animal-
218  microbe interactions, called “microbe associated molecular patterns” (MAMPs), specifically lipid A
219  component of lipopolysaccharide (LPS) and peptidoglycan component, interplay synergistically
220  with the luminescence of symbionts in order to sustain the host development. Researchers found

221 that MAMPs and luminescence are both critical for the maintenance of the symbiosis.
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222 All these findings contribute to state that a finely regulated dialog exists among the symbiotic
223  partners in order to reach a symbiostasis. This is done through the regulation of pathways
224  implicated in the substrate availability and pathways that govern host/symbionts population
225  dynamics. Recently, artificial microcosms have been employed to prove that the high functionality
226 of a specific system could be maintained, even during stress events, if microorganisms are
227  distributed in a suitable climax community [41]. In the case of the microbiota associated to the
228  digestive system, the maintenance and improvement of the host health against pathogens infection
229  depends on the functionality of the system, which lastly relies on the presence of a suitable climax
230 community [16]. Cox-Foster and collaborators [19] showed that CCD non-affected honeybees are
231 mainly colonized by Firmicutes and a-Proteobacteria, while in CCD affected bees a high abundance
232  of y-Proteobacteria is measured. This could be related to a case of dysbiosis, i.e. an unbalance of the
233  gut microbiota, with the consequent loss of the proper functionality, which in turns negatively
234  impacts the health status. Further studies are needed to unveil the strict and dynamic interplay
235  existing between host and symbionts.

236

237  Microbial involvement in the general insect health status

238  Recent publications highlighted that in different Drosophila strains two taxonomically different
239  bacteria, i.e. Acetobacter pomorum and Lactobacillus plantarum, modulate the insulin signaling and
240 TOR pathway, respectively, through different bacterial products [4-42-43]. In A. pomorum, the
241  acetic acid produced by the activity of the pyrroloquinoline quinone-dependent alcohol
242  deydrogenase (PQQ-ADH) modulates the insulin signaling which in turn controls several host
243  homeostatic programs, as the developmental rate, the body size, the energy metabolism and the
244  intestinal stem cell activity [42]. On the other hand, L. plantarum promotes protein assimilation
245  from the diet, regulating diet-derived branched-chain amino acid (BCAA) levels in the hemolymph.
246 BCCA activates TOR signaling 1) in the fat bodies, which results downstream into the promotion of

247  growth rate, and ii) in the protoracic glands, which has an impact downstream on the length of
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248  growth phase [43]. In fat bodies TOR pathway normally acts stimulating the systemic production of
249  insulin-like peptides and thus promoting the growth. It has been hypothesized that 1) the stimulation
250  of the insulin signaling in presence of commensals could be the result of the evolution conflict
251  between the host and its microbiota; 2) bacterial metabolites are cues for the host to be informed on
252  the environmental nutritional availability for the host development [4]. Thus according to this
253  second hypothesis the host would exploit its microbiota to sense the environment. Bacteria are
254  known to communicate through quorum sensing which allows the regulation of their activity and
255  physiological processes. Quorum sensing outcomes in important advantages for bacteria i.e. host
256  colonization, formation of biofilms, defense against competitors, and adaptation to changing
257  environments. The kind of interaction here hypothesized implies a higher level of interaction
258  between symbionts and hosts.

259  The molecular mechanisms that regulate the host microbe cross-talk are still poorly understood.
260  However, all these studies highlight the key role of microbial partners in influencing the systemic
261  growth of the host, and preserving its health. As in Drosophila, it is possible to hypothesize that
262  commensals in honeybee could have a higher level of interaction with the host, acting on the growth
263 regulation of the insect. Components of Drosophila microbiota, as Lactobacillales and
264  Acetobacteraceae members, are widespread in A. mellifera. Lactic acid bacteria (LAB) have been
265 shown to exert a probiotic effect on honeybee larvae, eliciting the innate immune system to
266  overcome pathogen attacks [15], and have been indicated as major modulators of honeybee health
267  [44]. Like LAB, well-known for their ability to produce antimicrobial factors, other symbionts such
268 as sporeforming bacteria are indicated as producers of peptide antibiotics and antibiotic-like
269  compounds, which in some case possess antagonistic activity [45-46]. Finally, acetic acid bacteria
270  (AAB), widespread in nature [47], can compete with the pathogen along the host epithelia,
271 physically occupying the available niches and nutritionally competing with the pathogens.
272 Moreover acid and exopolysaccharide production may contribute to AAB successful colonization of

273  the insect gut [48-49].
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274

275  Perspectives

276  There is increasing evidence that there is a strict interconnection between the intestinal microbiota
277  balance and the health status of the host [4]. Commensal microbiota drives immune and health
278  homeostasis by mechanisms that are yet poorly understood and a great effort has to be done in this
279  direction. Insect symbionts are indeed emerging as a potential tool in biocontrol programs to protect
280  beneficial insects, ameliorating the innate immune homeostasis and contributing to the general
281  insect wellbeing [4]. The employment and exploitation of microorganisms in a defined environment
282  or niche to solve practical problems has been termed as Microbial Resource Management (MRM)
283 and MRM concepts are applicable to the maintenance and promotion of insect health [3]. A novel
284  MRM application, the Symbiont Resource Management (SRM), can be defined as the application of
285  microbial symbionts to manage insect-related problems [3; Fig. 1]. Symbiotic microorganisms can
286  exert their beneficial contribute towards the host to sustain its health in different ways, i.e. by
287  competitive exclusion, production of antibiotic compounds, activation/stimulation of the innate
288  immune system, and communication to the host of the environmental conditions. However, in order
289  to become able to manage these complex microbial communities within the body of the insects it is
290  imperative to understand how they interact with the host. Therefore, further research has to be
291 conducted to clarify the molecular mechanisms at the base of the symbiosis.

292

293  Acknowledgments

294  The authors thank for financial support the European Union in the ambit of project BIODESERT
295  (European Community’s Seventh Framework Programme CSA-SA REGPOT-2008-2 under grant
296  agreement no. 245746) and the Ministry for Research (MIUR), in the ambit of projects PRIN 2009
297  (Interazioni tra insetti vettori e microrganismi simbionti: nuove prospettive per il biocontrollo dei
298  patogeni trasmessi alle piante, agli animali e all'uomo). C.H. was supported for a Short Term

299  Scientific Mission to the University of Milan by Cost Action FA0701: ‘Arthropod Symbiosis: From

Page 12 of 24



ACCEPTED MANUSCRIPT

300 Fundamental Studies to Pest and Disease Management’. M.M. is a Postdoctoral Fellow of the
301  Research Foundation — Flanders (FWO, Belgium).

302

Page 13 of 24



302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

References

1. Canganella F, Wiegel J. Extremophiles: from abyssal to terrestrial ecosystems and possibly
beyond. Naturwissenschaften 2011; 98:253-79.

2. Mapelli F, Marasco R, Balloi A, Rolli E, Cappitelli F, Daffonchio D, Borin S. Mineral-
microbe interactions: biotechnological potential of bioweathering. J Biotechnol. 2012; 157:473-81.
3. Crotti E, Balloi A, Hamdi C, Sansonno L, Marzorati M, Gonella E, Favia G, Cherif A,
Bandi C, Alma A, Daffonchio D. Microbial symbionts: a resource for the management of insect-
related problems. Microb Biotechnol 2012; 5(3):307-317.

4. Douglas A. Is the regulation of insulin signaling multi-organismal? Sci Signal 2011; 4:pe46.
5. Dale C, Moran NA. Molecular interactions between bacterial symbionts and their hosts. Cell
2006; 126:453-65.

6. Rosenberg E, Zilber-Rosenberg 1. Symbiosis and Development: The Hologenome concept.
Birth Defects Research (Part C) 2011; 93:56—66.

7. Southwick EE, Southwick JrL. Estimating the economic value of honey bees (Hymenoptera:
Apidae) as agricultural pollinators in the United States. J Econ Entomol 1992; 85:621-633.

8. Klein A-M, Vaissiére BE, Cane JH, Steffan-Dewenter I, Cunningham SA, Kremen C,
Tscharntke T. Importance of pollinators in changing landscapes for world crops. Proc R Soc B
2007; 274:303-313.

9. Gallai N, Salles J-M, Settele J, Vaissiére BE. Economic valuation of the vulnerability of
world agriculture confronted with pollinator decline. Ecol Econ 2009a; 68:810-821.

10. Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin WE. Global
pollinator declines: trends, impacts and drivers. Trends Ecol Evol 2010; 25:345-353.

11.  @Gallai N, Vaissiere B.E. Guidelines for the economic valuation of pollination services at a
national scale. Rome, FAO, 2009b.

12.  Hein L. The economic value of the pollination service, a review across scales. Open Ecol J

2009; 2:74-82.

Page 14 of 24



328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

13.  Johnson R. Honey bee Colony Collapse Disorder. CRS Report for Congress. Congressional
Research Service 2010; pages 1-17.

14. Nazzi F, Brown SP, Annoscia D, Del Piccolo F, Di Prisco G, Varricchio P, Della Vedova G,
Cattonaro F, Caprio E, Pennacchio F. Synergistic parasite-pathogen interactions mediated by host
immunity can drive the collapse of honeybee colonies. PLoS Pathog 2012; 8:¢1002735.

15.  Evans JD, Lopez D.L. Bacterial probiotics induce an immune response in the honey bee
(Hymenoptera: Apidae). J Econ Entomol 2004; 97:752-756.

16. Hamdi C, Balloi A, Essanaa J, Crotti E, Gonella E, Raddadi N, Ricci I, Boudabous A, Borin
S, Manino A, Bandi C, Alma A Daffonchio D, Cherif A. Gut microbiome dysbiosis and honeybee
health. J Appl Entomol 2011; 7:524-533.

17. Dowd SE, Callaway TR, Wolcott RD, Sun Y, McKeehan T, Hagevoort RG, Edrington TS.
Evaluation of the bacterial diversity in the feces of cattle using 16S rDNA bacterial tag-encoded
FLX amplicon pyrosequencing (b TEFAP). BMC Microbiol 2008; 8:125.

18. Sogin ML, Morrison HG, Huber JA, Mark Welch D, Huse SM, Neal PR, Arrieta JM, Herndl
GJ. Microbial diversity in the deep sea and the underexplored "rare biosphere". Proc Natl Acad Sci
U S A. 2006; 103(32):12115-12120.

19. Cox-Foster DL, Conlan S, Holmes EC, Palacios G, Evans JD, Moran NA, Quan P-L, Briese
T, Hornig M, Geiser DM, Martinson V, vanEngelsdorp D, Kalkstein AL, Drysdale A, Hui J, Zhai J,
Cuin L, Hutchison SK, Fredrik Simons J, Egholm M, Pettis JS, Lipkin WI. A metagenomic survey
of microbes in honey bee colony collapse disorder. Science 2007; 318:283-287.

20. Cornman RS, Tarpy DR, Chen Y, Jeffreys L, Lopez D, Pettis JS, vanEngelsdorp D, Evans
JD. Pathogen webs in collapsing honey bee colonies. PLoS One 2012; 7:¢43562.

21.  Martinson VG, Danforth BN, Minckley RL, Rueppell O, Tingek S, Moran NA. A simple
and distinctive microbiota associated with honey bees and bumble bees. Mol Ecol 2011; 20: 619-28.
22.  Martison VG, Moy J, Moran NA. Establishment of characteristic gut bacteria during

development of the honeybee worker. Appl Environ Microbiol 2012; 78(8):2830-2840.

Page 15 of 24



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

23. Moran NA, Hansen AK, Powell JE, Sabree ZL. Distinctive gut microbiota of honey bees
assessed using deep sampling from individual worker bees. Plos One 2012; 7: ¢36393.

24.  Kwong WK, Moran NA. Cultivation and characterization of the gut symbionts of honey
bees and bumble bees: Snodgrassella alvi gen. nov., sp. nov., a member of the Neisseriaceae family
of the Betaproteobacteria; and Gilliamella apicola gen. nov., sp. nov., a member of Orbaceae fam.
nov., Orbales ord. nov., a sister taxon to the Enterobacteriales order of the Gammaproteobacteria.
Int J Syst Evol Microbiol 2012, doi:10.1099/ijs.0.044875-0.

25. Senses-Ergul S, Karasu-Yalcin S, Yesim Ozbas Z. Molecular identification of some yeast
strains isolated from various sugary foods. Ann Microbiol 2012; 62:1501-1516.

26. Slavikova E, Vadkertiova R, Vranova D. Yeasts colonizing the leaves of fruit trees. Ann
Microbiol 2009; 59:419-424.

27.  Gilliam M. Identification and roles of non-pathogenic microflora associated with honey bees
(vol 155, pg 1, 1997). FEMS Microbiol Lett 1997; 157:219-219.

28. Henry M, Béguin M, Requier F, Rollin O, Odoux J-F, Aupinel P, Aptel J, Tchamitchian S,
Decourtye A. A common pesticide decreases foraging success and survival in honey bees. Science
2012; 336:348-350.

29.  Laurino D, Porporato M, Patetta, Manino A. Toxicity of neonicotinoid insecticides to honey
bees: laboratory tests. B Insectol 2011; 64:107-113.

30. Whitehorn PR, O’Connor S, Wackers FL, Goulson D. Neonicotinoid pesticide reduces
bumble bee colony growth and queen production. Science 2012; 336:351-352.

31.  Rosenkranz P, Aumeier P, Ziegelmann B. Biology and control of Varroa destructor. J
Invertebr Pathol 2010; 103:S96-S119.

32.  Genersch E, Aubert M. Emerging and re-emerging viruses of the honey bee (Apis mellifera

L.). Vet Res 2010; 41(6):54.

Page 16 of 24



378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

33, Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-
associated gut microbiome with increased capacity for energy harvest. Nature 2006; 444:1027—
1031.

34, Sharon G, Segal D, Ringo J, Hefez A, Ziber-Rosenberg I, Rosenberg E. Commensal bacteria
play a role in mating preference of Drosophila melanogaster. Proc Natl Acad Sci USA 2010;
107:2051-2056.

35.  Leulier F, Royet J. Maintaining immune homeostasis in fly gut. Nat Immunol 2009; 10:936-
938.

36.  Roulston TH, Cane JH. Pollen nutritional content and digestibility for animals. Plant Syst
Evol 2000; 222:187-2009.

37.  Engel P, Martinson VG, Moran NA. Functional diversity within the simple gut microbiota
of the honey bee. Proc Natl Acad Sci U S A 2012, 109: 11002-7.

38. Ryu JH, Kim SH, Lee HY, Bai JY, Nam YD, Bae JW, Lee DG, Shin SC, Ha EM, Lee WI.
Innate immune homeostasis by the homeobox gene caudal and commensal-gut mutualism in
Drosophila. Science 2008; 319:777-782.

39.  Weiss BL, Maltz M, Aksoy S. Obligate symbionts activate immune system development in
the tsetse fly. J Immunol 2012; 188:3395-3403.

40. McFall-Ngai M, Heath-Heckman EAC, Gillette AA, Peyer SM, Harvie EA. The secret
languages of coevolved symbiosies: insights from the Euprymna scolopes-Vibrio fisheri symbiosis.
Semin Immunol 2012; 24:3-8.

41. Wittebolle L, Marzorati M, Clement L, Balloi A, Daffonchio D, Heylen K, De Vos P,
Verstraecte W, Boon N. Initial community evenness favors functionality under selective stress.
Nature 2009; 458:623-626.

42. Shin SC, Kin S-H, You H, Kim B, Kim AC, Lee K-A, Yoon J-H, Ryu J-H, Lee W-J.
Drosophila microbiome modulates host developmental and metabolic homeostasis via insulin

signalling. Science 2012; 334:670-674.

Page 17 of 24



404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

43, Storelli G, Defaye A, Erkosar B, Hols P, Royet J, Leulier F. Lactobacillus plantarum
promotes Drosophila systemic growth by modulating hormonal signals through TOR-dependent
nutrient sensing. Cell Metab 2012; 14:403-414.

44, Vasquez A, Forsgren E, Fries I, Paxton RJ, Flaberg E, Szekely L, Olofsson TC. Symbionts
as major modulators of insect health: lactic acid bacteria and honeybees. PlosOne 2012; 7:¢33188.
45. Cherif A, Rezgui W, Raddadi N, Daffonchio D, Boudabous A. Characterization and partial
purification of entomocin 110, a newly identified bacteriocin from Bacillus thuringiensis subsp.
Entomocidus HD110. Microbiol Res. 2008; 163:684-692.

46. Li G, Liu B, Shang Y, Yu Z, Zhang R. Novel activity evaluation and subsequent partial
purification of antimicrobial peptides produced by Bacillus subtilis LFB112. Ann Microbiol 2012;
62:667-674.

47. Kommanee J, Akaracharanya A, Tanasupawat S, Malimas T, Yukphan P, Nakagawa Y,
Yamada Y. Identification of Gluconobacter strains isolated in Thailand based on 16S-23S rRNA
gene ITS restriction and 16S rRNA gene sequence analyses. Ann Microbiol 2008; 58:741-747.

48. Crotti E, Rizzi A, Chouaia B, Ricci I, Favia G, Alma A, Sacchi L, Bourtzis K, Mandrioli M,
Cherif A, Bandi C, Daffonchio D. Acetic acid bacteria, newly emerging symbionts of insects. Appl
Environ Microbiol 2010; 76:6963-6970.

49, Kounatidis I, Crotti E, Sapountzis P, Sacchi L, Rizzi A, Chouaia B, Bandi C, Alma A,
Daffonchio D, Mavragani-Tsipidou P, Bourtzis K. Acetobacter tropicalis is a major symbiont of the
olive fruit fly (Bactrocera oleae). Appl Environ Microbiol 2009; 75:3281-328.

50.  Jeyaprakash A, Hoy MA, Allsopp MH. Bacterial diversity in worker adults of Apis mellifera
capensis and Apis mellifera scutellata (Insecta: Hymenoptera) assessed using 16S rRNA sequences.
J Invertebr Pathol 2003; 84:96-103.

51.  Mohr KI, Tebbe CC. Diversity and phylotype consistency of bacteria in the guts of three bee

species (Apoidea) at an oilseed rape field. Environ Microbiol 2006; 8:258-272.

Page 18 of 24



429 52, Babendreier D, Joller D, Romeis J, Bigler F, Widmer F. Bacterial community structures in
430  honeybee intestines and their response to two insecticidal proteins. FEMS Microbiol Ecol 2007;
431 59:600-610.

432 53.  Disayathanoowat T, Young JP, Helgason T, Chantawannakul P. T-RFLP analysis of
433  bacterial communities in the midguts of Apis mellifera and Apis cerana honey bees in Thailand.
434  FEMS Microbiol Ecol 2012; 79:273-81.

435 54.  Mattila HR, Rios D, Walker-Sperling VE, Roeselers G, Newton IL. Characterization of the
436  active microbiotas associated with honey bees reveals healthier and broader communities when
437  colonies are genetically diverse. PLoS ONE 2012; 7:€32962.

438 55.  Evans JD, Armstrong TN. Antagonistic interactions between honey bee bacterial symbionts
439  and implications for disease. BMC Ecol 2006; 6:4.

440 56.  Olofsson TC, Vasquez A. Detection and identification of a novel lactic.acid bacterial flora
441 within the honey stomach of the honey bee Apis mellifera. Curr Microbiol 2008; 57:356—-363.

442 57.  Vasquez A, Olofsson TC. The lactic acid bacteria involved in the production of bee pollen
443  and bee bread. J Apicult Res 2009; 48:189—-195.

444 58, Sabaté DC, Carrillo L, Audisio MC. Inhibition of Paenibacillus larvae and Ascosphaera
445  apis by Bacillus subtilis isolated from honeybee gut and honey samples. Res Microbiol 2009;
446 160:193-199.

447 59, Loncaric I, Ruppitsch W, Licek E, Moosbeckhofer R, Busse H-J, Rosengarten R.
448  Characterization of selected Gram-negative non-fermenting bacteria isolated from honey bees (Apis
449  mellifera carnica). Apidologie 2011; 42:312-325.

450  60. Carina Audisio M, Torres MJ, Sabaté DC, Ibarguren C, Apella MC. Properties of different
451 lactic acid bacteria isolated from Apis mellifera L. bee-gut. Microbiol Res 2011; 166:1-13.

452

Page 19 of 24



452

453

454

455

456

Tab. 1. Actual knowledge on the bacterial species associated to the honeybee Apis mellifera
according to cultivation-independent and -dependent methods. Data from cultivation-
independent studies and some data from cultivation-dependent studies are from Sabree et al. (2012).
Other cultivation-dependent data are from studies that identified the isolates by partial or complete

16S rRNA gene sequencing.
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458
459
460

Tab. 1. Actual knowledge on the bacterial species associated to the honeybee Apis mellifera according to cultivation-independent and -dependent methods.

Case study Origin Sample Method Total n % known bee Alpha-1* Alpha-2* Beta® Gamma- Gamma- Firm- Firm- Bifido® Other
sequences  species groups® 1° 2¢ 4 57 bacteria
Cultivation-independent techniques
Jeyaprakash et al. 2003 South Asia Dissected guts Sanger 8 n/a +(3) +(1) +(2) +(2) - - +(1) +(1) b
[50]
Mohr and Tebbe, 2006 Germany Dissected guts Sanger 13 n/a - +(1) +(1) +(2) - - - - b
[51]
Babiendrier et al., 2006 Switzerland Midgut and Sanger 27 n/a +(3) +(2) +(6) +(8) +(1) +(2) +(4) - b
[52] hindgut
Disayathanoowat et al., Thailand Midgut Sanger 17 n/a - - + +(1) - - +(2) +(1) b
2012 [53]
Cox Foster et al., 2007 Australia, Pooled whole Pyrotags 428 97.4 1.9 32 16.9 60.9 9.6 0.6 2.8 1.7 2.6
[19] USA, Hawaii  bees 454
Martinson et al., 2011 Arizona Single whole Sanger 271 98.5 0.0 1.1 11.1 11.8 0.0 10.0 63.8 0.7 1.5
[21] bees
Martinson et al., 2011 Arizona, Bacterial cells Sanger 267 98.5 0.7 0.0 3.7 9.7 0.0 10.5 60.7 13.1 1.5
[21] isolated from
pooled guts
Martinson et al., 2012 Arizona, Dissected gut Pyrotags 96,505 99.9 0.0 0.3 20.3 10.1 242 0.2 44.0 0.8 0.1
[22] sections 454
Mattila et al., 2012 (re- Massachusetts  Dissected guts Pyrotags 106,344 94.8 0.0 0.0 6.74 49.10 1.12 11.05 21.36 5.41 52
analysis) [54] 454
Moran et al., 2012 [23] Arizona, Dissected guts Pyrotags 329,550 99.1 1.0 1.0 9.1 11.9 2.0 45.4 23.2 54 0.9
Maryland 454
Engel et al., 2012 [37] Arizona Hindguts of Illumina 76.6 Mb? 82.4 13.8 34 49 23.9 9.7 34 17.6
worker bees sequences
Cultivation-dependent techniques®
Evans and Amstrong, USA Individual Sanger 11 n/a - - - - - - +(1) - b
2006 [55] larvae
Olafsson and Vasquez Sweden Guts Sanger 17 n/a - - - +(3) +(1) +(1) +(4) +(5) b
2008 [56]
Vasquez and Olafsson Arizona Guts Sanger 11 n/a - - - +(1) - +(1) +(2) +(4) -
2009 [57]
Sabaté et al., 2009 [58] Argentina Pooled Sanger 1 n/a - - - - - - - - b
intestines
Loncaric et al., 2011 [59]  Austria Honey sac Sanger 11° n/a - - - - - - - - b
Carina Audisio et al., Argentina Intestines Sanger 5 n/a - - - - - - - - b
2011 [60]
Vasquez et al., 2012 [44] Sweden and Dissected Sanger 137¢ n/a - - - - - +(4) +(7) +(29) b
Kenya honey crops

* For studies with deep sequencing methods, percent values of phylotype abundance are indicated. In those studies where methods do not allow percent representation, “+” indicates the presence of a phylotype. Figures in

parentheses indicate the numbers of sequences associated to a bacterial group.

«

indicates no presence of a phylotype.

b Sequences of other bacteria, besides the phylotypes presented in the table, have been retrieved but the frequencies cannot be calculated due to the methods employed in these case studies.
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464

ACCEPTED MANUSCRIPT:

¢ Cultivation-dependent methods do not allow to represent all bacteria in the gut.
4 These numbers are from a dataset of metagenomic data.

¢ These numbers are from a dataset including also, but not only, sequences from A. mellifera.
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ACCEPTED MANUSCRIPT

465  Figure 1. A graphical representation of the ecological concept of Symbiont Resource Management
466  (SMR) which foresees the management of the insect gut microbiome in order to improve host

467  health.
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Figure

When stressors preveil, dysbiosis occurs and Re-balance of dysbiosis contributes to limit
honeybee experiences health problems stressor effects, restoring healthy conditions
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