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Abstract

Symbiotic relationships between arthropods and aniganisms are widespread in nature.
In the last years these interactions are receivedsiderable attention, as many
microorganisms may play relevant roles in the lygland lifecycle of insects (Dale and
Moran, 2006; Moraret al, 2008). In this perspective, researchers are titigeanany
efforts to depict the interactions that shape tymlsosis. Furthermore, considering the
importance that microorganisms play for their ho#te modification of the microbiome
structure in the insect body could support the bgreent of sustainable strategies,
alternative to chemical pesticides. To achieve diegelopment of these methods, the
knowledge and the identification of the symbionssaxiated to the pest of interest, is a
mandatory requirement.

Recent studies documented the evidence of stabbeiations between acetic acid
bacteria (AAB) and insects characterized by a sbgaed diet. These include Diptera,
Hymenoptera and Hemiptera orders (Crettial, 2010). It was reported that AAB are
essential in the modulation of the immune homeasias well as metabolism and larval
development. These capacities have been demomsiraferosophila (Ryu et al, 2008;
Shin et al, 2011), but have been recently confirmed in ottmerdels, like Anopheles
(Chouaiaet al. 2012, Hughest al, 2014).

Along with bacteria, drosophilid flies establishmautualistic relationship with yeasts, in
particular with those belonging to the Saccharortaaeae family: these microorganisms
represent the main nutritional source for the flies they provide proteins, vitamins and
other nutrients. Yeasts are vectoredlygsophila,from which they are dispersed, favoring
the colonization of new habitats (Christiaetsl, 2014). Moreover, they can affect the fly
development and fitness in terms of susceptibitityparasitism (Anagnostoet al. 2010).
Yeasts share the same environments with AAB, suimgothe hypothesis of possible
microbe-microbe interactions.

The aim of my PhD project was the characterizatibthe microbiome associated
to the spotted wing flyDrosophila suzukiiMatsumura (Diptera: Drosophilidae), an
economically damaging pest of healthy soft summmeitsf rapidly spreading in many
countries from South-East Asia (Leeal, 2011). In particular, targets of the researchewe
AAB and yeasts symbionts.

Results revealed that AAB were a major componentDofsuzukii bacterial
community. Members o&luconobacter Gluconacetobacteand Acetobactergenera were
the main representatives, as shown by culture-aiper{isolation by using specific media,
dereplication with ITS-PCR and isolate identificatithrough partial 16S rRNA gene
sequencing) and -independent analyses (16S rRNzwdizng and Denaturing Gradient Gel
Electrophoresis-PCR). The investigation was peréatnon specimens of different
developmental stages (larvae, pupae and adultsgden two feeding substrates (fruit or
an artificial diet).

The plasmid pHM2(Gfp) was introduced by electropiorain three selected AAB isolates,
Gluconobacter oxydan®SF1C.9A, Acetobacter tropicalisBYea.1.23 andAcetobacter
indonesiensiBTal.1.44 to label them with Green fluorescenttgiro (Gfp). After oral
administration to the insects, Gfp-tagged straiesawisualized in the host by fluorescence
microscopy. The symbionts were able to successfakgh and colonize the epithelium of
the insect crop, proventriculus and midgut. Test$gomed on bacterial cultures grown in
liquid media showed that several AAB isolates die 40 produce an extracellular matrix
in which the cells are entrapped and that preswriabmplicated in the bacterial adhesion
to the insect epithelia and maintenance in thestiige system.

By using probes specific for AAB (Texas red-labellprobe AAB455) and Eubacteria
(Texas red-labelled universal Eubacterial probe388lp, fluorescenin situ hybridization
(FISH) experiments on the host dissected tisswes B. suzukii,detected AAB within the
peritrophic membrane of the midgut and proventtisuProbes specific foGluconobacter
(Cy5-labelled probes Go615 and Go618) were alsigaed, and used to confirm the
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presence of this species within the intestinalttofthe fly.
Due to the abundance and intimate connection cfettsymbionts wittD. suzukiitissues
and organs, | predict that AAB have important rotethe lifecycle of the host.

The capacity ofD. suzukiiselected AAB isolates to emit microbial volatile
compounds for flies’ specific attraction was suhssgdly analysed. Microbial volatiles are
known to attract or repel insects, inhibit or stiata the plant growth. For example, acetic
acid was described to be an attractant moleculBrfosophilaflies (Chaet al., 2014). With
the aim to evaluate the different attraction calitsds of some selected AAB db. sukuzij
a two-choice olfactometer assay was developed #nac#on experiments were carried
out. After the first evaluation of the bacteriabgith to set up the experimental conditions,
flies were exposed to volatile organic compound®Q¢) produced by AAB isolates in
comparison to a control, represented by the grom#dium without bacteria. Higher
attractiveness for flies than the other bacteria whtained withGluconobacter oxydans
DSF1C.9A, Gluconobacter kanchanaburiensisL2.1.A.16  and Gluconacetobacter
saccharivoransDSM1A.65A strains. Since currently traps for fliase composed by
vinegar and baker’s yeast, the analyses of thedbeattive molecules released by specific
microorganisms might provide novel tools for suzukiibiocontrol and the assembly of
baits specifically targeted for this pest.

Flies at different developmental stages (larvaepapuand adults) reared on
different food sources (fruit or artificial diet) ene analyzed through cultivation-
independent (DGGE-PCR, 16S rRNA 454-pyrosequencing)-dependent (isolation trials,
and isolate identification) techniques to invedggéhe yeast community. Most of the
analyzed sequences obtained from the excised DGiBHsband pyrosequncng data had
close similarity with sequences assigned to Saocmgetales, in particulaCandida
Geotrichumand Pichia genera. These yeasts comprise specialist coloniferstten and
fermenting fruits, and the skin of intact fruitderabyDrosophila
A collection of 237 yeast isolates were obtainenhfithe isolation trials, with the purpose
to explore the community diversity in individualsdifferent life stages, and reared on the
two-abovementioned food sources. Identificationhef yeast species was carried out using
RFLP (Restriction Fragment Length Polymorphism)lysia of the ITS1-ITS2 region of
the fungal rRNA gene, of all the isolates. Regtitipatterns were obtained through the use
of Haelll, Hinfl and Tagl endonucleases. After thealysis of the generated digestion
patterns, the representative isolates of each RftbRle were submitted to sequencing
analyses of both the D1-D2 region of the large gitlfuSU) of the fungal rRNA gene and
the ITS1-ITS2 region of the fungal rRNA gene. Plggoetic trees completed the analysis.
The results strengthened and enlarged the moledalta, and showed that the most
abundant species recorded. Pichia occidentalis Saccharomycopsis craetegensisd
Arthroascus schoeniivere the only species isolated from all of tleetlife stages (larvae,
pupae, and adults). Insects reared on fruits weseacterized by a higher diversity in terms
of yeast species. In particular, it was also reedrthe presence éfanseniaspora uvarum
which was described in previous works as a domigaast genus associated to different
Drosophilaspecies, includin®. suzukii(Chandlert al, 2012, Hambt al, 2012).

Data obtained from the yeast community characteozaas well as from the
bacterial community one, were exploited for a soireg of the possible interactions among
symbionts. In particular, some yeast strains afe &b compete for their own ecological
niche and nutrients by producing an array of comgswnamed “killer toxins{Woods and
Bevan, 1968). Since the production of killer toxamuld be highly affected by the culture
conditions, in terms of pH, temperature and carbaurce content, then the optimal ones
were developed for the growth of selected yeadatiss, and subsequently antagonistic
activity tests were performed. The results higtikghthe capacity of a specific yeast
isolate,Candida stellimalicolaAF4.1.P.268, to limit the growth of several yeast AAB
isolates, by creating inhibition haloes. This éeatmight have a role in a pest management
perspective.



In conclusion, this project indicates that AAB ayehst communities establish an
intimate association witlD. suzukij as they were found stably and abundantly in
individuals of different stages and fed on diffdrerets. Recolonization trials performed
with AAB strains suggest, in particular, their inmfance for the biology of this pest.
Gathered information might be a basis to develtgrizdtive strategies for a more effective
and sustainable biocontrol management of this e@nmgprgest for whom a successful
strategy has not been found yet.
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Riassunto

Le relazioni di tipo simbiotico che si stabiliscotma artropodi e microrganismi sono molto
diffuse in natura. Negli ultimi anni tali interamio hanno ricevuto una particolare
attenzione, in quanto molti microorganismi svolganoli importanti per il ciclo biologico

e la vita in generale degli insetti (Dale e Mor&006, Moranet al, 2008). Pertanto,
numerose ricerche sono state indirizzate verscafatterizzazione delle interazioni che
modellano le simbiosi. Inoltre, nota la rilevanzzoperta dai microorganismi nei confronti
dei propri ospiti, la manipolazione del microbionadl'interno dell'insetto potrebbe
contribuire allo sviluppo di strategie sostenilslgstitutive dei pesticidi. Per conseguire 1o
sviluppo di tali metodi, un requisito essenzialdaéconoscenza e lidentificazione dei
simbionti associati all'insetto dannoso di inteeess

Studi recenti hanno evidenziato la costante aszocia tra batteri acetici (AAB) e
insetti che hanno una dieta zuccherina, apparteaghtordini dei Ditteri, Imenotteri ed
Emitteri (Crotti et al, 2010). E stato riscontrato che i batteri acediglgono un ruolo
essenziale nella regolazione dell’omeostasi imnauiait cosi come nel metabolismo e nello
sviluppo larvale. Cio e stato osservatdirosophila(Ryu et al, 2008; Shiret al, 2011) e
confermato anche in altri modelli, come nelle zaaz®el generdnophelegChouaiaet al.,
2012, Hughest al, 2014).

Oltre che con i batteri, i moscerini della famigbaosophilidae sono in grado di
instaurare delle relazioni di tipo mutualistico corlieviti, in particolare con quelli
appartenenti alla famiglia delle Saccharomycetac&ak microrganismi costituiscono la
principale fonte alimentare per questi insetti, rappigionandoli di proteine, vitamine e
altri nutrienti. D’altro canto, i lieviti vengonadsportati dagli insetti e conseguentemente
dispersi; cio contribuisce alla colonizzazione diowi habitat da parte di questi funghi
(Christiaenset al, 2014). In aggiunta, una dieta composta da detettaispecie di lieviti
puod incidere sullo sviluppo e sulfadnessdei moscerini dal punto di vista della diversa
resistenza al parassitismo.

Scopo di questo progetto di dottorato € stato lattizzazione del microbioma
associato al moscerino dei piccoli fruttDrosophila suzukii Matsumura (Diptera:
Drosophilidae), un insetto dannoso che attaccaultafestiva con buccia sottile, causando
un danno economico alle coltivazioni. Quest'inseditsta diffondendo in diversi paesi a
partire da un iniziale areale di distribuzione 8etl-est asiatico (Lest al, 2011). Obiettivo
di questa ricerca sono stati i batteri aceticlieviti simbionti di tale insetto.

| risultati ottenuti indicano che i batteri aceticiostituiscono la principale
componente della comunita batterica associat®. asuzukii Nello specifico, grazie
all'utilizzo di tecniche coltura-dipendenti (isolamto su terreni di crescita specifici,
riduzione della ridondanza della collezione tramémplificazione della regione ITS,
identificazione degli isolati per mezzo del sequ@mento del gene parziale del 16S
rRNA), unitamente ad un approccio indipendenteadabltivazione (Barcoding del 16S
rRNA e tecnica di elettroforesi con gradiente deratte, denominata DGGBenaturing
Gradient Gel Electrophoresissi € osservato che i batteri maggiormente ragpati
appartengono ai gendgluconobacterGluconacetobactee Acetobacter Tali analisi sono
state condotte su individui a diverso stadio diuppo (larve, pupe e adulti), allevati su due
diverse tipologie di substrati (frutta oppure diattficiale).

La tecnica della ibridazione fluorescenie situ (FISH - Huorescent In Situ
Hybridizatior) e stata condotta su tessuti dissezionatDdisuzukij utilizzando sonde
specifiche per i batteri acetici (sonda AAB455, caéa con Texas-red) e per la comunita
batterica in generale (sonda universale per gliaak Eub338, marcata con Texas-red),
consentendo di localizzare i batteri acetici aléimo della membrana peritrofica di
intestino medio e proventricold.a presenza di batteri acetici appartenenti al gene
Gluconobacterall'interno del tratto intestinale dell’'insetto &t similmente confermata,
attraverso la costruzione e I'uso di sonde spduifitsonde Go615 e Go618, marcate con
Cy5). Inoltre, al fine di localizzare i batteri dice all'interno del corpo dell'insetto, il
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plasmide pHM2(Gfp) e stato inserito, mediante mdetirazione, in 3 isolati selezionati,
quali Gluconobacter oxydanBSF1C.9A,Acetobacter tropicaliBYea.1.23 eAcetobacter
indonesiensidBTal.1.44, per marcarli con la proteina fluoreseddfp Green fluorescent
protein). | ceppi marcati con Gfp sono stati somminist@i@lmente agli insetti e poi
visualizzati all'interno dell'ospite, attraversaitilizzo della microscopia a fluorescenza. In
qguesto modo e stato possibile confermare che iismtitsono in grado di raggiungere e
colonizzare efficientemente [I'epitelio di ingluvigroventricolo ed intestino medio
dell'insetto. Saggi di crescita in terreno liquidanno inoltre permesso di osservare che
alcuni isolati producono una matrice extracellulgedatinosa in cui le cellule batteriche
vengono incluse, e che é probabilmente coinvolta meccanismi di adesione e
mantenimento sull’epitelio del sistema digerent@aimpite.

Dai dati ottenuti, considerando I'abbondanza etitina correlazione dei batteri
acetici con i tessuti d. suzukij si € potuto ipotizzare che questo gruppo di samibiabbia
un ruolo rilevante nel ciclo vitale dell'ospite ciderato.

Successivamente e stata analizzata la capacitiudii asolati di batteri acetici di
emettere nellambiente composti volatili (VO@iatile Organic Compundsin grado di
attrarre specificatament®. suzukii.E noto che le molecole volatili prodotte da batteri
possano attrarre o respingere gli insetti e inilwrestimolare la crescita vegetale. Ad
esempio, l'acido acetico & stato decritto come puiée attrattiva nei confronti dei
moscerini del gener@rosophila(Chaet al, 2014). E stato quindi sviluppato e condotto un
saggio utilizzando un olfattometro, a forma di ¥r palutare le capacita di alcuni batteri
acetici, isolati precedentemente Da suzukij di attrarre il moscerino. In seguito ad un
esame della crescita batterica, al fine di impestarcondizioni sperimentali, i moscerini
sono stati esposti ai VOC emessi dai batteri dcdticcomparazione ad un controllo
rappresentato dal terreno di crescita senza hattesaggio ha mostrato che gli isolati
Gluconobacter oxydansDSF1C.9A, Gluconobacter kanchanaburiensisL2.1.A.16 e
Gluconacetobacter saccharivoral8SM1A.65A posseggono una significativa capacita
attrattiva. Quest’analisi potrebbe avere una inagiicne di tipo pratico e costituire uno
strumento innovativo per le pratiche di biocontrolli D. suzukii in particolare per la
costruzione di specifiche trappole per questo tosé¢ quali al momento sono costituite
prevalentemente da aceto e lievito di birra.

L'associazione trd. suzukiie lieviti & stata studiata in insetti a diversadsb di
sviluppo (larve, pupe e adulti), nutriti su divefeati di cibo (frutta o dieta alimentare), per
mezzo di metodi indipendenti dalla coltivazione G pirosequenziamento tramite
tecnologia 454 della regione ITS dell’ rRNA) e iiziindo tecniche microbiologiche basate
su isolamento e conseguente identificazione. Lagmagparte delle sequenze ottenute sia
dalla riamplifica delle bande DGGE che dai datpgiotag hanno evidenziato una stretta
similarita con sequenze appartenenti all'ordine $icharomycetales, in particolare con i
generi Candida Geotrichume Pichia. Questi gruppi includono specie colonizzatrici di
frutta marcescente o in stadio di fermentazionsi come specie tipicamente associate alla
buccia di frutti intatti, su cui si nutf@. suzukii.

Mediante tecniche coltura-dipendenti & stata quaadtituita una collezione di 237
lieviti, a partire da individui a diverso stadio dviluppo e cresciuti sulle due fonti
alimentari sopracitate. | membri di questa collagieono stati quindi identificati. L'analisi
dei polimorfismi di restrizione, denominata RFLHARe§triction Fragment Length
Polymorphism e stata condotta sulla regione ITS dellrRNA denghi. | pattern di
restrizione ottenuti in seguito al taglio con enddeasi Haelll, Hinfl e Taqgl sono stati
analizzati e hanno permesso di individuare i raggameanti di ogni profilo di restrizione;
ogni rappresentate & stato quindi sottoposto aesetamento della regione D1-D2 della
subunita maggiore (LSU) del 26S rRNA e della regitFS1-ITS2. La costruzione di alberi
filogenetici ha completato I'analisi. | risultatiesunti da questa caratterizzazione hanno
potuto irrobustire ed ampliare i dati ottenuti dallnalisi molecolari, mostrando
complessivamente come le specie piu abbondanti,erovwichia occidentalis
Saccharomycopsis craetegensi&rthroascus schoenisiano anche quelle specie associate
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a tutti i tre stadi di eta studiati (larve, pupdulti). In aggiunta, gli insetti alimentati su
frutta sono contraddistinti, rispetto agli individautriti su dieta di laboratorio, da una piu
alta diversita di lieviti in termini di specie. Eaga evidenziata in particolare la presenza di
Hanseniaspora uvarungia descritto come genere dominante di diverseismi drosofile,
tra cuiD. suzukii(Chandlert al, 2012, Hambt al, 2012).

Le informazioni ottenute dalla caratterizzaziore della comunita di batteri acetici,
che da quella di lieviti, sono state sfruttate pudividuare le possibili interazioni tra
simbionti. Tra queste, & noto che alcuni ceppialifo possano competere per la propria
nicchia ecologica e per i nutrienti attraverso taduzione composti denominati “tossine
killer” (Woods and Bevan, 1968). Dopo aver sviluppatoccdadizioni ottimali di pH,
temperatura e contenuto di fonti di carbonio perctdescita degli isolati selezionati, in
quanto la produzione di tali tossine puo essettaénkata dalle condizioni di crescita, sono
stati condotti dei saggi di attivitd antagonistidarisultati di questo screening hanno
evidenziato uno specifico isolatGandida stellimalicolaAF4.1.P.268, in grado di limitare
la crescita di diversi lieviti e batteri aceticitftraverso la formazione di un alone di
inibizione circondante la colonia. Anche questaoinfazione potrebbe avere un
interessante risvolto nell’'ottica del contenimedit®. suzukii.

In conclusione, questo lavoro evidenzia come lewota di batteri acetici e lieviti
possano stabilire una relazione stabile don suzukii In particolare, le prove di
ricolonizzazione condotte con i batteri aceticiloia abbondanza e localizzazione nel tratto
digerente dell’ospite suggeriscono I'importanzagdesto gruppo di microrganismi per la
biologia dell'insetto di interesse. | dati complespotrebbero costituire la base per lo
sviluppo di strategie di biocontrollo alternatie fine di condurre una gestione piu efficace

BN

e sostenibile del moscerino dei piccoli frutti, peguale tuttora non e stato trovato un
metodo di contenimento specifico.

References

- Anagnostou C., Dorsch M. and Rohlfs M. (2010). Infloe of dietary yeasts dbrosophila melanogaster
life-history traits. Entomol. Exp. Appl. 136: 1-11.

- Cha D. H., Adams T., Werle C. T., Sampson B. J.magyk J. J., Rogg H. and Landolt P. J. (2014). A-fou
component synthetic attractant fbrosophila suzukii(Diptera: Drosophilidae) isolated from fermenteaitb
headspace. Pest. Manag. Sci., 70: 324-331.

- Chandler J. A., Eisen J. A. and Kopp A. (2012astecommunities of diverd@rosophilaspecies: comparison
of two symbiont groups within the same hosts. Agplviron. Microbiol. 78: 7327-7336

- Chouaia B., Rossi P., Epis S., Mosca M., Ricci Bpiani C., Ulissi U., Crotti E., Daffonchio D., Bandi
and Favia G. (2012). Delayed larval developmentAmophelesmosquitoes deprived of\saia bacterial
symbionts. BMC Microbiol. 12: S2.

- Christiaens J. F, Franco L. M., Cools T. L., De Btee L., Michiels J., Wnseleers T., Hassan B.A.,svd&k
and Verstrepen K. J. (2014), Cell Reports 9, 425-432

- Crotti E., Rizzi A., Chouaia B., Ricci |., Favia G.,m A., Sacchi L., Bourtzis K., Mandrioli M. and Cler
A. (2010). Acetic acid bacteria, newly emerging byonts of insects Appl. Environ. Microbiol. 76: 686970

- Dale C. and Moran N. A. (2006). Molecular interass between bacterial symbionts and their has&l.
126(3): 453-65.

- Hamby K. A., Hernandez A., Boundy-Mills K. and @al F. G. (2012). Associations of yeasts with sgbtte
wing Drosophila (Drosophila suzukiji Diptera: Drosophilidae) in cherries and rasplestriAppl. Environ.
Microbiol. 78: 4869-4873.

- Hughes G. L. , Dodson B. L. , Johnson R. M., Mukd@c C., Tsuijimoto H., Suzuki Y., Patt A. A., Cui L.,
Nossa C. W., Barry R. M., Sakamoto J. M., Hornett E.aAd Rasgon J. L. (2014). Native microbiome
impedes vertical transmission of Wolbachia in Anelpe mosquitoes. PNAS USA. 111: 12498-12503.

- Lee J. C., Bruck D. J., Dreves A. J., loratti CogVH. and Baufeld P. (2011). In Focus: spotted wing
drosophilaDrosophila suzukjiacross perspectives. Pest Manag. Sci. 67(11):1389.

- Moran N.A., McCutcheon J.P.,, Nakabachi A. (2008h@wics and evolution of heritable bacterial
symbionts . Annu Rev Genet.42: 165-190.

- Ridley E. V., Wong A. C. N., Westmiller S. and DéagA. E. (2012.) Impact of the Resident microbiota
the nutritional phenotype @rosophila melanogasterPlosONE 7: e36765.

-Ryu J. H., KimS. H,, Lee H. Y., Ba J. Y., NamDX.,,Bae J. W,, Lee D. G., Shin S. C., Ha E. M. and \bed.
(2008). Innate immune homeostasis by the homeobexe gcaudal and commensal-gut mutualism in
Drosophila Science. 319: 777-782.

- Shin S. C., Kim S. H., You H., Kim B., Kim A. C., eeK.A., Yoon J.H., Ryu J.H. and Lee W.J. (2011).

7



Drosophilamicrobiome modulates host developmental and metabomeostasis via insulin signaling. Science

334: 670-674.
- Woods D. R. and Bevan E. A. (1968). Studies on rihture of the killer factor factor produced by

Saccharomyces cerevisiak Gen. Microbiol. 51: 115-126.



Chapter |
Bacterial and Yeast Microbiome Associated with Drogphilid Flies

Insects are the most abundant and diverse Eukar@tdaiss, which have been found to be
associated with a huge variety of microorganismgh\Whany of them, insects established a
mutually beneficial symbiotic association, whictstiarted from a pathogenic contingency that
became progressively less virulent and providedefisnto the insect host, supporting
reciprocal adaptations and genotypic complexitynBipsis can be considered a source of
evolutionary innovation for the insects, and annegl® is provided by the impressive
metabolic exchanges among some insects and thenoloiel counterparts (Moraet al,
2008).

Several bacteria live symbiotically in specific ang or special structures, named bacteriomes.
On one hand, bacteria find a shelter and nutrgieenents from their hosts, on the other they
provide nutrients to the insects themselves. Ia tiy, symbiotic bacteria permit insects to
keep on using a nutritionally unbalanced diet it another point of view, to run away from
the constraints that an adequate diet would impékeman Gundiiz and Douglas, 2009).
Animal symbioses have been categorized dependitgptinapparent evolutionary age and the
codependence between host and microorganisms. Trimary symbiosis” is defined as a
relationship in which both partners, hosts and sgnib can live only with one another, and
the bacteria live densely packed in the abovemeatispecific structures called bacteriomes.
For instance, in the aphiBuchnerasp. nutritional mutualism, the host depends on the
symbiont for essential amino acids supply for growynthesis, which cannot be synthesized
by the insect from plant sap diet (Douglas, 1998 evolutionary path of microorganisms
and animal is interlocked since a long time thairtlvolutionary trees are congruent to each
other. Estimated ages of these symbioses go frotn 3@0 million years, and this is reflected
in the impressive reduction of the microorganisgesiome in some cases.

On the other hand, “secondary symbiosis” refersh&o condition in which the presence of
those microorganisms that are beneficial to the isasot compulsory for the insect life. They
colonize new hosts via horizontal transmission, bisio vertically, from females to the
offspring, giving a beneficial effect (in terms sdirvival and protection against diseases) to
those females that are able to transmit them tetbgeny (Dale and Moran, 2006). Recently,
it has been seen that these kind of microorganeamstitute a horizontal gene pool: they act
as shuttle of adaptive genes among host lineagaeaver, they can influence the adaptation
and the colonization of new ecological niches kwirtmsect hosts (Henmst al, 2014).
Endosymbionts of the genu#/olbachiaare found in arthropods and nematodes and are
transmitted vertically in host eggs. These Alph&gwbacteria symbionts belong, together with
other microorganisms of different prokaryotic ligea, to the group of the so-called
“reproductive parasites” when present in insecteyThave been found in different arthropods
hosts (Bandiet al, 2001) and, in particulakVolbachia pipientiss believed to infect up to
70% of insect species, from several insect ord8tsuthameret al, 1999, Jeyaprakash and
Hoy, 2000). AlbeitWolbachiaacts as a reproductive manipulator in arthropodshaome
cases of host dependence on this bacterium haverbperted (Saridaki and Bourtzis, 2010).
One example is the recently observed nutritionaiuadism established betweeolbachia
strain and the bedbu@imex lecturialusThis relationship is essential W&lbachiaprovides B
vitamins for the bug’s growth and reproduction. ®tedy strongly suggests the presence of
biotin synthesis genes iWwolbachia strain genome, laterally transferred probably loy c
infecting endosymbionts, and sheds a light on thautionary transition from facultative
symbiosis to obligate mutualism (Nikoat al., 2014). Not only Wolbachia but also
microorganisms within theSpiroplasmagenus, flavobacteria, gammaproteobacteria, and
Rickettsiagenus (Alphaproteobacteria) have been found asdritbed as male-killing (Hurst
and Jiggins, 2000).

Some endosymbionts can also have a detrimentait effethe host in which they live, such as
phytoplasmas, bacteria belonging to the Mollicuidass, characterized by the lack of cell
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wall. They are able to multiply not only in the @ts$ body, but also in the phloem cells of the
host plants. Among them, there are microorganidnis @ cause a group of diseases defined
“Grapevine yellows”, vectored by the insects thdwese In particular, it has been recorded
the spreading ofBois Noi’ and the Flavescence dorégrape yellows, vectored respectively
by the planthopperHyalesthes obsoletugHemiptera: Cixiidae) and the leafhopper
Scaphoideus titanugHemiptera: Cicadellidae). These insects are chanaed by the
association with different symbiotic bacteria, bogiimary and secondary symbionts
(Marzoratiet al.,2006, Gonellat al.,2011).

The association betweddrosophilaspecies (Drosophilidae family) and microorganisms
have been extensively studied in the past yeas,tlam collected information might be an
important contribute for elucidating the naturetlod interactions existing among the host, its
immune system and the symbionts. One of the daadimerged from the analysis of the
bacterial community is that drosophilid flies lagkimary symbionts; they usually have
secondary symbionts, representing a suitable mmdéaivestigate the complex associations
among commensals and eukaryotes, including mami@aighet al.,2007). In the past years,
many screenings foWolbachiahave been performed both on long-term laboratotjues
and natural populations of drosophilid flies. Thhes hereditable symbiont category found in
Drosophilaflies is represented b$piroplasmatogether with related bacteria in the phylum
Mollicutes (Montenegreet al. 2006). This group is widespread in insect hostsl some
strains are involved in reproductive manipulatibg, son killing in infected females or sex
ratio bias (Anbutsu and Fukatsu, 2003, Veettal., 2005). The presence of other bacterial
groups that are known as opportunistic hereditaldgmbionts of insects, as
Gammaproteobacteriae.g. Moran et al., 2005) and members of the phylum Bacteroidetes
(Zchori-Fein and Perlman, 2004), has not been texgid in Drosophilidflies yet. The reason
for the absence of other hereditable symbionts trighin a robust innate immune response
that prevents the settlement of many bacteria (Msageal.,2006).

Research on insects has played a relevant rolanymareas of biology. For much of the
last 100 yearsDrosophila melanogastenas been a model organism, as it is easily cuture
and has a short life cycle, and the comparativeehal, genetic and genomic experiments
have been carried out not only to gain more knogdedboutDrosophila but also to find
more general biological properties, about diseasegtabolism, hormones pathway,
development (Graveley, 2010, Niwa and Niwa, 20Ehdey and Nichols, 2011, Mirtt al.,
2014). In this way,Drosophila studies influenced deeply both pure and appliedogio
(Morgan 1910, Roberts 2006). Many experiments fedusn the microbiome associated to
flies, their implication for the host health antéelstatus and the formulation of a common
effect for this whole insect group have been pentd exploiting this successful organism,
and the ability to manage it in laboratory condifdJennings, 2011). The experimental model
D. melanogastepwns, indeed, several ideal features that codtvalhe comprehension of
different complex aspects at the base of the symibibosts relationships. A simple
microbiota and the availability of tools for manigting both the hosts and the symbionts
permitted and are permitting studies on the hostabk interactions and the immunity-related
responses (Leet al.,2013, Shiret al.,2011). As instance, in a recent paper researciens
that Drosophiladistinguishes pathogens from symbionts since dhmér, by secreting uracil,
activates the DUOX-dependent gut immunity througDSRproduction, while the latter does
not initiate ROS production since they do not stecueacil (Leeet al.,2013).

The present review aims to provide an overviewhefdurrent knowledge on the bacterial
(with a particular attention to the group of acedimid bacteria and lactic acid bacteria) and
yeast communities associatedioosophilaspecies. The independent and, at the same time,
synergistic role played by these two microbial taxthe biology of the flies will be presented.
Moreover, the knowledge of the microbial structared diversity associated to drosophilid
flies could be a helpful tool in the pest contra@rgpective, based on biotechnological
applications. NonethelesBrosophilaflies attack rotten and damaged fruits, some sgeaie
considered a menace because their preference gwasds undamaged and ripening fruits,
like D. suzukiiandD. subpulchrellg(Atallah et al, 2014).
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D. suzukii(Diptera: Drosophilidae) is a damaging exotic fbat originates from South-
East Asia and that it is rapidly invading the coi@st characterized by a temperate climate,
becoming a serious issue for European and Amefiecantraders. It is also called spotted
wing fly, due the black spots that the male indisits have on each wing. Its accidental
introduction took place in 2008 in Italy, Califoanand Spain leading to the spread of the pest
in the Mediterranean area, on the U.S. East Caast,recent announcement of its recording
in more cold areas, such as Scandinavia, showiagtations to cold climates and a high
thermal tolerance. The damage is caused by theldepraminent serrated ovipositor with
whom the insect can incise fruits’ skin and lay £ggneath it. Consequently eggs hatch and
larvae feed within the fruits (and provide accesgathogens, such as yeasts, filamentous
fungi and bacteria, provoking secondary infectipmg)ich become soft and rot rapidly. Due to
its virulence, short life cycle, the wide varietiyaitacked fruits and high fecundity (400 eggs
during each fly's lifetime, on average), orde suzukiiis settled, it is extremely difficult to
eradicate it, and crops, mainly high density moftoce ones, permit rapid invasion and
population growth.

The knowledge of the insect symbiotic partners endatory when it is foreseen to
exploit the insect associations with microorganisma frame of integrated pest management
(IPM): these kinds of relationships can have a fieiag neutral or harmful effect on the host,
thus influencing the population growth (Walkshal.,2011, Ciniet al, 2012. Rota-Stabelet
al., 2013).

Bacterial community associated to Drosophila species

454-based sequencing is a powerful method to amalgme-scale data, and to gain an
overview of the microbial community associated tany samples. Chandler and coworkers
and later Staubach and collaborators, with theseaech teams (Chandlet al, 2011,
Staubachet al, 2013), performed analyses to survey the microtmahmunity associated to
severalDrosophila species, from different geographic localitiespnder to assess how food
source and host species can influence the bactammamunity structure. These are the most
comprehensive studies on the bacterial commun#igaated to drosophilid flies performed so
far (Wonget al., 2011, Wonget al., 2013). The specimens came from laboratory andralatu
populations, and bacterial DNA from the whole irisbody was analyzed, since bacteria
associated with fly surfaces can have an impomalet as well as bacteria living inside the
insect body, as confirmed by Renal.(2007). Host species seem not to have a strongtefife
shaping the community structure, while food substia natural populations and in laboratory
reared insects have a consistent effect. In fafferent Drosophilaspecies acquired the same
kind of microbiome when raised on the same foodramuand indifferently from the
geographic location. Despite variability can beamtered across different samples among
lab-reared flies, the diversity of their bactedammunity is minor when compared to natural
population (Chandleet al.,2011, Staubacht al.,2013). The environment, in particular fruits
and vegetables, on which drosophilid flies feedaam harbor large and different populations
of bacteria, dominated by Enterobacteriaceae familyinobacteria, Bacteroidetes, Firmicutes
and Proteobacteria phyla (Leff and Fierer, 2012ctBria are acquired from the environment
by first-instar larvae, and are maintained throlagkial development and in external tissues of
pupae to adulthood (Ridlest al. 2012). In particular, different studies showedt #ab-reared
and wild-captured individualswere naturally inhabited by representatives of the
Acetobacteraceae  (Alphaproteobacteria),  Enterotmetee  (Gammaproteobacteria),
Enterococcaceae (Firmicutes) families and Bactetegl Phylum (Cox and Gilmore, 2007,
Corby-Harriset al.,2007, Chandleet al.,2011, Staubacét al.2013).

It is important to note that the high prevalencébatteria with similar metabolic capabilities
and the tolerance to low pH and high ethanol comagans indicate how the environmental
conditions strongly drive the community compositiém wild-caught specimens, bacteria of
the Gluconobactergenus were found to be the most abundant by Stautal (2013).
Pathogens ofProvidencia and Enterococcusgenera were identified too. This result was
confirmed also by a preliminary study investigatthg bacterial community associatedXo
suzukij which showed prevalence of sequences belongingth Tatumella genus
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(Enterobacteriaceae) a@luconobacterand Acetobactergenera (Chandlegt al., 2014). On
the contrary, the presence of a core microbiom®fanelanogasteis criticized by a study in
which it was showed that the prevalence of the Samoterialtaxacannot always be recorded
in all tested insegjuts, from laboratory and wild populations (Wasteal, 2013).

454 pyrosequencing of the PCR-generated amplicbtiseol6s rRNA genshowed that the
gut bacterial diversity of the fruit flip. melanogasters orders of magnitude lower than the
mammalian one (Cox and Gilmore, 2007, Chandteal., 2011, Wonget al,, 2011). This is
evident at the within-species level, as well ashaigtaxonomic levels. Guts are habitats
characterized by inhospitable conditions, suchhaspresence of active enzymes (proteases,
lysozymes), and low levels of oxygen and pH, in aclhifew organisms can survive.
Drosophilagut is also a disturbed habitat in temporal sdfle:larval gut persists for about 4
days before its metamorphosis, followed by the bgraent of the adult gut that will persist
too for 4-5 weeks (Wongt al, 2011). The gut microbiota is composed by autmubhis
(resident) and allochtonous (non-residdaia the latter does not live inside the organ, but
just passes through it, after ingestion. The mgjodf identified sequences belong to
Acetobacter pomoruycetobacter tropicalis_actobacillus brevisLactobacillus fructivorans
andLactobacillus plantarun{Wonget al, 2011, Storelliet al, 2011). By taking into account
that the composition of the gut microbiota can varigh diet, developmental age and
physiological status of the host, it was highlightee change in the microbial composition
with increasing adult age (Worg al, 2011, Wonget al,2013).

Acetic acid bacteria symbionts of Drosophila flies. Despite these studies were focused on the
overall flies microbiome, they showed that acetiitldacteria (AAB) are a significant part of
the associated microbial community. AAB are a catggof bacteria belonging to the
Acetobacteraceae family with whom insects, chareeté by having a sugar-rich diet, can
establish a secondary symbiotic relationship. inl#st years, research is devoting attention to
these bacteria, unveiling the relationships exisbetween this group of microorganisms and
the host, and how this kind of association can leadeep impact on the evolutionary success
and on the life cycles of many arthropod speciast(Cat al.,2010).

AAB are able to colonize different kinds of insedtsat belong to the Diptera, Hymenoptera,
Hemiptera and Homoptera orders (Jeyapralestl, 2003, Kounatidi®t al., 2009, Crottiet

al., 2009, Favieet al2007, Gonelleet al.,2011, Franket al, 2000). They can be transmitted
both via horizontal (environmental) and verticalg(eransovarian) way (Crotét al., 2009,
Damianiet al.,2008, Gonellat al.,2012). The analysis of AAB genomes unveils anqeat
adaptation traits to symbiosis that have might fagothe strict relationships of these
microorganisms to arthropods (Chouadt al., 2014). AAB distribution in the different
arthropod species could depend on the carbon soprogided. For instanc&luconobacter
spp. prefer glucose, and indeed they were mostlgated from insects having a honey- and
nectar-based diet, whilkcetobacterspp. use preferentially ethanol as carbon sotines: are
more likely found in insects likB. melanogastera species attracted by fermenting fruits.
AAB are obligate aerobic microorganisms, as manghei are not capable to oxidize ethanol,
sugars, and polyalcohols completely, and consetyuthety release their oxidation products
into the medium. Inside the insect body, they aiedgpably associated to the digestive system:
this is characterized by particular chemical angspilogical conditions, like acidic pH, lack
of anoxic conditions and carbohydrates availabiiich permit AAB growth and, on the
other hand, prevent the proliferation of other kirod bacteria (Crottet al.,2010). In addition

to this, all AAB are suggested to survive in a moxic environment as they possess in their
genomes both operons cytochrobwg andbd oxidase, a character already present in the AAB
common ancestor (Chouatal.,2014).

The fruit fly gastrointestinal gut (GIT) has a dianiorganization in comparison to the GIT of
mosquitoes and bees. In addition to AAB abilitctdonize the insect gut, they are also able to
successfully colonize other parts of the insectybdite the body surface, gonads, salivary
glands and Malpighian tubules. They adhere, anlgiily interact with the epithelial cells of
the abovementioned organs thanks to the polysadahanatrices that they are able to
produce ¢€.g. cellulose). The cellulosic material could also d@eprotection against harsh
conditions, like pH and osmolarity oscillations ¢@r et al,2010).
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It was reported how the bacterial abundancd@.imelanogasterin particular referred to AAB
(aerobic bacteria) and LAB (anaerobic and aeratoleanaerobic bacteria) withcetobacter
andLactobacillusgenera, undergoes an increase correlated to ateph the surface and in
the fly body, without affecting the life span. Irgstingly, the cell size of those bacteria
inhabiting the surface of the fly body was appraxiety one fold-smaller than the expected
size of bacteria, maybe because of the atypicalhamgh environment in which they were
found (Reret al.,2007).

AAB can exert a role in the physiology and lifeitsaf their host, and the model organiBm
melanogastemwas exploited in different cases to verify thereotness of these speculations.
The investigation performed by Ridley and colleagire 2012, usind. melanogasterwas
executed to gain knowledge of the host-microbitdriactions, and in particular to explore the
important role played by the resident microbiotathe animal physiology, with a specific
attention to the nutrition. These insects were tmtear a microbiota composed mainly by the
AlphaproteobacteridcetobacterThe comparison of individuals experimentally depdvof
their microbiota by egg dechorionation with untezhfnimals showed that the axenic flies had
a longer larval development time (with no effects the adult body size, weight and
fecundity), a reduced metabolic rate and irregulbohydrate allocation, like high glucose
levels in the female body. One hypothesis for fiienotype could be that bacteria resident in
the gut may act as glucose competitors. Additignaisident AAB and LAB produce acetic
acid and lactic acid, respectively, organic computsutihat are known to reduce digestibility of
starch and other carbohydrates by mammals (Brigheinal, 1995, Ogaweaet al, 2000,
Johnstoret al, 2000, Ostmast al, 2002). Recently, AAB are also found to be ineolin the
promotion of the insulin pathway, with consequeniiancement of the larval developmental
rate, body size, energy metabolism and intestiteinscell activity. In particular, it was
demonstrated thabrosophila growth promotion requires the periplasmic pyrroiogline
quinone-dependent alcohol dehydrogenase (PQQ-ADMyitgg. This acetic acid bacteria
enzyme is responsible for acetic acid biosynthesig, of the necessary components for the
insect development. (Shet al.,2011).

AAB are present in thB. melanogastegut as commensal bacteria and they establishmpt o
a delicate equilibrium with the fly innate immungstem, which on the other hand allows the
presence of these bacteria in the insect gut, Ibatthey are involved in modulating it. If the
equilibrium condition is perturbed, an increasingnber of pathogenic bacteria can lead to the
gut apoptosis (Ryet al, 2008). In addition to this, the relationshipdween the host gut
immunity and gut commensal bacteria modulatingRhOX (dual oxidase) system can have
an effect on the insect health and survival. Thigesn seems to be involved in different host
physiological aspects, such as microbial clearamtestinal epithelial cell renewal (ECR),
cross-talk of molecules, and the capacity to disdmtween bacteria commensals, pathogens
and pathobiontd.€. a resident bacterial species which is normallyidgngrbut that could act as
a pathogen if the commensal community is deregiiigtém and Lee, 2014).

The biological role of a specific acetic acid baicte, namelyAsaig was taken into account.
Asaiais the main component &n. stephensiicrobiota, and its removal, performed with
antibiotic treatments, confirmed the hypothesisthad importance ofAsaia for the correct
development of mosquitarvae, and for host fitness consequently. Indiedae treated with
rifampicin had a delayed development and an aspnghin the appearance of the late instars
(Chouaiaet al., 2012). Asaia not only affects larval development if removed,t falso
accelerates it, if present; the evidence was umegérby another work that analyzed the
relationships between the bacterium and anothequiims An. gambiae After verifying the
established symbiosis, which occurs in the inseédgut with bacteria transmitted vertically to
the offspring, the development effects were eveldialhe experiments show a direct increase
of the developmental rate after administration wAiaia (Mitraka et al, 2013). Asaia sp.
owns another capability, which is the crosstalkhvitie innate immune system of the host.
Experiments showed that when the expression ohtst gene (AgDscam) involved in the
innate immune system was suppress&shia sp. was no longer controlled by the innate
immune system and it was free to proliferate iti@An. gambiaéhaemolymph (Dongt al.,
2006).

13



Lactic acid bacteria symbionts of Drosophila flies.

Together with AAB, attention must be devoted alse group of lactic acid bacteria (LAB),
another category of commensal bacteria, that phaggynificant role in larval development.
Drosophilais associated with 5-20 bacterial species and la#& among the most abundant
ones, in particulaL. plantarum a Drosophila commensal and probiotic species (Tower,
2011).

L. plantarumis one of the most widespread LAB, a commensatispecommonly found in
metazoan gut, where it colonizes the organ epitheliin particular, it was reported thiat
plantarumcan favor by itself the larval growth by modulatithe hormonal growth signaling
pathway, specifically acting on the steroid hormendysone for the growth period and on the
insulin-like peptides for the growth rates. Moreue plantarumfacilitates uptake of dietary
proteins and may aid digestion by breaking dowrsy@eoteins in the intestinal lumen and
liberating amino acids and peptides (Storetllal.,2011).

On the other hand.,. brevisis aDrosophila’sgut pathobiont, as it can cause gut cell apoptosis
and early host death. The cause of this collapsdadibe attributed to the chronic activation of
DUOX, probably caused by the release in a constgway of uracil byL. brevisitself (Lee

et al., 2013). For both these two LAB species the genoa® been sequenced (Kiet al.,
2013a, Kimet al.,2013b).

Symbiotic bacteria, in particulatactobacillus species, were found to influence mating
preference (one of the mechanisms for the originest species) ilD. melanogasteras they
influence the levels of cuticular hydrocarbon sbenemones. In laboratory conditions, mating
preference is obtained by rearing separately flpupetions for several generations under
different environmental conditions (e.g. pH, tengtere, diet...). Infection withactobacillus
sp. isolates caused a significant increase in matieference. The hologenome theory of
evolution receives a big support from these ddta;Hologenome is the sum of the genetic
material of the host and its microbiome, and adogrdo this theory they act as a unit of
selection in evolutionary path, thus variation oaour by modification in either the host or the
microbiota genomes (Zilber-Rosenberg and RosenB6ff). The abundance bof plantarum
species under diet change is responsible to matiaference, which in turn influence the
variation of the entire holobiont. Neverthelesswhmacteria induce mating preference is still
unknown: the hypothesis is the emission of volatienpounds by the holobiont, probably
done by bacteria (Sharet al.,2010).

Like AAB, LAB are acquired by the fruit flies by ehenvironment, as inferred by the data
already presented; plantarumwas also found in association with the gastrotimaktract of

D. simulanscollected from wine; consequently it is vectoredjtape must, which it is in turn
infected, as the same LAB strain were collectethftbe fruits (Groenewalet al.,2006).

In addition to this, a recent work focused its@itan on the replenishment strategy that insects
carry out for the sustainment of the bacterial camity (Blum et al, 2013). It emerged that
Drosophilasettles and maintains its microbiome thanks tdrdguent assumption of bacteria,
and consequently the bacterial community Dnosophila is modified by fly access to
exogenous bacteria. Probably there is an innakeaoned mechanism that enables the flies to
replenish its microbiome, although the ways by WhHirosophilais able to recognize the
beneficial bacteria is still to be investigated. iglwver, the main symbionts in the insect can
keep an association with the host thanks to theate assumption of bacteria. If the fruit flies
were fed with the LABR.. plantarum they were more protected from intestinal pathsgamd
infections, confirming the importance of this baten for the insect health status. In this way,
Drosophilaand humans might have a similar mode of attraatith the Lactobacillusstrain,

as they both benefit from the interaction withkitit they have to replenish it continuously,
because it cannot persist into the host body (Bitial, 2013).

D. melanogastemutritional traits undergo the impact of each mixal taxon of the gut
microbiota and, in particular, the impact derivedni the bacteria interspecific interactions
with the host. AAB of the genuicetobacteland LAB of the genukactobacilluspossess in
this way a synergistic effect on the host, leectobacillus sp. supports the growth of
Acetobactersp., which in turn is negatively correlated witre tsect triglyceride content
(Newell and Douglas, 2014).
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To conclude the overview on the main bacteria titoimg the fruit flies microbiome,
among gammaproteobacteria the group of bacterianbgelg to the Enterobacteriaceae is
widely recognized. Bacteria of thEnterobactergenus were identified in wild-captured
Drosophilaflies of different species by Chandler and collesgyin 2011, while an exhaustive
review regarding culture- based and molecular-bastddies regarding Drosophila
melanogaster’s gut microbe investigation, is preudithy Broderick and LeMaitre 2012. Some
bacteria belonging to this family are strong entpathogen, likeSerratia marcescenghis
microorganism is able to penetrate the insect'suds and it is invulnerable to the host
immune response. Enterobacteriaceae members ang konastablish tight or loose symbiotic
relationships with many of their arthropod hosfgarming from commensalism to primary
symbiosis (Husnik, Chrudimsky and Hyp3a, 2011)s Isupposed that the association with
arthropods could have contributed to the evolutibthis family group. To date, aphids are the
best studied examples of hereditable symbiosis Witkerobacteriaceae (Sandstremal,.
2001).

Yeast community associated to Drosophila species

Molecular identification through DNA barcoding flamgi has played in the last 15-20 years a
crucial role in fungal ecology research. Thereds a universally accepted DNA barcode for
fungi (Kiss, 2012, Schockt al., 2012, Schoch and Seifert, 2012). DNA barcodingsuse
standardized 500- to 800- base pair sequenceentifylspecies from all eukaryotic kingdoms
by using primers that can be applied for the breagessible taxonomic group. Barcoding
gives its best when the chosen primer sequenceidsi@ and constant. The barcode used for
animal is a region of the mitochondrial gene thatoele the CO1 (cytochrome c oxidase
subunit 1), and although fungi also possess thie gié is difficult to amplify it, as it includes
large introns and it is not sufficiently variabkemong the region of ribosomal cistrons, the
internal transcribed spacer (ITS) region is the tnmwebable barcode marker to explore and
identify the broadest range of fungi (Schetlal.,2012).

Despite the controversies arose in these last yeagarding the choice of the ITS as the
barcode marker for fungi, it is the most suitablee cand still it is the official primary
barcoding marker for fungi at the Smithsonian’s §smation and Research Centre in 2007.
One of the objections refers to the incapabilitylB® to discriminate among many closely
related fungal species, especially if determinadrafloning (Kiss, 2012, Schoch and Seifert,
2012). The ITS region includes the ITS1 and ITSftares, separated by the 5.8 gene, and it is
situated between the 18S (SSU) and 28S (LSU) geni® nuclear DNA repeat unit. There
are a lot of ITS copies in each cell, thereforis & candidate target for sequencing, even if the
quantity of DNA is low (Bellemairt al.,2010).

A rapid molecular method for the identificationyafast species is the generation of restriction
patterns (RFLP- Restriction Pattern Length Polyrhtsm) from the PCR products of the
region spanning the ITS1 and ITS2 and the 5.8S rREifce the ITS regions are less
evolutionary conserved than the rRNA coding genbis is a useful tool for taxonomic
purposes as it detects the genetic variability ajyspecies (Guillamoat al., 1998). The other
region that is often taken in analysis, also in biration with the RFLP on ITS, for the
identification of yeasts is the variable domaintloé large subunit of the 26s rRNA gene
(D1/D2 region); most yeasts can be identified freaguence divergence in this region and
therefore it has been included among the moledalas for yeast taxonomy (Satyanarayana
and Kunze, 2009).

Research on fungi has recently highlighted theomgmce of these organisms for the host
health status. Yeasts, in particular, the groupsiafjle celled eukaryotic microorganisms
comprised into the Kingdom of Fungi, divided intavot Phyla, Ascomycota and
Basidiomycota, establish a mutualistic relationshkith insects, specifically with members of
the Coleoptera, Dictyoptera, Diptera, Dermapter&yrigota, Hymenoptera, Homoptera,
Isoptera, Lepidoptera and Neuroptera orders. Ygasbiosis appears to be lineage-specific,
as the groups associated to the insects belorfiet®ézizomycotina (arbuscular mycorrhizal
associates of plant roots) and the Saccharomycofitike Ascomycota (Gibson and Hunter,
2010, Zacchi and Vaughn-Martini, 2002). The abovwaimaedsS. titanus insect vector of the
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“Flavescence doréeyellow disease, was found to carry not only nuooerCardinium
symbionts, in specific cells similar to bacteriaeytin the ovaries, but also a consistent
population of yeast-like symbionts (YLSs). Thesenmbrganisms have been identified within
specialized cells (mycetocytes) of the fat body amd the ovaries. Thus, both bacteria and
yeasts could be transovarially transmitted to tHepong. (Sacchiet al., 2008). YLSs in
particular are transmitted vertically when the féaremears them onto the eggshells, which are
in turn consumed by the hatching larvae (Buchn@ss).

Presence of YLSs in several homopteran speciealheady been registered, as they could
exert an essential role for the normal developneétihe host. For instance, in the Asian rice
brown planthoppeNilaparvata lugensyLSs are involved in nitrogen recycling and urada
metabolism, and are probably necessary for theecowitellogenin production (Cheng and
Hou, 2005).

In contrast to the distinctive features of the atdmacterial symbioses described in the
previous paragraphs, and apart from the partictdae shown by YLSs shown above, the
association between fungi and eukaryotic organishmvs a pattern of associations that is
primarily horizontally transmitted and facultatives for bacteria, an ancient pathogenic state
or nonpathogenic commensalism is one of the hygethdor the origin of endosymbiotic
yeast-insect association, together with the hymitheof yeasts as descendants of
phytopathogenic or saprophytic fungi. The most plid® hypothesis suggesting the origin of
the association of yeasts with fruit flies is basadhe insects’ feeding habits: yeasts were thus
initially acquired by chance, as flies fed on fsyiflowers and phylloplane, the surfaces on
yeasts are commonly associated, and they wereradgbécause of the feeding behavior by
the insect. Moreover, this association gives thaodpinity also for yeasts to be transmitted by
inoculation into the plants (Vega and Dowd, 200Bungi are, in most cases, hosted
extracellularly in co-opted organs, such as therisulum, a blind sac situated externally to
the gut, or out of the body, such as the mycangialcf et al, 2012). The reason of the
scarcity of intracellular, transovarially transradtfungal symbionts ascribed to the yeast cell
size is rejected, as yeast and bacterial rangello$izes in some cases overlaps.

Several roles have been determined for yeasts east-like fungi (some fungi, derived from
the subphylum Pezizomycotina, that have been swl&tom insects) associated to insects:
firstly, a nutritional role, as yeast can provideymes, essential amino acids, vitamins and
sterols, detoxifying also toxic plant metabolitestiie host's diet. On the other hand, yeasts
receive a protected environment and dispersionicge(Vega and Dowd, 2005). In particular,
some “generalists yeast”, such as yeasts belongittge Pichia/Candidagroup, can establish

a connection with different insect taxa. Thesedtsesceive benefits from the association with
yeasts, spanning from response to plant allochdspipaeromones production, nutrition, and
digestive-detoxifying reactions.

Among the different insect groups involved in nalistic relationships with yeasts,
drosophilid flies exert a remarkable role. Thisckiof association originated as yeasts are the
main nutritional source for fruit flies, providingoteins, vitamins and other nutrients for the
insect. Some of these microorganisms can pass ghrébe insect gastrointestinal tract
scatheless, and in this way they can be dispenmsgédan colonize new microhabitats. Many
drosophilid flies choose substrates, like fruits)di and decaying plants, already colonized by
fermenting yeasts for mating and oviposition (Becke al., 2012). As a consequence,
Drosophila habitat changes according to the physiological aittaristics of the associated
yeast communities (Starmer, 1981), with consequenadaptation oDrosophilawith yeasts
in their natural habitat (Starmer and Fogleman6)98
The study of the yeast communities associatedftereint Drosophilaspecies from different
geographic locations in the world (to enlarge ashmas possible the phylogenetic, geographic
and ecological diversity) revealed the presenceeaf dominanttaxa belonging to the
Saccharomycetaceae family (Ascomycota phylum, Saoahmycetes class, also known as
“true yeasts”). In particular, it was recorded theesence of thédanseniaspora uvarum
species, which was found to be the dominant yeamigassociated to tRrosophilaspecies
under scrutiny, followed by representatives of 8aecharomyceand Candidagenera. These
groups of yeasts comprise specialist colonizersotién and fermenting fruits, and the food
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sourcesDrosophila uses to visit. Moreover, as for the bacterial comityuassociated to
drosophilid flies, the same yeast lineages arecestea with different host species, and the
insect diet amenably shapes the yeast communitypesition, more than host species
themselves (Chandlet al, 2012).

Specifically, yeast community oD. suzukii was investigated with TRFLP (Terminal
restriction fragment length polymorphism) and miiabogical methods in insects and both
infested and uninfested fruitsl. uvarumis the yeast species isolated from the majoritip of
suzukiilarvae and adult specimens, followedMgtschnikowia pulcherrima, Pichia terricola
andP. kluyverj while Cryptococcusspp. were isolated from the fruit samples not i@y
the insects, anMetschnikowiaspp. were the dominant yeasts in infested frintgarticular,
infested and uninfested fruits contained a broatieersity of yeasts, but they were still
dominated by the same insect-associated specfesmiation regardind. suzukiis favorite
yeast substrates could be useful for the developrokirap attractants in a view of pest
management (Hamist al.,2012).

As already sketched above, among drosophilid fied yeasts reciprocal effects and
benefits have been detected. For instance, seyesst species influend®. melanogaster
survival and development time, in particular thenomunity competition of the substrates,
where larvae feed on, influences the host fithnesserm of susceptibility to parasitism
(Anagnostouet al., 2010). The same yeast species that are able to gnofuits are also
characterized by the ability to produce an arrayabfitiie compounds. An observed difference
of attraction mediated by yeast species, in pdaicuSaccharomyces species
(Hemiascomycete), depends principally on the vditalof aroma compounds made by yeast
strains. As said before, vinegar fruit flies thaldmg to Drosophila genus are able to
disseminate yeasts, consequently it could be pesHilat the volatiles produced by yeasts
might play an attraction for flies, favoring thespérsal of the microorganisms.

The elicitation of attraction of just some yeasaisis could explain the constant association of
Drosophila with yeast species associated to fruiting planajnly Saccharomycesp. In
addition to this, Palanca and colleagues (2013jeHothat yeasts coming from fruit and
vineyard environments, independently from theilotaxmic classification, are more attractive
than yeasts isolated from non-fruits and non-vingysources. Attractive compounds for
melanogastelinclude alcohols, ethanol and 2-phenylethanolatiel acids, aldehydes, ethyl
esters, and acetate esters; many of them are mdpinto the gamma of yeast fruit
fermentation volatiles (Goddard, 2008).

Moreover, insects can have several other implination yeast communities; beside their
dispersal, they might be directly involved in yeasthe construction, by reducing yeast
species diversity and favoring the expansion oktiping yeast species. Already Starmer and
Fogleman suggested with their experiments thattye@amunities have a better stability in
the presence dbrosophilalarvae (Starmeet al., 1986), but recently it was highlighted the
positive effect ofD. melanogastetarvae, in particular, on the densities and thenroonity
structures of yeasts growing on bananas. In péaticthe presence of larvae encouraged the
development of three yeast speciéandida californica Candida zemplininandP. kluyverj
reducing the species diversity. The disseminatibapecific yeast species by mobile larvae
can have a positive effect on the food suppliesttierinsects themselves, by modifying the
micro-biotic environment in which they developeda8pset al, 2012).

Another positive effect exerted by yeast-fliesidependency is the selective advantage
given by passage and the residence into the ilmht for Saccharomycetes yeasts. When
sugar-rich fruits and protected environments argeat) wild populations obaccharomyces
cerevisiaeuse the queens of the social waMespa crabroand Polistessp. as ecological
sanctuaries. These organisms are indeed vectarandhl refuge o8. cerevisiagin particular
during winter. Social wasps are characterized lgydberwintering capacity and are able to
pass yeast cells to new generations, suggestingnybethesis that wasps are involved the
dissemination of wildS. cerevisiagpopulations in new habitats, in maintenance ofrthe
diversity, besides playing a role in their evolatoy path (Stefaniret al.,2012).

The diversity and outbreeding in yeasts is obtatheough the break of thescusand release
of the tetrad. The tetrad is a structure in whioh four spores derived by meiosis of diploid
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cells are organized, and it usually occurs whenients are limited. This structure is closed by
an envelope calledscus Because of this organization, outbreeding is ywdefault, since it

is not simple to break thascusand release the spores, favoring the mating anspoges
coming from different tetrads. Despite thatSincerevisia¢he dissolution of tetrad ascospores
inside theDrosophilaand wasps gut increases outbreeding, suggestaigagisociation with
flies can be an important factor in yeasts evoiutiOutbreeding rates were up to ten-fold
higher when yeast spores passed through the maéstiact of the insect vectob.
melanogaster(Reuteret al, 2007) Thus, insects play an important role imofang yeast
genetic diversity on both a geographic and genaeate, as recombination helps adaptation to
adverse environmental conditions (Stefaeinal.,2012).

I nteractions among insects, plants, bacteria and yeasts

In 1965, Paul Buchner was the first scientist fworethe variety of both endosymbiotic fungal
and bacterial counterparts in arthropod speciagyesiing the importance of these associations
for some traits of the animal life, such as the sgigoport.

There are several examples of the positive andtivegenteraction that can be established
among insects and microorganisms, through planicpzation ; one case is represented by the
grape sour rot.

Sour rot is a disease that causes huge crop loEses. flies Orosophila spp.) play a
significant role in vectoring yeasts and AAB thpeed up the spread in the entire vineyard. In
addition, other opportunistic microorganisms, likengi, yeasts and other AAB, cause
infection in the wounded berries. This diseaseaiiy induced by a microbial consortium of
oxidative, weakly fermentative ascomycetous yedéldtsuvarum Candida stellata Pichia
membranifaciensCandida kruseiassociated to AABAcetobacterand Gluconobacterspp.).
The yeast community of the plants before and afterinfection with sour rot is significantly
different. The hypothesis is that drosophilid fl&re able to induce a chemical change in musts
only when the physical barrier posed by the bekiy & broken. Indeed, when tirosophila

is absent, the plant defense response mechanigmbecalerted and the fruit skins can be
healed while, if the insect is present, a spontasdermentative process, initiated by the
yeasts and AAB carried by the fly, is activated tbe fruits surface. Thus, this disease is
caused by a synergic contribute of different fagttiie acetic acid produced by AAB seems to
be the etiological agent, while flies act as ancidom source, and a key element, without
whom no disease development occurs (Fernediad., 2000, Baratat al, 2011, Baratat al.,
2012).

Studies have shown that fungi and bacteria are tabbeeate in some cases a physically and
metabolically interdependembnsortium such as the bacterial-fungal biofilm (Morales and
Hogan, 2010). The two partners involved in thisoaggion can interact and communicate
through antibiosis, that is the release of moles;utdten deleterious, from one part to the
other, or through signaling-based interactions. @aomcation can also occur via modulation
of the physiochemical properties of the environmdike pH modification, metabolites
production, and trophic interaction. A mechanicateiaction can be obtained through
chemotaxis and cellular contact (Nikaeiaal., 2001, Deveaet al, 2007). If the establishment
of this kind of relationship is successful, sigediint effects can be observed in both partners;
and the physiology and development can be influgnas well as the survival, dispersal and
colonization (Vega and Dowd, 2005).

An example of positive effect of fungal-bacteriataraction is represented by the mutualism
between “fungus-gardening” (attine) ants and theingal associates. Ants are strictly
dependent on their fungal hosts, as they are tlgerood source for larvae and queens; ants
defend their fungi by keeping the garden free ofrobial pathogens (like the ascomycete
Escovopsis by supporting the population of actinomycete tbaa Streptomycesor
Pseudonocardiaspecies). These bacteria are able to produce #hiatioc that affects
Escovopsisurvival (Currie, 2006, Frey-Kleét al.,2011, McFredericlet al.,2014).

The work presented by Fogleman and Danielson irl 260an example of a complex but
significative relationships among plants, microargens and insects in the Sonoran Desert, in
the United States. Endemlidrosophila species feed and reproduce in necrotic tissue of
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columnar cacti. The metabolic activities of baeednd yeasts, which live in the tissue
necrosis, can influence the substrate chemistryievthie plant affects the drosophilid mating

behavior; the substrate, on which larvae are reamd modifies the adult hydrocarbon

epicuticular composition, a determinant of mateiehand premating barrier.

As stated by Broderick and LaMaitre in 2012, theestigation on the interactions between
microbiome associated with Drosophila and its et exclusively directed towards bacteria.
Nevertheless, it clear now that much of the attenshould be devoted now to the scrutiny of
the importance of this group of microorganismsDoosophilaspecies, and the contribute of

bacteria has to be integrated in these analyses.

Conclusions and perspectives
The intention of this introduction was to presentvale-ranging overview regarding the
complex microscopic world inside the insect bodithva specific attention to the relationships
existing among fruit flies of the genuwdrosophila and those microorganisms that exert a
significant role in the biology and lifecycle ofetin hosts, in particular AAB, LAB and yeasts.
The removal of symbiotic AAB and LAB can seriouslffects the health status and even the
survival of the host (Dongt al.,2006, Ryuet al, 2008, Shiret al.,2011, Storelliet al.,2011,
Tower, 2011, Chouaiet al., 2012, Leeet al.,2013, Mitrakaet al, 2013, Kim and Lee, 2014)
while, on the other hand, yeasts are involved composite ecological picture (Starmer and
Fogleman, 1986, Vega and Dowd, 2005, Reeteal 2007, Goddard 2008, Anagnosteu
al.2010, Becheket al., 2012, Chandleet al, 2012, Stampst al, 2012, Stefaninét al., 2012,
Palancaet al, 2013). Furthermore, insect body is a congenailitat for the settlement of
these microorganisms, and through their feeding arading habits insects favor yeasts
dispersal and colonization of new ecological niches

In the last years, a new approach, called MicroBiesource Management (MRM), is
taking shape to develop strategies for the cownfrolsect-related problems, through the use of
the pest microbial community. From this point cdwi many advantages can be obtained from
the manipulation of the microbiota associated seats, even if, first of all, the knowledge of
the ecological bases of pest infestation, the eovld the effect of microorganisms on the
biology and evolution of the host, and the defamtiof ecological rules, is compulsory
(Verstraete 2007, Crottit al.,2012).
Modern tools of biotechnology might be developedider to minimize losses from the pest
action. One strategy could be the identificationnatrobial or yeast entomopathogens as
biological pesticides, together with the key gemesponsible for their ability to cause
detrimental effects in insect pests. Their gen@yets, including toxins, could be exploited for
this purpose. Some yeast strains are able to cemnfpettheir own ecological niche and
nutrients by producing an array of compound namielief toxins”; this feature might have
also a role in a pest management perspective. ¥ €ast be classified in three categories,
according to the phenotypes they display: “killésensitive” and “neutral” types. Sensitive
cells are killed by the killer ones, while the malfphenotype do not suffer from the killing
properties of the killer strains, neither posséssliller factor affecting the life of the other
cell types (Bevan and Makower, 1963). The killettéa is an agent of proteinaceous nature
released by the killer strain, lethal to other ygasvith a specific action spectrum; its
production and stability is dependent on pH, tempee and aeration conditions. The
production of killer toxins could be highly affedtéy the culture conditions, and optimal ones
might be needed to be found empirically. The sintitavith bacteriocins having bactericidal
activity is very close. The importance of the killghenomenon in yeasts is achieving more
attention in different fields of biology, as a kil positive property is widespread among
yeasts. The Kkiller toxin characterization has bgemformed in different strains o8.
cerervisiae(Woods and Bevan, 1968Yygosaccharomyces bail{Radleret al., 1993), H.
uvarum (Radler et al.,, 1990), P. membranifaciens(Santos and Marquina, 2004),
Debaryomyces hanseniBantoset al., 2002), Kluyveromyces phaffiCiani and Fatichenti,
2001) andScwanniomyces occidenta{i§henet al., 2000). They are all mycocins producers,
i.e. proteins or glycoproteins that bind to polysacifeastructures on the yeasts cell wall. For
example,P. membranifacienproduces a killer factor of polypeptidic naturattlis able to
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protectVitis vinifera from the grey mold, caused by the ubiquitous fiengatrytis cinerea
(Santos and Marquina, 2004).

Not only yeast strains that produce killer toxibat also antagonistic species can exert a role
in the biological control. Yeasts have been extaigi exploited since a long time as
biocontrol agents, because of their fast growth thedcapacity to keep the flow of pathogens
germination down (Rosa-Maggt al, 2011). The mechanism of action does not deperitien
production of chemical antagonistic substancesijthstbased on ecological interactions, like
competition for space and nutrients, mycoparasjtemibiosis, predation or induction of plant
diseases (Janisiewicz and Korsten, 2002). One draiygiven by the inhibitory of ethanol-
producing Saccharomycetesn the less alcohol-tolerant yeasts during winenéatation
(Fleet, 2003).

Often, yeast antagonistic action was seen to recaisynergistic help by safe chemicals,
including methyl jasmonate (Yao and Tian, 2005)icgkc acid (Farahani and Etebarian,
2011), silicate sodium (Farahagi al., 2012), or sodium bicarbonate. This latter compound
was applied in the integrated controlRénicillium digitatum a pathogen causing green mold
in oranges, together with the predacious y&asicharomycopsis craetegendsmentaet al.,
2010).

“Predacious yeast” is a term introduced by Lachaamee Pang in 1997 to describe those
microorganisms that penetrate and kill other yehstaigh small appendages callealistoria
performing arhaustoriummediated predation. Predation among yeasts hasdmesidered a
rare phenomenon, even though recent findings iteticdoat it might be a widespread property
of filamentous species belonging to ®&ccharomycopsigenus and related ones.

The gathered information, and the successful esolt pest management practices
obtained on other insect groups, might be a bastevelop alternative strategies for a more
effective and sustainable biocontrol managementhofe insects characterized by a pest
attitude, and for whom a successful strategy ha®een found yet, like the emerging pBst
suzukii Baits currently in use include mixtures of yeastsgyar, water, ethanol, apple vinegar o
cider. High levels of attraction are associated tmmbination of vinegar and wine, probably
caused by the presence of acetic acid, ethanopestticed volatiles (Lando#t al., 2012).
The knowledge of the microbiota associate®tsuzukiiand infested fruits could be exploited
in the development of more attractive baits withrensuitable attractive microorganisms or
microbe-produced volatiles.
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Rationale and aim of the work

The invasion of new pest species is a menace éativwrsity preservation and a severe issue
for growers of the affected areas. The opportutatyill up free ecological niches with no
effective competitors or natural predators allowguéck settlement of the invaded areas by
these pests.

One of the last years’ most pestiferous insect j{gette spotted wing flyprosophila suzukii
Matsumura (Diptera: Drosophilidae), a new exotistpEiginating from South-East Asia and
rapidly spreading from its native range in Westeonntries (Leeet al, 2011, Ciniet al.,
2012). Current strategies enacted to restrain amdra the spread of this pest foresee a
ceaseless monitoring of the crop areas coupled wWith use of chemicals, traps and
insecticides (Walsket al, 2011). Nevertheless, more sustainable and spebif targeted
solutions are necessary.

Recent investigations are witnessing the relevalet played by some microorganisms living
in association with insects, and affecting différagpects of the host biology and health (Dale
and Moran, 2006, Gibson and Hunter 2010). For theson, the characterization of the
microbiome associated to insect pests might prov@e insights in a perspective of integrated
pest managemenvérstraete, 2007)

The aim of this PhD doctoral thesis is to present the rimfation collected from the
characterization of the microbiome associate® t@uzukij with a particular focus on acetic
acid bacteria (AAB) and yeast communities (Crettal, 2010, Chandleet al, 2012, Hamby
et al, 2012). Moreover, a perspective on the use ofooiganisms as a tool for integrated
pest management is proposed.

In particular, thesecond Chapterdepicts the stable association established betétee=AAB
microbiome andD. suzukii DGGE (Denaturing Gradient Gel Electrophoresis)d an
pyrosequencing pyrotag molecular analyses, togetitir the application of cultivation-
dependent techniques, revealed the presence of inAdl the individuals surveyed, of all
developmental stages, and reared on two feedirgiraids (fruit or artificial diet). Three AAB
isolates, labelled with Green fluorescent protefBFP) were used for recolonization
experiments of insect adults’ digestive systemisoialize the localization of the administered
labelled bacteria. It was possible to detect thesseria on the epithelium of the insect crop,
proventriculus and gut. Theffluorescentin situ hybridization (FISH) analyses on tissues
confirmed AAB localization on the peritrophic merabe of midgut and proventriculus.

After AAB microbiome characterization, the capacity some D. suzukiselected AAB
isolates to emit microbial volatile compounds fbed’ specific attraction was analysed, and
the results are discussed@mapter Il . Volatile organic compounds (VOCSs), such as acetic
acid, are known to be attractants or repellentrfsects (Chat al, 2014) and, currently, traps
for flies are constituted by vinegar and bakerasteFor this reason, baits specifically targeted
for D. suzukiicould be a successful strategy of integrated qm#irol. According to this, flies
were exposed to attractant molecules produced b8 AA comparison to a control) in a 2-
choice olfactometer assay, and the best fly atteacdolates were identified.

The attention was subsequently addressed to theaatbezation of the yeast community
associated to the spotted wing fly, and the dataeaposed ifChapter IV. Both cultivation-
independent techniques, performed with DGGE and IBSIA pyrosequencing, and
cultivation-dependent approach (isolation trialgstiction Fragment Length Polymorphism
fingerprinting of the ITS1-ITS2 region of the fulgRNA gene and sequencing of the D1-D2
region of the large ribosomal subunit) alloweditheestigation of the yeast diversity related to
D. suzukii The analysis revealed the prevalence of yeastsifieg to the Saccharomycetales
order. This group of yeasts comprise genera ofiajccolonizers of fruiting plants and
Drosophilafood sources.

The fifth Chapter sheds a light on the possible future applicatiohspotted wing fly-
associated yeasts in a perspective of pest managehe analyzing the capacity of some
selected isolates of the obtained collection talpee killer toxins (Woods and Bevan, 1968).
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These compounds can be generally used by somasst@icompete with other yeasts for
space and nutrients. Culture growth conditionsablgt for killer toxins’ production were
realized, and antagonistic activity tests agaimstsame selected isolates of the yeast collection
and 12 representative AAB isolates were perfornmiedta obtained from the screening
highlight that the most promising results are edato the capacity of a specific yeast isolate,
Candida stellimalicolaAF4.1.P.268, to create an inhibition zone, prewenthe growth of
other yeast and AAB isolates.

At last, the Conclusions Chapter summarizes the results obtained with the preséi P
project.
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Chapter 11

The Acetic Acid Bacterial Microbiome of the SpottedWing Fly, Drosophila suzukii

Abstract

Drosophilaflies are mainly considered as secondary parasites to their behaviour to attack
rotten fruits. They harbour an inconsistent micooé composed of several bacterial taxa, among
which the acetic acid bacteria (AAB) are found &itmportant modulators of insect development
through insulin signalling. Conversely, the spottethg fly Drosophila suzukii(Diptera:
Drosophilidae) is a highly invasive pest, native Edistern and South-eastern Asia, rapidly
spreading in the many countries, laying eggs inlthyedruits, with a consequent economic
damage. With the aim to unravel the microbiome @ased toD. suzukij reared on fruits or on
artificial diet, cultivation-independent and -dependent technique® tbeen employed, giving a
particular attention to AAB symbionts. By DGGE-P©@R 16S rRNA gene, AAB of the genera
Acetobacterand Gluconobacterhave been frequently detected. According to 16S ARN
barcoding, the two groups of insects (reared oitsfrar on artificial diet) showed to cluster
separately, but in both cases sequences relatetiddospirillales order, to whom AAB belong,
were a predominant group. Isolation data evaluéttedextensive presence of cultivable AAB
(Acetobacter, Gluconacetobactand Gluconobactey in the fly body, investigating different life
stages (larvae, pupae, adults). Recolonizationrarpats by the use @freen fluorescent protein
(Gfp)-labelled strains and fluorescentsitu hybridization indicated the dispersal of AAB in the
insect gut. IrD. suzukilarvae and adults, AAB are mainly localized ontidgut epithelium.

INTRODUCTION

The vinegar flyDrosophila suzukiMatsumura (Diptera: Drosophilidae), also knownspstted
wing drosophila in the USA, is an exotic pest, endeto South Asia and recently introduced in
the continental USA, Canada and Europe, most pipliabthe international trade (Ciwt al,
2012, Hauser 2011, Let al, 2011). Characterized by a rapid spreading bebaythis fly is an
economically damaging pest, due to the abilityjkenlts vinegar fly relatives that attack rotten
fruits, to feed on healthy soft summer fruits, tayieggs on them, thanks to the females’ large
serrated ovipositor (Walskt al, 2011). Once hatched, larvae grow in the frugstobying it
(Mitsui et al, 2006, Walstet al, 2011).D. suzukiiis able to develop on many host plants either
in its native and introduced habitats, with bertieing the preferred hosts (Grassial, 2012,
Leeet al, 2011, Seljak, 2011, Wals# al, 2011). In most attacked countrids suzukiicauses
severe economic damage to soft fruits every yeapn@Bueet al, 2011, Grasset al, 2009). In
particular, in Italy the most significant groweessociations reported extensive crop losses (Lee
etal, 2011).

A recent increased attention has received the stdidyre bacterial microbiome associated to
Drosophilaflies. Drosophilid flies belonging to differentespes and with various feeding habits,
reared in laboratory conditions or field-capturbdye been investigated through deep sampling
analysis by 16S barcoding or 16S clonal librari®eifget al, 2011, Chandleet al, 2011, Wong

et al, 2013). A bacterial community dominated by fourmiiles as Lactobacillales,
Acetobacteraceae, Enterobacteriaceae and Entesmaaeeis commonly associated to these flies,
with variations of the bacterial members at theugelevel (Chandleet al, 2011, Wonget al.,
2013). In lab reared and field-sampled flies, a&cettid and lactic bacteria (AAB and LAB,
respectively) are dominant symbiotic taxa harbourethe intestinal tract (Wongt al, 2011,
Ryu et al, 2008). In particular, AAB establish a delicatdanae with the insect innate immune
system, being involved in the suppression of thewgn of pathogenic bacteria in healthy
individuals (i.e. colonization resistance), henoatabuting to the host health (Ryt al 2008,
Silvermann and Paquette, 2008). An interesting ex@at conducted on the experimental model
Drosophila melanogasteby the same research team (Shkinal, 2011) demonstrated AAB
promotion ability of the insulin pathway, with cawgent enhancement of the larval
developmental rate, body size, intestinal stens @adtivity and energy metabolism.
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AAB positive role has been also demonstrated inifeerdnt insect model, represented by
anopheline mosquitoes: the acetic acid bacteAsaiaplays a beneficial role in the development
of the mosquitoes and in fact, a delay in the dgueknt inAnopheles stephenfarvae was
observed after antibiotic treatment; the larvaledlepment rate compared to the control one could
be restored after administration of an antibiotisistantAsaia strain (Chouaiaet al, 2012).
Another work confirmed thaisaiaadministration boosted the developmental ratkrofgambiae
larvae, affecting genes involved in cuticle forroat{Mitrakaet al, 2013).

AAB are symbionts of insects mainly localized i fhsect gastrointestinal tract (GIT) (Crati

al., 2010). Particularly, the midgut is a sugar arftedl rich environment, and represents a
specific and beneficial habitat for these bactédax and Gilmore, 2007). They owns different
ways of transmission, with the horizontal as thaofable one (Damiarét al, 2008, Crottiet al,
2010, Gonelleet al, 2012). The recent comparison of AAB genomes skloseveral symbiotic
traits that could favor the adaptation of AAB asedat symbionts (Chouaiet al., 2014). In
particular, cytochrome bo3 ubiquinol oxidase migatinvolved in AAB adaptation to the diverse
oxygen levels in the arthropod gut. In fact, AABwat be only considered as insect symbionts;
they are generally found on sugar- and ethanol-sigbstrates, spread in the environment on
fruits, vegetables and fermented matrices, nicheg share with insects and from which insects
can re-acquire them (Crottit al, 2010). Given that strong associations are combetween
acetic acid bacteria and selected insect ordemherpresent study we assessed the presence of
this important microbial group iD. suzukiiindividuals, reared on fruits or artificial digby
means of cultivation-independent and -dependetiintgaes. We also provided information on
tissue localization of these endosymbionts. Thenkedge of the bacteria associated to this insect
pest could be applied in future biocontrol appresctas discussed.

MATERIALS AND METHODS

I nsects.

Wild specimens oD. suzukiiwere field collected as adults/larvae in Trentiito Agide region
(Italy) and reared in laboratory condition both fsnits and on a sugar-based artificial diet
(composed with 71 g of corn flour, 10 g of soy flo6.6 g of agar, 15 g of sucrose, 17 g of
brewer’s yeast, 4.7 ml of propionic acid, 2.5 gvitdmins mix for each Kg of the preparation) at
the Dipartimento di Scienze Agrarie, Forestali em@intari (DISAFA), University of Turin.
Insects were kept in cages at 25 °C with a 14:lighit-dark photoperiod.

DNA extraction.

Larval, pupal and adult individuals Bf suzukiiwere killed, washed with ethanol 70% and twice
with saline and immediately stored at -20°C in atlaintil molecular analysis. Total DNA was
individually extracted from larvae, pupae and aslolt the laboratory strains by sodium dodecyl
sulfate-proteinase K-acethyltrimethyl ammonium bidemtreatment, as described in Raddetdi
al. (2011).

Characterization of the bacterial community associated to D. suzukii by Denaturing Gradient

Gel Electrophoresis (DGGE).

A 550 bp fragment of the 16S rRNA gene was amgifiem the total DNA extracted from.
suzukii individuals, using the forward primer GC357f, aining a 40-bp GC clamp, and the
reverse primer 907r, as previously described (Rdidda al., 2011). Gels with a denaturant
gradient of 40-60% were prepared with a gradiertemg@Bio-Rad, Milan, Italy) following the
manufacturer’s instructions. Bands were excised wgall as template in PCR re-amplification
reactions with primers 357f and 907r, as descripegliously (Raddadet al., 2011). PCR
products were sequenced (Macrogen, South Kored)threnresulting sequences were compared,
using BLAST (http://www.ncbi.nlm.nih.gov/blast), thi deposited sequences in the National
Center for Biotechnology Information (NCBI) sequemtatabase (Altschet al, 1990).
Characterization of the bacterial community associated to D. suzukii by 16S barcoding.

DNA previously extracted from fly individuals (naimeDS54, DSM, DS41, DS55, Ds159,
Ds164, Dsl165, Ds167, FP1, FP3, LP1, LP3, MP3 arizi P&b. 2) were used in 454 Pyrotag
sequencing. The variable regions V1-V3 of the b&adt@6S rRNA gene was amplified by MR
DNA (Molecular Research LP, Texas, USA) using tineversal bacterial primers 27Fmod (5'-
AGR GTT TGATCM TGG CTC AG-3’) and 519Rmodbio (578 TTA CNG CGG CKG CTG-
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3’) as described in Montagnat al., 2013. In total, 178,856 raw reads were obtained.
Pyrosequencing adaptors, low quality base call® @& ed score) and size-selected (between 350
and 500 bp) were performed by using the QIIME pigelfiltering scripts (Caporaset al,
2010a). The resulted reads were clustered intoatipaal taxonomic units (OTUs), applying a
sequence identity threshold of 97%, usldglust (Edgar, 2010). A representative sequence of
each OTU was, then, aligned to Greengenes (httpeimenes.Ibl.gov/) using PyNast (Caporaso
et al., 2010b). Chimeras were removed usibigimeraslayer(Haaset al., 2011). The results of
OTUs assignment were then used in the diversitlyaes using the various scripts of the QIIME
pipeline.

Prevalence of AAB in D. suzukii specimens.

A total of 50D. suzukiiadults (25 males and 25 females), reared on fruise used for assessing
the prevalence of different AAB. After DNA extramti of single flies following Raddadit al.
(2011), samples were submitted to AAB-specific afigaltion of the 16SrRNA gene, followed by
digestion with the restriction endonuclease Tagbiffega, Madison, USA) (Ruiet al., 2000).
Pure cultures of the most representative straioktesd fromD. suzukiiwere employed for
restriction profile reference.

Localization of D. suzukii symbionts by fluorescent in situ hybridization (FISH).

FISH was carried out on tissues and organs dissdiaie field-collectedD. suzukiiadults in a
sterile saline solution. The dissected organs vieeel for 2 min at 4°C in 4% paraformaldehyde
and washed in PBS. All hybridization experimenpstevere performed as previously described
(Crotti et al, 2009; Gonellaet al, 2012), using specific fluorescent probes, speaiiff designed
for the acetic acid bacterial group (AAB455, sequeMGC ACG TAT TAA ATG CAG CT) and
for Gluconobacter(Go15, sequence AAT GCG TCT CAA ATG CAG TT and Gp&8guence
GTC ACG TAT CAA ATG CAG TTCCC). Moreover, the unigal eubacterial probe, Eub338
(sequence GCG GGT ACC GTC ATC ATC GTC CCC GCT), wsad to detect the localization
of the overall bacterial abundance and presendbeanorgans analysed (Goned#a al, 2011).
Probes for AAB and Eubacteria were targeted atSthend with the fluorochrome Texas Red
(TR; absorption and emission at 595 nm and 620 respectively), whereas probes Gol5 and
Go18 were labelled with indodicarbocyanine (Cy5saption and emission at 650 nm and 670
nm, respectively).

I solation of AAB.

Insects (5 males, 6 females, a pool of 3 malesaapdol of 3 females), reared on fruits, were
surface sterilized by rinsing once with ethanol 78% twice with 0.9% NaCl under sterile
conditions, before being homogenized by grindingd0ul of 0.9% NaCl. Fortyul of each insect
homogenate were inoculated in different enrichmigntid and solid media, selected for AAB
growth: enrichment medium | (hereafter indicated A4, Yamadeet al, 1999, Kounatidiet al,
2009), enrichment medium Il (hereafter indicated A2, Yamadeet al, 2000), a basal medium
(hereafter indicated as TA4, Kadese al. 2008), Hoyer-Frateur medium (De Ley and Frateur,
1974), acid YE medium (yeast extract 2%, ethano| @8étic acid 1%, pH 6). One hundeidbf
serial dilutions of the insect homogenate wereapien plates containing mannitol agar medium
(mannitol 2.5%, peptone 0.3%, yeast extract 0.5%7pagar 15 g/L ) or R2A agar (Reasoner
al., 1979), both supplemented with 0.7% Ca@@d 0.01% cycloheximide. Other 6 insect adults
reared on the artificial diet, 6 adults, 3 pupad ararvae reared on fruit diet, werewashed three
times with deionized water and the washing watethef last step was plated on MA solid
medium. Pupae and larvae were smashed, as pregvidestribed, and inoculated in TAL1 and
TA2 enrichment media. All the enrichment liquid reedvere incubated at 30°C, in aerobic
condition with shaking, until turbidity of the ligh media was reached. Serially dilutions were
plated on MA medium, supplemented with CaCO(1% D-glucose, 1% glycerol, 1%
bactopeptone, 0.5% yeast extract, 0.7% Cad® ethanol, 1.5% agar, pH 6.8) and incubated at
30 °C, in aerobic conditions. For the solid medialpnies were picked up and streaked on MA
solid medium, with CaC¢ Colonies capable of clearing the calcium carb®medre purified on
agarized MA medium, and pure strains were conseivekb% glycerol at -80 °C. Total DNA
was extracted from the isolates by boiling protauad stored at — 20 °C.
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16S rRNA gene-based identification and fingerprinting analysis of the isolates.

Internally transcribed spacer (ITS)-PCR fingerpngtwas performed with primers ITSF (5'-
GCC AAG GCA TCC AAC-3) and ITSR (5-GTC GTA ACA AG TAG CCG TA-3) as
previously described (Daffonchit al, 1998). ITS-PCR amplification patterns of all ikelates
were visually compared to cluster the isolates Ifi® groups or profiles. At least 2 candidates for
each ITS profile were selected and 16S rRNA gene amplified and sequenced for
identification by Macrogen (South Korea). 16S rRiéne was amplified with universal bacteria
16S rRNA gene primers 27F (5-TCG ACA TCG TTT ACGG TG-3') and 1495R (5’-CTA
CGG CTA CCT TGT TAC GA-3’). Reaction mixture for $Gamplification was carried out in a
final volume of 50uL , using 1 unit of Taq DNA polymerase, 1X PCR RBuff0.12 mM of each
dNTP, 0.3uM of each primer, 1.5 mM Mggland 2uL of DNA. Reaction was run for 4 min at
94°C, followed by 35 cycles of 1 min at 90°C, 1 main55°C, 2 min at 72°C and then a final
extension of 10 min at 72°. 16S rRNA gene sequeme®e compared to the databases at the
National Centre for Biotechnology Information (NGBIsing BLASTn (Altshulket al, 1990) and
aligned with their closest type strain relativemg<lustal W (http://align.genome.jp/).
Transformation of Gluconobacter oxydans DSF1C.9A, Acetobacter tropicalis BYea.1.23 and
Acetobacter indonesiensis BTal.1.44 with the plasmid pHM2-Gfp.

G. oxydansstrain DSF1C.9AA. tropicalis BYea.1.23 andA. indonesiensidBTal.1.44 were
transformed through electroporation introducing tasmid pHM2-Gfp (Favieet al., 2007).
Electrocompetent cells were prepared accordindnito grocedure: exponential phase cells (OD
0.5) grown in GLY medium (2.5% glycerol, 1.0% yeastract, pH 5) were washed twice with
cold 1 mM Hepes, pH 7, and once with cold 10% glgterhen, cells were resuspended in cold
10% glycerol to obtain 160-fold concentrated corapetcells. Aliquots were stored at -80°C
Sixty ul of competent cells were gently mixed with aboit gy of plasmidic DNA, put in a cold
0.1-cm-diameter cuvette, and pulsed at 2000 V thiénElectroporator 2510 (Eppendorf, Milan,
Italy). After the pulse, 1 ml of GLY medium was &ddto the cells, which were subsequently
incubated at 30°C in aerobic condition with shakiog4 h. Transformed cells were selected by
plating serial dilutions on GLY agarized mediumpgiemented with 10Qg mi* kanamycin, 40
ng mi* 5-bromo-4-chloro-3-indolyp-D-galactopyranoside (XGal), and 0.5 mM isopropyb-
thiogalactopyranoside (IPTG) for Laphenotype detection. When growth occurred, transdat
colonies were chosen and the Gfp expression wasketieby fluorescence microscopy. ITS
amplification of wild type and transformant strawas performed and compared to ensure the
identity of the transformants.

Evaluation of plasmid stability.

To verify plasmid stability in the absence of sétat, G. oxydandDSF1C.9A(Gfp) A. tropicalis
BYea.1.23(Gfp) andA. indonesiensi®Tal.1.44(Gfp) were grown overnight in GLY medium
with 100 ug mi* kanamycin, with shaking. When growth was visitdajtable dilutions were
plated on non-selective GLY agar an incubated &30l the growth of well-separated colonies.
Four colonies were then chosen, resuspended iml10® GLY medium and vortexed intensely to
obtain free cells. Suitable dilutions were plated selective and non-selective GLY agar. The
proportion of kanamycin-resistant bacterial cellswdetermined through the ratio between the
kanamycin-resistant bacterial cells and the tatahlmer of cells grown.

Colonization experiments of D. suzukii with G. oxydans DSF1C.9A(Gfp), A. tropicalis
BYea.1.23(Gfp) and A. indonesiensis BTal.1.44(Gfp).

G. oxydan®DSF1C.9A(Gfp),A. tropicalisBYea.1.23(Gfp) and\. indonesiensi8Tal.1.44(Gfp)
were grown in GLY medium containing 1@g mI* kanamycin up to a concentration of t6lls
ml™. Cells were harvested, then washed and resuspemciterile water to a final concentration
of 2 x 1 cells mI* or 1 x 18 cells mi* for colonization experiments db. suzukiiadults.
Colonization experiments of adults were performgdplacing the adults in a small cage. A
bacterial suspension (16r 10 cells) was added to 0.5 g of adult sterile food amall drops of
the obtained mixture were placed inside the cagearafilm-covered glass slides. Appropriate
controls without the addition of bacteria were dohiee insects were featl libitumfor 48 h with

a sugar solution containing the Gfp-labelled straimd then they were allowed to feed for 20 h
with honey. Organs were then dissected in Ringartisa (0.65% NaCl, 0.014% KCI, 0.02%
NaHCG, 0.012% CaGl 2H,0, 0.001% NakPO, 2H,0O, pH 6.8) and fixed in 4%
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paraformaldehyde at 4°C for 10 min, mounted in ghpt and analyzed by fluorescence (Leica
Microsystems, Germany) and confocal laser scanmiigroscopy, Confocal Laser Scanning
Microscopy (CLSM, Leica Microsystems, Germany).

RESULTS

Characterization of the bacterial diversity in D. suzukii by DNA-based analysis.

The bacterial community associated toB2suzukiispecimens was analysed by 16S rRNA gene
DGGE-PCR, using as template the DNA isolated fronole single individuals. In particular, 5
larvae (n. 1-5; Fig 1A), one pupa (n. 6; Fig 1Agddan adults (n. 7-16; Fig 1B) reared on fruits
have been analysed, as well as 4 larvae (n. 2943pupae (n. 25-28) and 8 adults (n. 17-24)
reared on the artificial diet (Fig.1C). GeneralBrosophila flies host low complex bacterial
community, with the presence of few abundant badteaxa (Chandleet al, 2011; Wonget al.,
2013). Here, a lower variability in the communityfiles was observed among larvae reared on
fruits and among the specimens reared on thecgatifiliet (Fig. 1A-C): many bands were rather
conserved among the samples respectfully to thepgto which each specimen belonged.
Conversely, only few conserved bands were detemteong the adults reared on fruits, which
showed to have more complex profiles than larvaeskon fruits or specimens from the artificial
diet (Fig. 1A-C). The majority of the bands fromespnens reared on fruits showed similarity
with species belonging to the Alphaproteobactet@éssc which comprises AAB, whereas the
others indicated closeness with BetaproteobactdBammaproteobacteria, Firmicutes and
Bacteroidetes classes (Tab.1). Among larvae reaneffuits, bands A6 and A7 were the most
remarkable ones, observed in a frequency of 50%ar{ae out of 6) and 33% (2 larvae out of 6)
of the tested individuals, and with 99% similarthe 16S rRNA gene oAcetobacter tropicalis
andAcetobacter persicysespectively. In all the larvae and in the solegyupsequence with 98%
identity with Bacillus sp., corresponding to A3 band in the PCR-DGGE wak detected, while
band Al, corresponding to a sequence strictly edlato Paracoccus sp. of the
Alphaproteobacteria, was identified only for ondiudual. For 33% (2 out of 6) of the larvae
analysed, sequences with 99% of similarity with genusStenotrophomonasnd with the
speciesEnterococcus casseliflavusvhich are related to bands A4 and A2 respectjvelgre
found not give clear results (lanes 22, 23, 24; EJ).
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Figure 1: Bacterial diversity associated witD. suzukii by DGGE-ITS. DGGE profiles, in 7%
polyacrylamide gels with 40 to 60% denaturationdggat, of partial 16S rRNA bacterial genes amptifie
from DNA extracted from whole insects reared ontf{panels A and B) or atrtificial diet (panel C).
Numbers above the lanes refer to tested individ@&ecimens on fruit: 1-5 larvae; 6, pupa; 7-16ltadu
specimens from artificial diet: 17-24 adults; 2542@pae; 29-32 larvae. Bands marked with arrows were
sequenced; data referred to sequences are givieabia 1.
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Table 1: Identification of microorganisms associatedtosuzukiiaccording to DGGE profiles in Fig. 1.

Band Most related species GenBank % nt similarity  Classification No. of positive
Accession no. (no. of identical individuals/tot
bp/total no. of al no. of
bp? individuals®

Al Paracoccussp. JX515659 98%(551/561) Alphaproteobacteria;1/6
Rhodobacterales

A2 Enterococcus KC150018 99%(576/580) Firmicutes; 2/6

casseliflavus Lactobacillales

A3 Bacillussp. AM888231 98%(550/562) Firmicutes; Bacillales /6 6

A4 Stenotrophomonasp. KC153268 99%(583/587) Gammaproteobacteria/6
Xanthomonadales

A5 Wolbachiasp. NR_074437 99%(537/542) Alphaproteobacteria; 5/6
Rickettsiales

A6 Acetobacter tropicalis  AB681066 99%(542/544) Alphaproteobacteria; 3/6
Rhodospirillales

A7 Acetobacter persicus AB665071 99%(511/512) Alphaproteobacteria; 2/6
Rhodospirillales

Bl Gluconobacter albidus AB178412 100%(507/507) Alphaproteobacteria; 3/10
Rhodospirillales

B2 Acinetobactesp. HM045831 1009%(531/531) Gammaproteobacterid/10
Pseudomonadales

B3 Chitinophagasp. GQ369124 92%(487/532) Bacteroidetes; 7/10
Sphingobacteriales

B4 Acetobacter JNO004206 99%(514/516) Alphaproteobacteria; 1/10

cibinongensis Rhodospirillales

B5 Gluconobacter albidus AB178412 100%(507/507) Alphaproteobacteria; 3/10
Rhodospirillales

B6 Acetobacter tropicalis ~ JF930137 100%(516/516) Alphaproteobacteria; 2/10
Rhodospirillales

B7 Lampropedia hyalina AY291121 98%(526/536) Betaproteobacteria; 6/10
Burkholderiales

B8 Wolbachia pipientis AJ306307 514/519 (99%) Alphaproteobacteria; 7/10
Rickettsiales

B9 Ochrobactrunsp. FJ233847 517/517(100%) Alphaproteobacteria;5/10
Rhizobiales

B10 Acetobacter pasteurianusAB608081 520/531 (98%) Alphaproteobacteria; 7/10
Rhodospirillales

B11l Acetobacter aceti AJ419840 508/509 (99%) Alphaproteobacteria; 5/10
Rhodospirillales

B12 Acetobacter senegalensisHQ711345 524/535 (98%) Alphaproteobacteria; 6/10
Rhodospirillales

C1 Ochrobactrunsp. JN571744 99%(509/510) Alphaproteobacteria;4/16
Rhizobiales

Cc2 Ochrobactrunsp. KF737384 99%(499/505) Alphaproteobacteria; 4/16
Rhizobiales

C3 Acetobactessp. AB665071 99%(476/480) Alphaproteobacteria; 4/16
Rhodospirillales

C4 Acetobactessp. AB665071 99%(503/505) Alphaproteobacteria; 5/16
Rhodospirillales

C5 Lactobacillussp. JX826566 99%(512/518) Firmicutes; 1/16
Lactobacillales

C6 Lactobacillus plantarum KF225698 98%(487/496) Firmicutes; 1/16
Lactobacillales

Cc7 Comamonasp. KC853135 99%(526/529) Proteobacteria; 5/16
Burkholderiales

C8 Comamonasp. KC853135 989%(515/528) Proteobacteria; 5/16
Burkholderiales

C9 Acetobactessp. AB665071 34 99%(491/493) Alphaproteobacteria; 4/16

Rhodospirillales



C10

Ci11

C12

C13

C14

C15

Ci6

C17

C18

C19

C20

c21

C22

C23

C24

Acetobactesp. AB665071 99%(486/489) Alphaproteobacteria; 4/16
Rhodospirillales
Lactobacillus plantarum HE646352 96%(493/512) Firmicutes; 2/16
Lactobacillales
Lactobacillus plantarum KF225698 99%(509/516) Firmicutes; 3/16
Lactobacillales
Lactococcus lactis KC293821 100%(464/464) Firmicutes; 2/16
Lactobacillales
Comamonasp. KC853135 100%(517/517) Proteobacteria; 9/16
Burkholderiales
Ochrobactrunsp. JN853243 93%(350/376) Proteobacteria; 1/16
Rhizobiales
Acetobactesp. AB680014 99%(452/454) Alphaproteobacteria; 15/16
Rhodospirillales
Acetobactesp AB680014 99%(508/510) Alphaproteobacteria; 13/16
Rhodospirillales
Acetobactessp. AB665082 99%(470/477) Alphaproteobacteria; 2/16
Rhodospirillales
Tsukamurellasp. KF499506 100%(438/438) Actinobacteria; 1/16
Actinomycetales
Streptomycesp. KF889277 100%(429/429) Actinobacteria; 1/16
Actinomycetales
Propionibacteriumsp. KF479576 99%(432/433) Actinobacteria; 1/16
Actinomycetales
Streptomycesp. EU551673 99%(507/509) Actinobacteria; 1/16
Actinomycetales
Tsukamurella AB478957 97%(528/544) Actinobacteria; 1/16
tyrosinosolvens Actinomycetales
Streptomycesp. HM153793 99%(506/507) Actinobacteria; 1/16

Actinomycetales

4nt, nucleotide.
® Number of individuals positive for the presencettif specific band in the DGGE analysis compared to
the total number of individuals analyzed.

Adults reared on fruits showed a massive presehégd\B-related sequences; in particular, they
showed a high sequence similarity witsiconobacteand severalcetobactespecies (Fig. 1B
and Tab. 1). Bands B1 and B5 indicate both 100%esaze identity wittGluconobacter albidys
whereas bands, such as B4, B6, B10, B11, and Bib2yed identity with the genuscetobacter
Band B4, observed for only 10% of the tested adudtsowed 99% similarity withA.
cibinongensisband B6, detected in few (20%) of the testedvidials, showed 100% identity
with A. tropicalis whereas band B11, which was repeatedly foundusob 10) among the
samples had\. acetias the closest relative, with the 98% sequenciasity. Finally, bands B10
and B12 were 98% similar to the 16S rRNA geneAofpasteurianusand A. senegalensijs
respectively, with a detection frequency of 70 &386, respectively. Other sequences matched
with Lampropedia hyaline(98%), Acinetobactersp. (100%),Chitinophaga sp. (92%) and
Ochrobactrumsp. (100%).

In both larval and adult specimens reared on fraitemarkable presence\blbachia pipientis
was documented, particularly in 5 out of 6 larvae & out of 10 adults (bands A5 and B8 for
larvae and adults, respectively, Fig. 1 and TabSgjjuences had a 99% identity wittolbachia
spp.

Larvae and pupae reared on the artificial diet gttbw huge presence of AAB sequences
clustering toAcetobactemgenus (bands C3, C4, C9, C10, C16, C17 and Cl18walues of 99%
identity), together with sequences related_&mtobacillusgenus (bands C5, C6, C11 and C12;
96-100% identity). In the case of the adults reaoed artificial diet, sequences related to
Ochrobactrum ComomonasLactobacillus Tsukamurella Streptomycesnd Propionibacterium
were retrieved (Fig. 1C). No sequences were foundluster withWolbachia however, few
bands in the upper part of Fig. 1C did To have dewiiew of the bacterial community associated
to the samples, 16S rRNA barconding, by amplifying variable regions V1-V3 of the bacterial
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16S rRNA gene, was performed on 14 specimens,dimgiuboth individuals reared on fruits or
artificial diet and specimens from different deyeitental stages (larvae, pupa and adults). Intra-
specimen variability among the samples were regdiab. 2; Fig. 2). Using the Shannon index
to measure-diversity, it was possible to visualize that ahwles reached a plateau; rarefaction
curves showed the saturation of the microbial dityerassociated to the samples (data not
shown). We obtained in total 178, 856 reads aftality evaluation and chimera removing.
Singletons and less significative sequences (bétevd.1% threshold) were also deleted from the
analysis. Besides the number of OTUs detecteddon sample, in table 2 are reported the alpha
diversity metrics of 16S barcoding of the 14 sampéa 97% identity level, i.e. Chao-1, Shannon
H diversity and Pielou’s J evenness indices. Ondtieer hand, the-diversity related to the
samples was evaluated through principal coordinatedysis (PCoA) on the phylogenefie
diversity matrix obtained by UniFrac (Fig. 2a). Ttmmponents explain 49.67% of the variation
(Fig. 2a). The analysis showed that three clusteutd be obtained; the first one, quite separated
from the other two, contained the two larvae araldble pupa reared on the artificial diet, the
second one included the adults reared on thecaatifiliet and the other one was constituted by
the specimens reared on fruits (Fig. 2a). By theeafghis analysis, adults reared on the artificial
diet clustered closer to the specimens reared wits fthan the larvae or pupa reared on the
artificial diet.

Table 2: Alpha diversity metrics of 16S barcoding of 14 séespat 97% identity level.

Sample Age Rearing Barcode N OTUs Chaol H J

ID environment sequence

Ds159 larva fruit ACACGACT 12851 68 92.43 1.148 1@2
Ds164 larva fruit ACACGAGA 15587 132 148.24 2.151 .44D
Ds165 larva fruit ACACGTCA 9835 170 186.73 3.137 614
Ds167 pupa fruit ACAGAGAC 6638 153 200.57 3.290 536
DS41 adult  fruit AGACGACA 9324 96 109.57 2.651 (@58
DS54 adult  fruit AAGGTACG 19831 154 166.55 2.848 56h
DS55 adult  fruit AGACGAGT 6537 117 136.09 3.014 3B6
DSM adult  fruit AAGGCGTA 6189 53 59.0 1.761 0.444
LP1 larva diet ACACGTGT 15338 71 122.0 1.975 0.463
LP3 larva diet ACACTCTC 20032 84 85.25 1.609 0.363
PP2 pupa diet ACAGAGTG 17180 69 74.60 0.907 0.214
FP1 adult diet ACACTGTG 7298 89 104.83 2.103 0.468
FP3 adult diet ACACTGAC 10321 113 120.58 2.738 90.57
MP3 adult diet ACAGACAG 21895 40 41.0 1.162 0.315

N: number of reads for each sample; OTUs: numbé&Tfs for each sample; Chao-1: Chao-1 values for
each sample, H': Shannon H diversity for each samplPielou’s J evenness indices for each sample.
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Figure 2: Bacterial diversity associated wilh suzukiiby 16S rRNA barcoding. (A) Principal coordinate
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fruit-fed individuals, while with blue circles sgewens on the artificial diet. (B) 16S RNA barcoding
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Looking to the sample composition, results showdtga frequency of sequences belonging to
the Rhodospirillales order (average percentagecafls was 24.8 per sample), to which AAB
belong. Interestingly reads clustering to Rickates, to whichVolbachiabelongs, were detected
only in flies reared on fruits, with an average2@t5% among the individuals, confirming results
obtained by DGGE-PCR (Fig. 2b). In particular, D@Md DS54 showed massive presence of
Rickettsiales sequences with percentages of 9518%468.4% out of the total number of reads,
respectively. It is noteworthy to underline thdtthe reads, clustering to the Rickettsiales order,
clustered at the genus level witfiolbachia Reads clustering within Rhodospirillales orderave
present in all the specimens with different loalle:major abundant presences of Rhodospirillales
reads were detected in DS41, a specimen reareduits, fand PP2, a specimen reared on the
artificial diet, with percentages of 85.2% and 8b.dut of the total number of sequences for each
sample, respectively. Moreover, members of othedemr such as Enterobacteriales,
Xanthomonadales, Lactobacillales, Rhizobiales, Bolderiales and Sphingobacteriales
constituted the most significative fractions ofdeaut of the total ones (Fig. 2b).

Prevalence and localization of AAB.

To investigate the prevalence of AAB, at the gdeusl, in the analysed insects reared on fruits,
infection rates of the gener
Gluconobacter
Gluconacetobacter and
Acetobacter were evaluated in 40% T
adult flies (Fig. 3). The frequency
detected for the generi| § T b
Gluconobacter and Acetobacter | £ 30%
did not show significant
differences, likewise
Gluconobacter and
Gluconacetobactegenerahat did
not present significantly differen
values  (p<0.05). Prevalenc
indicated Gluconobacter and
Gluconacetobacteras the most
prevalent genera among th 0% . :
samples with values of 21 an Acetobacter Gluconobacter Gluconoacetobacter
31%, respectively.
With the aim to localize AAB, Figure 3: AAB infection rates in adult D. suzukii. Columns indicate the
fluorescentin situ hybridization percentage of infected individuals within the most common genera
(FISH) experiments were carrie found in mass reared flies, i.e. Acetobacter, Gluconobacter, and

out using the AAB-specific probe ‘Glu'conac‘ero'bacrer. Ba.rs represent the standard error. ]?ifferent letters
AAB455. on the insect dissecte indicate significantly different values (ANOVA, P<0.05)

organs, showing positive signal

for proventriculus and gut (Fig. 4). In particularstrong signal was detected at the level of the
proventriculus epithelium, as observable by merdhng interferential contrast picture (Fig. 4c)
with the FISH micrograph (Fig. 4b) of a midgut sectnear to the proventriculus. Magnification
in fig. 4d allowed to visualise fluorescent AAB mocolonies adhering to the peritrophic
membrane. SincE€luconobactewas one of the main genera in prevalence assaysjstribution

of this genus was observed in the midgutDof suzukii Gluconobacterspecific signal was
detected in the gut (Fig. 49) providing the evident the distribution of this genus in the inner
side of the intestinal lumen. Fig. 4f showed theakered-signal folEubacteria allowing to
observe the distribution dBluconobacterin relation to the dispersal of thHeubacteriain the
same portion of the organ (Fig. 4e-Bluconobacteiis localized in the intestinal tract probably
surrounded by other acetic acid bacteria. Attempds design probes specific for
Gluconacetobacteor Acetobacteigenera failed.

20%

10%
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Figure 4. AAB localization in the gut oD. suzukii (a-d) FISH of the insect gut after hybridizatiwith the
Texas red-labelled probe AAB455, matching AAB. Sajperposition of the interferential contrast pietur
(c) and the FISH image (b) of a midgut part closdhie proventriculus (indicated by white arrows)) (
Magnification of the image in b. The massive presenf AAB adherent to the peritrophic membrane
(indicated by black arrows) is observed. (e-h) FI8HD. suzukiimidgut with the Texas red-labelled
universal eubacterial probe Eub338 (f) and the [@jelled probe specific faBluconobacter Go615 and
Go0618 (g). (e) Intestine portion pictured by inéeeintial contrast. (h) Superposition of hybridiaati
signals of Eubacteria (red) a@uconobacteKblue). Bars = 5@m.

AAB isolation.

Isolation trials of AAB were performed with differekinds of enrichment and selective media
(De Ley and Frateur, 1974, Reasoeeral., 1979, Yamadat al, 1999; Yamadat al, 2000;
Kadere, 2008). Since the condition of fruit-rearimgs the most close one to the natural habit of
the insect, we directed our attention manly onaioh trials from specimens reared on fruits;
specimens reared on artificial diet was also inetldn the analysis in a low extent. After
purification, 234 isolates were obtained and subpkto de-replication analysis, clustering them
in ITS fingerprinting profiles. 16S rRNA gene sequaimg of the candidates chosen for each ITS
fingerprinting profile showed a prevalence of baetdelonging toAcetobacter Gluconobacter
and Gluconacetobactegenera, which constitute the 16.67%, 7.7% and983,9espectively, of
the total number of bacteria in the collection (T&8p. 22.7% of isolates did not belong to
Acetobacteraceae family. SevAnetobacteispecies were isolated, i&cetobactetropicalis, A.
cibinongensisA. persicusA. peroxydansA. indonesiensisA. orientalis A. orleanensiswith A.
persicusbeing the most abundant one (Tab.Guconobactegenus was found to be present with
three species, i.€5. kondonij G. oxydansandG. kanchanaburiensisThe single isolate ob.
kondoniiwas collected from an adult fly fed on fruits, ¥eh. kanchanaburiensispecies were
isolated from specimens reared on artificial diet.
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Table 3: Identification of cultivable microorganisms assded toD. suzukii

No. of

Isolates isolates ITS Larval fly  Pupal fly AP fly AF fly
Micrococcussp. 5 34,35,38 O 0 0 5
Microbacterium foliorum 2 39 0 0 0 2
Corynebacteriunsp. 1 76 0 0 0 1
Sphingobacterium multivorum 1 74 0 0 1 0
Streptococcus salivarius 1 48 0 0 1 0
Staphylococcusp. 13 37 0 0 1 12
Paenibacillussp. 2 62 0 0 0 2
Lactococcus lactis 1 60 0 0 0 1
Lactobacillus plantarum 1 68 0 1 0 0
Lactobacillus brevis 2 69 0 1 1 0
Acetobacter tropicalis 1 46 0 0 0 1
éﬁ(i;%%iiii;malorum/cerevisiae 5 47,58 0 1 0 4
Acetobacter peroxydans 1 66 0 0 0 1
Acetobacter indonesiensis 10 gg 50, 55, 0 1 1 8
Acetobacter persicus 20 51 2 2 6 10
Acetobacter orientalis 1 54 0 0 0 1
Acetobacter cibinongensis 2 53 0 0 0 2
8, 15, 16,
18, 23, 24,
Gluconacetobactesp. 26 32 33 40, 0 0 0 26
44
1, 2, 6, 10,
Gluconacetobacter hansenii 66 11, 12, 42, 0 0 0 66
43
Gluconacetobacter liquefaciens 4 67 1 3 0 0
Gluconacetobacter europaeus 3 22 0 0 0 3
Gluconacetobacter saccharivoransl4 4,19, 41 0 0 0 14
. . 14, 16, 17,
Gluconacetobacter intermedius 8 20 21, 25 0 0 0 8
Gluconacetobacter nataicola 2 7,31 0 0 0 2
Gluconobacter kondonii 1 52 0 0 0 1
5 9, 26,
Gluconobacter oxydans 12 27, 28, 29, 0 0 0 12
45
Gluconobacter kanchanaburiensis 5 65 3 1 1 0
Rhodobactesp. 1 78 0 0 0 1
Pseudomonas geniculata 4 76 0 0 1 3
Serratia sp. 12 80 4 7 0 1
Enterobactersp. 7 57,71 1 0 3 3
Total 234 11 17 16 190

AP: Adults fed with artificial diet; AF: Adults fedith fruit diet



Twelve isolates, collected from the fruit-fed adulshowed high sequence similarity with
oxydansas closest described species, with isolates belgrig different ITS profiles (Tab. 3).
One hundred and twenty-three isolates were seqdermed assigned to the genus
Gluconacetobacterin particular, 66Gluconacetobacter hanser(#l coming from females and
25 from fruit-fed males), 1&a. saccharivoransand 8Ga. intermediudsolateswere isolated
from fruit—fed Drosophila.The 8 isolates ofa. intermediuglerived from the same male, DSM1,
but from different media, specifically the enrichmenedium | and the basal medium. Three
pupae and one larva revealed to hafBar liquefacienswhen smashed and plated on enrichment
medium I. Twenty-sixGluconacetobactesp. could not be discriminated with the performed
analysis, due to the phylogenetic proximity of tpecies analyzed.

During the isolation procedure, few isolates beinggo the phylum Firmicutes were obtained,
i.e. Lactobacillus plantarum, Lactobacillus breyid actococcus sp., Paenibacillus sp.,
Streptococcus salivariysand Staphylococcussp. Several isolates ofSphingobacterium
multivorum Corynebacteriumsp., Micrococcus sp. andMicrobacterium foliorumwere also
found, as well as some representatives of Protestiacphylum, i.e. Rhodobactersp.,
Pseudomonas geniculatanterobactersp., andserratiasp.

Colonization of D. suzukii with G. oxydans DSF1C.9A(Gfp), A. tropicalis BYea.1.23(Gfp) and

A. indonesiensis BTal.1.44(Gfp).

IsolatesG. oxydansDSF1C.9A,A. tropicalis BYea.1.23 andA. indonesiensi8Tal.1.44 were
selected for inserting a plasmid carrying the Gigsette in order to label the bacteria with a
fluorescent protein. Plasmid stability into theethdifferent AAB strains was evaluated and data
showed thatG. oxydandDSF1C.9A showed that it was able to retain themld with an high
percentage (73.125%, data not shown), while plasmmiserted irA. tropicalisBYea.1.23 andh.
indonesiensiBTal.1.44 were not stably inherited (data not stjowolonization trials of adult
flies were thus performed. Because of the quitadrapss of the plasmid, the colonization
experiments were performed under antibiotic sedadtly administering 100g mI* kanamycin in
the insect food. After the administration of thep@dbelled strainsDrosophilaspecimens were
dissected and the gut analyzed by CLSM. Gfp-latiddleains were able to massively recolonize
the fly foregut and midgut (Fig. 5-6). In the caske Gfp-labelled Gluconobacter the crop,
proventriculus and first part of midgut were susfely colonized by the labelled bacteria (see
the magnification views of the crop and the proxieantus in Fig. 5b and 5c). It is noteworthy that
the Gfp-labelled cells are clearly restricted te #pithelium side of the proventriculus, embedded
in a matrix, probably of polysaccharidic natureseloio the peritrophic membrane (Fig. 5c).
Likely, the first tract of the intestine, also tbentral part represented by midgut showed massive
colonization pattern (Fig. 5d-e). Since small hasniare visible by interferential contrast
(indicated by black arrowheads in Fig. 5e) andesitieey result Gfp-positive with CLSM, the
gelatinous matrix forming the hernias appearsdikgel in which the bacterial cells are completely
sunk. Black filaments around the organ are the Mghlpn tubules, more evident in the confocal
laser scanning microscopy picture (Fig. 5d). Aleothe case of. tropicalis BYea.1.23, the
colonization of the foregut and midgut was sucaglsiperformed (Fig. 6A). The labelled
bacteria are present in the whole tract and edpetli@y are located close to the gut walls and in
the peritrophic membrane (Fig. 6B-E). Images reldateA. indonesiensi®Tal.1.44(Gfp) were
similar and thus not included here.
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Figure5: Colonization ofD. suzukiiforegut and midgut b. oxidandSF1C.9A documented by confocal
laser scanning microscopy. (a-c) Intestine porinmtuding the crop, the proventriculus and thetfirsdgut
part. (b, ¢) Magnified views of the crop (b) ané firoventriculus (c) showed in a. Masses of flugas
cells are observed in the crop (arrows); when theked strain reaches the proventriculus it colaibe
gut part close to peritrophic membrane. (d-e) fetential contrast (d) and confocal laser scanrigg
pictures of the midgut db. suzukiimassively colonized by th®. oxidansstrain labelled with Gfp. Small
hernias (arrowhead) are shown. In some cases,|dhedf the gelatinous matrix entering the hernia is
composed by fluorescent cells. Bars =560,

42



Figure 6: Confocal laser scanning micrographs showing thenixation ofD. suzukiiforegut and midgut
by A. tropicalis BYea.1.23 (A) Reconstructed image of an intestb&ained by overlapping successive
sections. The gut portion includes crop, proveatus, midgut, and Malpighian tubules. Fluorescant
tropicalis BYea.1.23 cells are visible in the whole tract #ymbiont is especially located close to the gut
walls and in the peritrophic membrane. Bar =80. (B, C) Magnification of the framed crop partAn
pictured by CLSM (B) and interferential contras).(Mlasses of fluorescent bacteria are evidentérctop.
Bar = 50um. (D-E) Interferential contrast (D) and confoaér scanning (E) magnifications of the framed
crop part in B, showing Gfp-marked tropicalisadhering to the crop wall. Bar = 2.
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DI SCUSSION

The highly invasive vinegar fliprosophila suzukiis a poliphagous species endemic to the South
East Asia and now it is emerging as a dangerous$ ipesnany Mediterranean and North
America’s countries. The study of its biology, empt and distribution is in progress, but to
develop future management solutions many gaps gdhoal filled. One of these is the
characterization of insect microbiome, with par@cuattention to the analysis of the acetic acid
bacteria, important symbionts living in associatiith this pest. Indeed, in other insect models,
these alphaproteobactefimve been described to play important biologicésdShinet al,
2011, Chouaieat al, 2012, Mitrakaet al, 2013). In this work, culture-independent techesju
DGGE-PCR and 16S rRNA pyrotag in particular, gamsights of the overall bacterial
community composition oD. suzukiiand, notably, provided robust evidence of the lstab
association of AAB, underlining their constant gmese in the samples under investigation.
Results showed the presence of AAB belonging to Abetobacter Gluconacetobacteand
Gluconobactegenera (Fig. 1, Fig. 2).

AAB are a diverse class of organisms, widespreadatnre, as a large number of AAB strains
have been isolated from a variety of sources (i€esst al, 2006). AAB are recognized by their
unique ability to oxidize ethanol to acetic acid nautral and acidic (pH 445) media and to
produce polysaccharides that are exploited at indlisevel (Kommaneest al, 2008). Besides
Drosophilaflies and mosquitoes, AAB have been reported Boasation with bees, olive fruit
flies, parasitic wasps and mealybugs (Ashkeolal, 1990, Martinsoret al, 2011, Kounatidigt

al., 2009). For exampleéicetobacteitropicalis, whose presence was also recordeB.irsuzukii

by the present study, was previously describedssoaation with the olive fruit fiBactrocera
olae, with which it establishes a strict associatiorMatidiset al., 2009) The appearance and
behaviour of this bacterium were similar to the ©sBowed by the Gfp-labelled strains used in
the actual workit was indeed observed in contact with the guthetiim of the insect, entrapped
in the polisaccharidic matrix. This peculiar loealion in the insect body was also documented in
Asaia(Faviaet al,2007) and it may suggest the importance of the A#Bhe insect metabolism
and gut functions’ maintenance.

16S rRNA barcoding allowed to discriminate threestérs among the samples (Fig. 2a); the first
principal component (which explains 30.87% of tlagiance) segregates the microbiota of two
groups ofD. suzukij the adults reared on the fruit and the ones enattificial diet from the
larvae and pupa reared on the artificial diet, sv/lile second component allows to discriminate
the adults reared on the artificial diet from thatffed ones (Fig 2a).

In both results of cultivation-independent techeisju DGGE-PCR and pyrotadVolbachia
presence was massively recorded in insects reamedruit. Wolbachiais an intracellular
reproductive manipulator already described for s#vensect models, including different
Drosophilaspecies (Ravikumaat al 2011, Verspooet al, 2011, Leeet al 2012, Sioziost al.
2013). Its finding only in samples reared on fiaid not in samples reared on the artificial diet
could be explained by the presence of inhibitorgnpounds againstVolbachiain the artificial
diet (Fig. 1, Fig. 2).

However, even if little is known abou@rosophila suzukiimicrobiota (Chandleet al, 2014),
numerous studies have now been conducted in codessess the microbial community residing
in Drosophila melanogastefBrummelet al, 2004, Chandleet al., 2011, Corby-Harriset al,
2007, Cox and Gilmore, 2007, Renhal., 2007, Ridleyet al.,2012, Ryuet al.,2008 , Sharomt

al., 2010, Storelliet al., 2011, Wonget al., 2011), both in the gut and in the whole bodyeSéh
studies underline the simple bacterial communitieassociation witlbrosophila,predominantly
made up of Firmicutes phylum, represented by thenilies Lactobacillaceae and
Enterococcaceae, and alpha and gamma classes dkeolfacteria, represented by
Acetobacteraceae and Enterobacteriaceae familisa@d Gilmore (2007), who performed the
analysis of the bacterial community of wild anddeddory-reared. melanogastespecimens,
revealing the predominant presenceAafetobactergenus, and consequent identification/of
aceti A. cerevisiagA. pasteurianusA. pomorumGluconobactemandGluconacetobactespecies.

A recent work showed that the differences in theeidiity and dominance of bacterial species
associated to severBirosophila species showed a relationship with food sourcen@\&i al,
2011). Moreover, Chandler and coworkers (2011) wmMesk that all individuals of different
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Drosophilaspecies reared on different food sources obtaingithilar microbiome when moved
to the same medium. Furthermore, Watgl. focused on the microbial composition at different
life cycle stages (Wong @l., 2011). Chandler and colleagues (2014) charaetthe microbiota
of D. suzukii of adult and larvd. suzukiicollected from cherries, showing a high prevaleoice
the gamma-proteobacteriuiatumella Gluconobacterand Acetobacterwere found at lower
frequency thanTatumella In our case, high prevalence of Rhodospirillalesds was reported
with an average of 24.8%, abundance percentaggmgairom 0.02% to 85.42% (Fig 2). No
Tatumellasequences were detected among gamma-proteobacteria

AAB have been shown to be involved in the relatiopetween the gut microbiota and host
health, underlining the importance of the correctrabial balance for the host well-being
(Silverman and Paquette, 2008). The normal flordhim fly gut is sufficient to suppress the
growth of pathogenic bacteria, and to regulate lmostune response (Rt al,2008), but also to
promote the insulin pathway (Shihad., 2011). Consequently, to gain knowledge of theitieta
localization of this key group, FISH was performeith AAB-specific probe (Fig.4).The
localization of the AAB probe in the wall side dfet midgut portion near to the proventriculus
showed their distribution, not in the lumen, buthe peripheral side of the organ suggested a role
of protective layer between the lumen and the sargpithelium, able to prevent the passage of
bacteria. This was already proposed by Kounatidid eolleagues (2009), when observing a
similar behaviour irBactrocera oleagyut, colonized byA. tropicalis Several studies reported
that another AAB Asaia, is able to colonize the gut and the reproductivgans of different
insects, such as the leafhopg@aphoideus titanysnd the mosquitoesnopheles stephengin.
gambiaeandAedes aegyptiFaviaet al, 2007, Crottiet d., 2009, Damiangt al, 2010, Gonella
et al., 2012); together with the hypothesis above reportieid supports the evidence that the
insect digestive system is a favourable habitatf&B, in which they establish a strict connection
with the epithelial cells (Crotgt al, 2010)

Recolonization data strongly supported FISH analysseveral isolates belonging to
GluconacetobacteiGluconobactelmndAcetobactegenera were targeted with a plasmid carrying
the Gfp (Fig.5-6). Several efforts were also made dachieve the transformation of
Gluconacetobacteisolates, but no successful results were obtaiRecther experiments will be
planned to improve the transformation protocolai®8G. oxydanDSF1C.9A(Gfp)A. tropicalis
BYea.1.23(Gfp) and\. indonesiensiB8Tal.1.44(Gfp) were obtained and their dispensahe fly
body was followed by fluorescent microscopy onetenized specimens.

The actual control oD. suzukiiare based on insecticides that however are ngt efective
(Walsh et al., 2011) and the promising control strategies based irderferences with
communication still need more research (Erikssbal., 2012). Thus a forward-looking concept
like the symbiotic control approach, under invedtion in the last years (Bextiret al., 2004),
should be taken into account. In the light of thevedlopment of future control strategies
exploiting the remarkable importance of the Acetwbeceae family foD. suzukij further
experiments have to be performed to assess thatithdition pattern in the host compartments,
their role and involvement in the host homeostasd possible exploitations of their properties
for the host control.
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Chapter 111

Evaluation of Volatile Compounds Released by Acetiécid Bacteria, Symbionts of
the Spotted Wing Fly,Drosophila suzukii, and their Attractive Effects on the Host

Abstract

The exotic pest sophila suzukiMatsumura (Diptera: Drosophilidae) establishesijlarly to

the other fruit flies ofDrosophila genus, an association with acetic acid bacteriaBRAn
particular with those belonging @luconobacter Gluconacetobacteand Acetobactergenera.
Considering both the importance of these bacterthe production of chemical compounds and,
on the other hand, the attraction of fruit flies ¥inegar and acetic acid-based baits, the capacity
of some symbiotic AAB strains, already isolatednirthis insectto release attractive volatile
compounds for spotted wing fly was performed irs thork. GC-MS (Gas chromatography—mass
spectrometry) analyses, coupled to two-choice tifaeter assays, were used to identify the
volatile molecules released by some selected AAB tnestimate their ability to attra@.
suzukiifemales. The emission of compounds was evaluateddcteria after 24 h and 48 h of
growth, in comparison to a control. The compounugted by the tested strains belonged to the
class of alcohols, ketones, carboxylic acids andeéhatdes. 2-propanone was released by all the
tested strains. The other compounds showed a charrgéease at 48 hours of bacterial growth.
Correspondence analysis clustered the tested lzaatethree groups, according to the volatile
emitted: the first group, represented by @loconobactestrains, was linked to the production of
2-propanol, benzaldehyde and acetic acid; group2nelated to the production of acetic acid and
2-propanone, and group three was close to butyiid derivates. Among the tested isolates,,
higher attractiveness for flies was obtained wi@luconobacter oxydansDSF1C.9A,
Gluconobacter kanchanaburiensis L2.1.A.16 and Gluconacetobacter saccharivorans
DSM1A.65A strains. As baits fdp. suzukiiflies are composed by vinegar and baker’s yehst, t
analyses of the best attractive molecules reledgedpecific AAB symbionts might provide
innovative tools foD. suzukiibiocontrol and for the construction of traps sfieaily targeted to
this pest.

INTRODUCTION

In recent years, several studies were conductetdxamnomy, molecular biology and physiology
of acetic acid bacteria (AAB) mainly due to themportant roles in commercial food and
chemical compound production (Raspor and Gorano2008). AAB are Gram-negative,
ellipsoidal to rod-shaped bacteria belonging tofémily of Acetobacteraceae within the subclass
of a-Proteobacteria. Currently, the sequence analysisen16S rRNA gene allowed to classify
AAB in 14 genera (Torijat al, 2010, Yamadat al, 2012). However, the most common genera
widespread and commercially used akeetobacter Gluconobacterand Gluconacetobacter
(Raspor and Goranayi 2008, Minenosuket al, 2011). AAB are mesophilic obligate aerobes
that oxidize sugars, sugar alcohols and ethanatatic acid through two sequential reactions of
membrane-bound alcohol dehydrogenase (ADH) andhpitiedehydrogenase (ALDH) (Saeki
al., 1997). Their oxidative capacity is largely expdoi. Besides the vinegar manufacturing, AAB
play an important role in the development of dekitavours in cocoa production (Adlet al,
2014). Moreover, bacterial cellulose produced bmedcetobacterspecies, showed excellent
physical properties and could be used for manyiegtpn (Fontanat al, 1990, Vandammet

al., 1998).

Finally, AAB are used for several biotechnologigabcesses such as vitamin C or shikimate
production, an intermediate for the synthesis ohynantibiotics, herbicides and aromatic amino
acids (Adachkt al, 2003, Pruset al, 2005). AAB are widespread in the environment dray
are easily isolated from various plants, flowersjt§ and garden soil (Raspor and Goradovi
2008, Crottiet al, 2011). Strains oAcetobacterand Gluconobacterare commonly known as
spoiler agents on wine and beer and some bactused plant diseases (Rohrbach and Pfeiffer,
1975, van Keeet al, 1981, du Toit and Pretorius, 2000, Bartowskal, 2003).
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Great attention has recently been addressed to @#8A8/mbionts in insects. Symbiotic strains are
associated with insects that feed on sugar-bassd, dn particular those belonging to Diptera,
Hymenoptera and Hemiptera orders (Crettal, 2010). Members of Acetobacteraceae have been
isolated at first fromApis melliferaL. (Hymenoptera: Apidae). In fact, sevef@luconobacter
spp., that prefer sugar-enriched environments, vealated from honeybees since the beginning
of the twentieth century (White, 1921, Lambefrial, 1981). Moreover, strains @luconobacter
including the novel acetic acid bacteri@nsaccharj were isolated and successfully described by
Frankeet al. (1999, 2000) in the pink sugarcane mealylagcharicoccusacchariCockerell
(Hemiptera: Pseudococcidae) and in other mealyliklgsPlanococcussp. andDysmicoccus
brevipesCockerell (Hemiptera: Pseudococcidae) (Ashbolt Brietrman, 1990). The order of
Diptera hosts a rich AAB microbiom@saiaspp. are the most important AAB symbionts of the
pathogen-transmitting mosquitoes of the getwmisphelegFaviaet al, 2007, Crottet al, 2009).

In the olive fruit fly Bactrocera oleaeRossi (Diptera: Tephritidae)icetobactersymbionts
dominate as well. In particular, a stable assamiabietweenA. tropicalis and the insect was
observed (Kounatidiet al, 2009). Different AAB genera were detected in geausDrosophila
AcetobacterandGluconobacterepresent the most important gener®msophila melanogaster
Meigen andDrosophila simulansSturtevant, and some strains were recently detexds® inD.
suzukii (Chandleret al, 2011, Staubaclet al, 2013, Chandlert al, 2014). In someD.
melanogastepopulations, the presence of other AAB generayoftsotic bacteria, such as some
species ofsluconacetobacteandCommensalibactehave been characterized (Rethal, 2008).
AAB establish associations with the insect midguttich is favourable to their growth due to the
availability of a carbohydrate-rich diet, oxygemdaacidic pH. Host enzymes joined with the
metabolic activities of the microbial communitiesrimit the degradation of the nutrients in the
digestive system supplying important advantagekdchost, such as the capability to specialize
on nutrient-deficient food or unbalanced diets. (insects that feed of plant sap or vertebrate
blood) (Crotti et. al., 2010, Crottiet. al., 2011). Besides the nutritional aspects, AAB play
important roles in other aspects of insect biolagy,in some hosts they are implicated in the
immune homeostasis maintenance, or increase lifieapd fithess (Ryet al, 2008, Shiret al,
2011). Furthermore, AAB could be involved in marthey effects such as the defence against
other harmful microorganisms, or the interactiorthweell-to-cell communication through the
production of volatile compounds (Crogf al, 2010). Concerning the great importance of AAB
as symbionts, insects evolved different strateggedransmit bacteria both horizontally and
vertically. In AnophelesstephensiListon mosquitoes, the symbioAssaia acquired by females
during the mating is successively transmitted o glogeny (Damianét al, 2008), moreover in
Scaphoideus titanuBall leafhopperd\saiais vertically transmitted by egg smearing (Crettal,
2009), and horizontally transferred by oral andus¢ways (Gonellat al, 2012).

The knowledge of the microbial community associatgtl harmful pests is necessary in order to
develop potential control strategies. The symbiotiotrol approach utilizes naturally occurring or
genetically modified bacterial symbionts that omodonized the host are capable to express an
antagonistic activities aimed to inhibit insecttdored disease agents or to interfere with the
survival of pest insects (Beaed al, 2001, Crottiet al, 2011). The different and important roles
played by AAB make them interesting agents for tgpiag symbiotic control protocols.

Besides this approach, symbiotic bacteria could ks employed for other innovative control
strategies. Different studies showed that volatibenpounds produced by microorganisms are
strongly attractive to insects, as reporteddeeudomona putidi the olive flyB. oleae,or for a
number of bacteria to the Mexican fruit #y\nastrepha ludenkoew (Jang and Nishijima, 1990;
Robackeret al, 1998, Lisciaet al, 2013). AAB could have interesting roles on insattaction.

In fact, the volatile compounds produced by musiilimicroorganisms on plants might be an
important way for host-plant interaction (Fragbal, 2012). Beside acetic acid, different other
compounds are produced as secondary metabolitespdRand Gorano¥j 2008) but their
attractiveness to the host have still to be evatliat

Despite the relevance of AAB as insect symbiontfuiling in Drosophilaspp. (Chandleet al,
2011), their attractiveness has never been inagstlg The focus of this study is to detect the
volatile compounds produced by different AAB symii®isolated fronD. suzukii(Vacchiniet
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al., in preparation), by means of GC-MS (gas chromaiolgy—mass spectromekinalyses, and
to evaluate their attractiveness for female fligsibing two-choice olfactometer assays.

MATERIALS AND METHODS

I nsect material and bacterial strains

All the experiments were conducted using flies emdrfrom blueberries, raspberries and
blackberries in orchards of Cuneo and Torino proes) Piedmont (North-West Italy) in summer
2013 and 2014. Emerged insects were reared os faiitawberries, blueberries, grapes and kiwi
fruits) in plastic cages (24 x 16 x 12 cm) at tH8AFA in growth chamber at 25 + 1°C, 65 + 5%
RH and 16L:8D photoperiod

Bacteria were previously isolated frobh suzukiispecimens (Vacchingt al., in preparation)
Briefly, they were isolated from the whole bodytbfee males, one female and one larva reared
on fruits. After surface sterilization, insects wdromogenated in 0.9% NaCl and inoculated in
MAN enrichment solid medium (mannitol 2.5%, bactofome 3%, yeast extract 5%, agar 1.5%)
and in liquid enrichment media: TA1 (enrichment imed I, Yamadaet al 1999), TA4 (basal
medium, Kaderet al. 2008), and Acid YE (yeast extract 2%, ethanol a#gtic acid 1%, pH 6).
After isolation they were purified on MA solid medn (reference) and identified (Vacchini et al.,
in preparation). Pure isolates were then conseae80 °C.

Volatile profile analysis

Three strains within each genus of AAB isolatésetobacter tropicalisbYea.1.23 (shortly
named 23)A. persicuBTal.3.45 (shortly named 4%, cibinongensi8Man.1.4 (shortly named
44), Gluconobacter kondoniBMan.3.1C (shortly named 1C§. oxydansDS1FC.9A (shortly
named 9A),G. kanchanaburiensi&2.1.A.16 (shortly named 16);luconacetobacter hansenii
DS2MC.114 (shortly named 1143, saccharivoran®S1MA.65A (shortly named 65A), ar@.
europaeusDS1MC.70A (shortly named 70A), were used for thalgation of volatile profiles.
After growing at 30°C in liquid MA medium, cells wee adjusted to FOcells/ml and then
incubated on Petri dishes containing solid MA aC3far 24 or 48 hours.

Volatile profiles of all the bacterial strains wea@alysed with GC-MS at the Department of
Sustainable Organic Chemistry and Technology (Sy8Ri of Ghent University, Belgium. A
solid phase microextraction (SPME) to examine viestvas used. A glass vial (20 mL), capped
with a Teflon-lined septum, containing 4 g of sdiid + bacteria and 4 g of NaCl was used for
SPME sampling. Volatile compounds of sterile sdlidh was also analysed as control. The
samples were stirred for two min at 50°C to acedderequilibrium of headspace volatile
compounds between the solid matrix and the headsp&en, volatile compounds extraction was
carried out by injecting a Carboxen-polydimethyigsdne (CAR/PDMS) fiber (black fiber, film
thickness 75um, needle size 23 Ga, Supelco, Bellefonte, PA, Ug@&Yyious conditioned in the
GC injector (250°C) for 30 minutes at 50°C. Aftextraction, samples were desorbed into the
injection port of the GC. The analyses of volattempounds were performed with a HP 6890
Series GC System equipped with a capillary coluBRR5-MS, 30 m x 0.250 mm, film thickness
0.25 um). The carrier gas was helium with a constiow of 1.2 ml/min. The GC oven
temperature was programmed for 29.33 minutes af tohning. Since an initial temperature of
35°C, the temperature was increased with a conssmtof 5°C/min to 100°C, 15°C/min until
300°C and held for one minute at that temperatitdP 5973 Mass Selective Detector (Hewlett-
Packard, Wilmington, NC, USA) connected with GC wagrated in electron impact mode with
electron impact energy of 70 eV. GC-MS data werecgssed with the MDS-Chemstation
software (Agilent Technologies). Volatile compoundsre initially identified by comparison of
chromatographic retention times and mass spectith thie WILEY6N.L, VITALIB.L and
NIST98.I databases. Afterwards, the compounds weetified by comparison with authentic
standards in concentration oful/mL added in glass vials (20 mL), capped with dldrelined
septum, containing 10 mL distilled water and aredysvith GC-MS at the same condition.
Alkanes (C5 to C18) were also run with 4 g of sdd + 4 g of NaCl to calculate retention
indices (RI) for the volatile compounds.
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Chemicals

Employed chemicals were: ethanol (CAS No. 64-47&6gtic acid (CAS No. 64-19-7), acetic
acid ethyl ester (CAS No. 141-78-6), 2-propanol 8NXo. 67-63-0), 2-propanone (CAS No. 67-
64-1), 2-methylpropanoic acid (CAS No. 79-31-2)n2thylbutanoic acid (CAS No. 116-53-0),
3-methylbutanoic acid (CAS No. 503-74-2), pentarmiad (CAS No. 109-52-4), benzaldehyde
(CAS No. 100-52-7) and acetaldehyde (CAS No. 7®PMoreover the alkanes: pentane (CAS
No. 109-66-0), hexane (CAS No. 110-54-3), hept&@%S No. 142-82-5), octane (CAS No. 111-
65-9), nonane (111-84-2), decane (CAS No. 124-]18upidecane (CAS No. 1120-21-4),
dodecane (CAS No. 112-40-3), tridecane (CAS No-829), tetradecane (CAS No. 629-59-4),
pentadecane (CAS No. 629-62-9), hexadecane (CASMNB76-3), heptadecane (CAS No. 629-
78-7) and octadecane (CAS No. 593-45-3) were uBkd.putity of all compounds was above
98%.

Two-choice bioassays

Five AAB strains A. persicusab, A, cibinongensigl, G. oxydanA, G. kanchanaburiensit6
andG. saccharivoran®5A) were tested against the control (sterile MAth a two-choice assay
to evaluateD. suzukiipreferences based on the analysis of the volptdéles. A total of 18
bacterial cells / mL were obtained as explainedvabbefore being plated in plastic flasks
containing 20 mL of solid MA and grown at 30°C ft or 48 hours. The olfactometer used was
similar to that described by Faucletral. (2013). Insects were released in a plastic boxx(28 x

12 cm), covered with a fine mesh net on the topl, &ith a layer of wet cotton on the base to
supply humidity. On the bottom of the box, thereravenvo apposite holes (31 mm diameter)
closed by silicon plugs. Two glass funnels (46 miarrgbter) were fitted in these plugs and
inserted each in a 250 mL glass flask placed béh@abox. A pump (Air 275R, Sera, Heinsberg,
Germany) was used to supply the air necessarhéotrials. Pumped air was humidified and split
in two 5 mm diameter silicon tubes, each enteresd iin a plastic flask (125 mL) containing the
strain or the control to test. The exit air enrthvath the volatile compounds was led by another
silicon tube (same diameter) into the glass flaskugh a hole created in the plug close to the
funnel. The glass flasks acted as traps, andiggedhce entered could not escape.

The strains were tested against the control (stéidle MA). Olfactometer assays were conducted
in a climatic chamber (25 = 1°C, 65 + 5% RH andi®)l At the beginning of the experiments,
illuminance was measured with a lux meter (PCE-PRE Group, Lucca, Italy), while the air
flow rate of 0.25 L mift was checked at the downwind end with a digitahsometer (TA-410,
PCE Group, Lucca, Italy). For each trial, 70 froo2Z day oldD. suzukiifemales were separated
and starved on 1.5% agar for 24 hours inside diplage. Then the females were introduced in
the centre of the box through a small hole createde middle of the net and closed with a plug.
After 24 hours, the females in the box and in the tlasks were counted. Six replications at 24
and 48 hours for each strain compared with therobmiere assessed. All the flasks, funnels,
plugs and tubes were cleaned with neutral soapdastiled water, and sterilized in autoclave.
The box and the net were cleaned with neutral sdiaplled water and ethanol (70%). Responses
of D. suzukiifemales were estimated by calculating an olfactodgex (Ol), defined by Alcorta
and Rubio (1988) and Newby and Etges (1998) as @.flies in trap 1/(no. flies in trap 1 + no.
flies in trap 2).

Statistical analyses

For the evaluation of volatile compounds, 9 repimss were performed for each strain and for
the control (3 preliminary replications without eiaering the bacterial growth time, 3
replications after a 24 hours growth and 3 replicest after 48 hours). The frequencies of
compounds found for each strain in 9 replicatioeseranalysed with correspondence analysis (R
i386 3.0.3.Ink software).

For the olfactometer assays, the Ol values obtdirmed the six replications at 24 and 48 hours
between the five AAB strain and the control westdd with Student’s t single sample test (0.5 as
mean). Ol values between records obtained aftesir2448 hours of bacterial growth for each
strain were also analysed with Student’s t indepahdamples test. Mean of no choice flies for
each strain grown for 24 and 48 hours were analysitd one-way ANOVA followed by
TukeyHSD test as post hoc. The statistical analggedfactometer results were performed using
SPSS version 20 (Chicago, lllinois, USA).
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RESULTS

Bacteria materials

AAB bacteria found as symbionts . suzukiibelonged to three main generacetobacter
GluconobacterandGluconacetobacterThese bacteria were isolated on solid media,ifspéor
AAB growth.

Chemical analysis

The volatile compounds found in each strains arttiéncontrol belonged to the class of alcohals,
ketones, carboxylic acids and aldehydes. The timste replications allowed to identify the 11
main substances produced by strains. Unexpectedigtic acid was not the main abundant
compound produced by bacteria and sometimes itatrecorded. On the contrary, 2-propanone
was always registered in all bacteria strains asdpresence was always asserted in all
replications carried out. Moreover, the first pmehary analysis showed relevant peaks of
carboxylic acids (as propanoic acid 2-methyl, bataracid 2-methyl, butanoic acid 3-methyl)
especially in the thre&luconacetobactestrains. In the three AAB-free control replicason
ethanol and 2-propanol were always found, wherea®orie replication benzaldehyde was
recorded.

To elucidate the possible change of volatiles pceduby bacteria overtime, three more
replications were performed after 24 hours androtheee ones after 48 hours. In the first 24
hours all the strains produced 2-propanone andcaaeid with the exception of strain 45, where
the acetic acid was never found in the three reppins performed. Ethanol was recorded in only
four strains: 9A and 16 in th8luconobactelgenus, and 65A and 70Aithin Gluconacetobacter,
while the butyric acid derivatives (propanoic a2ithethyl, butanoic acid 2-methyl, butanoic acid
3-methyl) were not produced in the first hours gtder strains 45, 114, and 65A. However, in
this last strain, only the propanoic acid, 2-metivgls recorded in all replications at 24 hours.
Finally, in strains 9A and 16, both related to denusGluconobacter a fair production of
benzaldehyde was observed.

After 48 hours, 2-propanone was the sole compoontircuously released by all the bacteria. In
fact, acetic acid, which was present in almosttal strains after a 24 hours growth, was only
detected in strains 9A and 16. Moreover, even dfehours, benzaldehyde was always found in
these bacteria. The presence of butyric acid d&rasconsiderably increased after 48 hours for
many bacteria. As a matter of fact, these acidewdegntified forstrains 45 and 1Gnd in the
Gluconacetobacteisolates. In strains 45 and 4, only butanoic a8ithethyl was detected after
48 hours, while for strains 9A and 16 these sulogmmwere never emitted. Finally, the analysis of
compounds conducted on 24 and 48 hours old sterddia for control confirmed a constant
production of ethanol, 2-propanol and benzaldel{yable 1).

A correspondence analysis (CA) of the results wadopmed, in order to visualize grouping
tendencies, which could distinguish volatile canstints of the 9 strains of bacteria. The first two
principal components explained about 80% of thal tedriance, indicating that a reduced number
of volatile compounds could explain the overallretateristics of samples. CA showed three main
groups that include strains with common charadteris first group was represented by strains
9A and 16, characterized by the production of saursts as 2-propanol, benzaldehyde and acetic
acid, ethyl ester. The second group included stra®y 4 and 1C, related to the production of
acetic acid and 2-propanon&luconacetobacterstrains (114, 65A and 70A) and strain 45
completed the third group being especially linkdthwhe production of butyric acid derivatives.
Finally, the control, clearly separated from theeéhgroups, was characterized by the production
of ethanol and benzaldehyde (Figure 1).

Two-choice bioassays

According to the spatial distribution of the stmaialong the two component extracted with the
CA, together with the results obtained with GC-M%&lgsis, five bacteria were chosen for the
olfactometer bioassays. In the first group str&Asand 16 two similar bacteria which always
produced acetic acid, a substance knowrDfosuzukiiattractiveness, were tested. Strain 4 was
selected to represent the second group. From ih@& dghoup strain 65A was examined as a
representative of th&luconacetobactegenus, whereas strain ,4&hich had a profile more
similar toGluconacetobactethan to the other twAcetobactestrains, was tested as well.
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Tablel: Volatile compounds identified with GC-MS analysi®9 AAB strains and in the control in a prelimipaxperiment, after 24 and after 48 hours of growth

Strain Compound Identified By RI° Presence
Exp. Lit. Preliminary 24 hours 48 hours
A. tropicalis23 Ethanol Database; AS - +
Acetic acid Database; AS; RI 630 625 + +
Acetic acid, ethyl ester Database; AS; RI 615 612 +
2-Propanol Database; AS; RI 501 515 +
2-Propanone Database; AS - + + +
Propanoic acid, 2-methyl Database; AS; RI 781 790 +
Butanoic acid, 3-methyl Database; AS; RI 880 875 + +
Acetaldehyde Database; AS - +
A. persicust5 Acetic acid Database; AS; RI 620 625 +
2-Propanone Database; AS - + + +
Propanoic acid, 2-methyl Database; AS; RI 792 790 + +
Butanoic acid, 3-methyl Database; AS; RI 878 875 + +
Butanoic acid, 2-methyl Database; AS; RI 875 873 + +
A. cibinogensig Ethanol Database; AS - +
Acetic acid Database; AS; RI 622 625 +
2-Propanol Database; AS; RI 500 515 +
2-Propanone Database; AS - + + +
Butanoic acid, 3-methyl Database; AS; RI 879 875 + +
G. kondoniilC Acetic acid Database; AS; RI 628 625 +
Acetic acid, ethyl ester Database; AS; RI 616 612 +
2-Propanone Database; AS - + + +
Propanoic acid, 2-methyl Database; AS; RI 802 790 +
Butanoic acid, 3-methyl Database; AS; RI 869 875 +
Butanoic acid, 2-methyl Database; AS; RI 874 873 +
G. oxydan®A Ethanol Database; AS - +
Acetic acid Database; AS; RI 644 625 + + +
2-Propanol Database; AS; RI 501 515 + + +
2-Propanone Database; AS - + + +
Benzaldahyde Database; AS; RI 988 970 + + +
G. kanchanaburiensit6 Ethanol Database; AS - + +
Acetic acid Database; AS; RI 644 625 + + +




1]

2-Propanol Database; AS; RI 501 515 + +
2-Propanone Database; AS - + + +
Benzaldahyde Database; AS; RI 990 970 + + +

Ga. hansenillC Acetic acid Database; AS; RI 629 625 +
2-Propanone Database; AS - + + +
Propanoic acid, 2-methyl Database; AS; RI 799 790 + + +
Butanoic acid, 3-methyl Database; AS; RI 882 875 + + +
Butanoic acid, 2-methyl Database; AS; RI 896 873 + + +
Pentanoic acid Database; AS; RI 908 902 +

Ga. saccharivoran§5A Ethanol Database; AS - +
Acetic acid Database; AS; RI 642 625 +
2-Propanone Database; AS - + + +
Propanoic acid, 2-methyl Database; AS; RI 790 790 + + +
Butanoic acid, 3-methyl Database; AS; RI 870 875 + +
Butanoic acid, 2-methyl Database; AS; RI 878 873 + +
Acetaldehyde Database; AS - +

Ga. europaeu30A Ethanol Database; AS - +
Acetic acid Database; AS; RI 629 625 + +
2-Propanol Database; AS; RI 501 515 + +
2-Propanone Database; AS - + + +
Propanoic acid, 2-methyl Database; AS; RI 797 790 + +
Butanoic acid, 3-methyl Database; AS; RI 884 875 + +
Butanoic acid, 2-methyl Database; AS; RI 896 873 + +
Pentanoic acid Database; AS; RI 903 902 +
Acetaldehyde Database; AS - +

Control (sterile MA) Ethanol Database; AS - + + +
2-Propanol Database; AS; RI 501 515 + + +
Benzaldahyde Database; AS; RI 1003 970 + + +

#|dentification of the compound through the databd¥¢ILEY6N.L, VITALIB.L or NIST98.1), the applicatin of Authentic Standard (AS) and the Retentioreln(RI)
® Retention index on DB5-column. Exp.: Retentionendcalculated from the experiment. Lit: Retentiodex found in literature (http://webbook.nist.gcivémistry/).
¢ +: presence of the substance in one, two or tteglecations performed in the preliminary experitsemfter 24 hours and after 48 hours.



second component (17.3%)

First component (62.1%)

Figure 1: Correspondence analysis of 11 volatile compouBds-éthanol; S2=acetic acid; S3=acetic acid,
ethyl ester; S4=2-propanol; S5=2-propanone; S6=grojc acid, 2-methyl; S7=butanoic acid, 3-methyl;
S8=butanoic acid, 2-methyl; S9=pentanoic acid; ®0zaldehyde; S1l=acetaldehyde) produced by 9
strains of AAB (Control, 23Acetobacter tropicalis45=Acetobacter persicygl=Acetobacter cibinogensis
9A=Gluconobacter oxydans 1C=Gluconobacter kondonii 16=Gluconobacter kanchanaburiensis
65A=Gluconacetobacter sacchari-vorgnsl14=Gluconacetobacter hansenii70A=Gluconacetobacter
europaeuysin 9 replications.

All the tested bacteria, both after 24 and 48 hadirgrowth, were significantly more attractive
than the control (sterile MA), with the exceptiohstrain 45 (figure 2-3). In fact, no significant
difference was found in the comparison betweendtngin and the control in the first 24 hours of
growth (single sample t test: t = 2.008, df = 5=M.101;). However, in the second trial in
replicates performed after 48 hours bacterial gnowhe control was clearly preferred by flies
than the strain 45, with a very significant diffiece (single sample t test: t = -5.659, df 53
0.002)

After 24 hours, 4(single sample t test: t=6.711, df =5, P = 0)p@A (single sample t test:
t=5.669, df =5, P =0.002), and 6%single sample t test: t = 7.464, df =5, P = 0)0§ttains
were always preferred with very significant diffieces in the comparisons with control, while an
extremely significant difference was recorded betwthe control and strain 16 (single sample t
test: t = 15.609, df =5, P < 0.001). Instead,raft hours, extremely significant differences were
always observed in all these four strains compauiéit the control (strain 4: single sample t test:
t=14.613, df =5, P <0.001; strain 9A: singlenpte t test: t = 13.463, df = 5, P < 0.001; strain
16: single sample t test: t = 8.206, df = 5, PGOQ; strain 65A: single sample t test: t = 12.074,
df =5, P <0.001).

From the comparison of the Ol values between the gnowth periods, a very significant
difference was observed in strain 45 with a seasibbduction of preference for 48 hours old
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bacteria than 24 hours old cells. A significanfatiénce reduction of preference was also detected
for strain 4 after a 48 hours growth. Nevertheless differences in the choice were recorded
between the two growing times for strains 9A, 18] 85A(Table 2).

The evaluation oD. suzukii preference between each AAB strain and the commadt also
consider the rate of no choice flies. Although suzukiiusually preferred the bacteria than the
control, high differences in choice rates were ol among strains. In tests with bacteria grown
for 24 hours, low choice rates were detecteddoatobacterstrains: 77.4+7.2% and 56.5+10.6%
of females did not choose in the comparisons betvgéain 45/s control and strain #scontrol,
respectively. A significantly higher rate of choi@out 60%) was recorded in the comparisons
of the Gluconobacterand Gluconacetobactestrains (9Avs control, 16vs control and 65Avs
control) than in the comparison of strain viécontrol (one-way ANOVA: df = 4, 25; F = 6.417,

P = 0.001). After 48 hours of bacterial growth, thenber of flies that did not choose between
strain 4 and theontrol increased (75.7+7.9%), while for the strdfiws control comparison the
percentage of no choice decreased (59.91£7.9%)némeinent of no choice rate was also recorded
between 9A and the control (51.3+5.2%). Insteael nilmber of flies that did not choose in strain
16 vs control and 65Avs control comparisons was similar even after 48 §qdb.7+6.7% and
35.24+6.1%, respectively) with significant differescamong these two comparisons, and that
between strain dndcontrol (one-way ANOVA: df = 4, 25; F = 5.486; F0-H03) (Figure 4).

Strain 45 I | Contro
P =0.101 [mean no choice: 77.4+7.2%)]
P = 0.001** [mean no choice: 56.5+10.6%]
P = 0.002** [mean no choice: 39.7+3.1%)]
Strain 1 B | cono
P < 0.001*** [mean no choice: 41.2+6.6%]
| P = 0.001** Imean no choice: 39.745.5 |
|
|
0.|000 0.500 1.0|OO

Figure 2: Responses obrosophila suzukiifemales to the volatile compounds producedsbyinsA.
persicus4b, A. cibinogensid, G. oxydan®A, G. kanchanaburiensik6 andG. saccharivoran$5A, tested
against sterile medium (control) in six replicasararried out in the two-way olfactometer afterdah®urs
bacterial growth. Below the bars the mean percenfa§E) of females that did not choose is reported.
Single sample t test (P < 0.05, df = 5), asterisll&cate significant (*), very significant (**) oextremely
significant differences (***).
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Strain 45 I | Control

P = 0.002** [mean no choice: 59.91£7.9%)]

P < 0.001*** [mean no choice: 75.7+3.1%)]

P < 0.001*** [mean no choice: 51.3+5.2%)]

P < 0.001*** [mean no choice: 45.7+6.7%)]
| P < 0.001** [mean no choice: 35.2+6.1%] |

I I I
0.000 0.500 1.000

Figure 3: Responses obrosophila suzukiifemales to the volatile compounds producedsbinsA.
persicusAb5, A. cibinogensid, G. oxydan®A, G. kanchanaburiensik6 andG. saccharivoran$5A, tested
against sterile medium (control) in the six repiimas carried out in the two-way olfactometer afed8
hours bacterial growth. Below the bars the mearcqeage (+SE) of females that did not choose is
reported, asterisks indicate significant (*), veignificant (**) or extremely significant differers (***)
(single sample t test; P < 0.05, df = 5).

Table2: Mean of olfactory index (Ol) after six replicat®both for 24 and 48 hours old bacteria., Asterisks
indicate significant (*) or very significant diffences (**) (independent samples t test P<0.05, Bl =

Strain Mean Ol (24 hours) Mean Ol (48 hours) t test P value

A. persicusib 0.635+0.067 0.302+0.028 -4.393  0.001**
A. cibinogensig 0.897+0.059 0.736+0.016 -2.633  0.025*
G. oxydan®A 0.850+0.062 0.911+0.030 0.873 0.403
G. kanchanaburiensis6 ~ 0.866+0.023 0.841+0.042 -0.514  0.619
Ga. saccharivoran65A  0.875+0.050 0.894+0.033 0.316 0.758
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Figure 4: Mean percentage of females that did not choose a& hours (black bars) and 48 hours (white
bars) bacterial growth during olfactometer bioassdetween the control and. persicus45, A.
cibinogensis4, G. oxydans9A, G. kanchanaburiensi46 andG. saccharivorans$5A. Different letters
above histogram bars indicate significant diffeendTukeyHSD post hoc test following ANOVA,
P < 0.05).

DISCUSSION

The family Acetobacteraceae was confirmed as onéhefmost important bacterial clades
associated t®. suzukii(Chandleret al., 2014, Vacchinget al.,in preparation) as well as reported
in other Drosopihlidae (Chandlet al, 2011). In particular, ilD. melanogasterwhich is the
majorly studied specieshcetobacteris the most representative genus (Staubetchl, 2013,
Wong et al, 2011, Wonget al., 2013). From the three strains Atetobacterrecorded in our
study, A. tropicalis and A. cibinogensiswere isolated and identified iD. melanogastetoo
(Corby-Harris, 2007, Reet al, 2007, Wonget al, 2011). The other strain isolated frdmn
suzukii(A. persicuy was never detected Drosophilaspp. On the contrary, strains observed by
other authors to be very abundanDinmelanogasterasA. acetj A. cerevisagA. pomorumand

A. pasteurianugCox and Gilmore, 2007, Chandlet al, 2011, Wonget al, 2011), were not
found in ourD. suzukiiline (Chandleet al.,2014). The remainder ofProteobacteria symbionts
in Drosophilaspp.is mainly represented by the genBkiconobacterhowever few strains have
been reported, and in lower frequencies thaetobacterG. cerinus G. frateurii, G. oxydansand

G. morbiferwere the most known strains previously foun®immelanogaste(Cox and Gilmore,
2007, Chandleet al, 2011, Kimet al, 2012); nevertheless among these species@nbxydans
was recorded in oUD. suzukiisamples. This strain was also isolated by Chamtlat. (2014) in

a recent study conducted on the microbial communify. suzukii The other twdsluconobacter
strains isolated from our sample&.(kanchanaburiensigand G. kondonij have never been
detected in othddrosophilaspp. The genuSluconacetobacteis less represented as symbiont in
fruit flies and in some studies it was not founchg@dleret al, 2011). OnlyGa. europaeus
detected also in our samples, has been previoesgctkd in flies, with few other strains @a.
diazotrophicus(Corby-Harris, 2007, Cox and Gilmore, 2007). lasteGa. saccharivoranand
Ga. hanseniare not reported as symbiontddrosophilaspp. in previous studies.

Different volatile molecules were commonly detectedll of AAB strains tested by HS-SPME-
GC-MS, although significant changes in the compoprafiles obtained for some strains were
found between 24 and 48 hours of bacterial groAshan example, the production of butyric acid
derivatives (propanoic acid 2-methyl, butanoic aichethyl, butanoic acid 3-methyl) especially
occurred after 48 hours of bacterial growth. OmyA. persicusand in Ga. hanseniithese
compounds were detected as soon as in the filso@rs of growth; moreover, despite these acids
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were found in almost all the strains, the highestidiencies and abundance of volatiles were
recorded inGluconacetobactestrains and irA. persicus This fact was confirmed by the strain
distribution in the two components extracted byegpondence analysis where a major similarity
on volatile production was observed betwéerpersicusand Gluconacetobactestrains than the
other twoAcetobactelisolates. These strains are close to the butgiit derivatives compounds.
On the contrary, these compounds have been detlsedrequently in the othe&kcetobacter
members. The production of short-chain fatty asidadt reported in AAB, but it is widely known
in Lactic Acid Bacteria (LAB) (Kranenburet al, 2002). Many typical food flavours derive from
compounds produced by the conversion of free amicids by deaminases, decarboxylases,
transaminases and lyases. For example, from brdratteen amino acids it is possible to obtain
isobutyrate, isovalerate, 3-methylbutanal, 2-mdthidnal, and 2-methylpropanal, which are
found in various cheese types (Kranenbatgal, 2002). The difference of attraction and the
peculiarity of A. persicusstrain is evident also from olfactometer assaitey 24 hours and 48
hours of growth. Females did not choose it in caspa to the control after 24 hours of growth,
and its attractiveness for flies lowered at 48 bBpbeing not significantly attractive. This was the
only not-attractive strain in olfactometer testdeTvolatile production was stable even after 48
hours of growth inGluconobactermembers.G. oxydans(9A) and G. kanchanaburiensi§16)
clustered in correspondence analysis, while theraBiuconobactermember (1C) was more
related to the production of acetic acid and 2-prmme, in comparison to the other molecules. It
showed a profile closer to the group @fcetobacter4 and 23.G. oxydansand G.
kanchanaburiensisre also characterized by the production of beabside, acetic acid, and
ethanol after 24h of growth, coupled with a loweraf no choice for the females flies (40-50%).
Seven strains, i.&. kondoniilC, all the analyseAcetobacteispp. andGluconacetobactespp.

did not release acetic acid after 48 hours of gnoavid this might be an intriguing information,
considering the attractive effect of this compound D. suzukii Among the tested isolates,
higher attractiveness values for flies were recore G. oxydan®A, G. kanchanaburiensi$6
andG. saccharivoran$5A strains.

The five chosen strains were also evaluated byiderisg the rate of female flies that did not
make a choice between bacteria and the contrdi, &fter 24 h and 48h of bacterial growth, in the
olfactometer assays. Wcetobacteran high percentage of no choice was recorded @mtv60
and 80% of females). On the other haBd saccharivoransvas always highly preferred in
comparison to the control in olfactometer tests] eaven the rate of no choice was quite low (35-
40%), with no differences between 24 and 48 h ofuin.

Despite many compounds exhibit attractivenes®tosuzukij finding the most suitable and
efficient alternative strategy to commercially dable traps based on vinegar, is not easy, and it
might be due to different reasons. For instancejld€r and colleagues (2014) found several
compounds (methanol, ethanol, propanol, formic ,aagtic acid, ethyl acetate, propyl acetate,
phenethyl acetate, phenethyl proprionate, phenebiogyrate) having an attractive effect in
greenhouse trials, but without a significative eéetttractive effect than apple cider vinegar baits
It was noted that factors influencing the analygese the compounds’ concentrations and their
synergistic effects; indeed, concentrations deteeghin greenhouse tests were much higher than
the average concentrations detected in wine arebgin It led in some cases to deterrent effects
and negative attraction responses of flies. Anotaetor to be accounted for is the synergistic
effect obtained when baits are composed by more @me attractant, and the lack of such a
synergistic effect might render the trap ineffeetithanol and acetic acid possess a synergistic
effect, as spotted wing fly is not attracted byaethl alone (Landokt al.,2012a). Baits currently

in useforD. suzukiiare composed by different fermented food mate(iadsmdolt et al., 2012a,
Landoltet al.,2012b), albeit not specific for this insect. A wdocused on volatiles produced by
overripe mangoes showed that compounds like ethaacktic acid, amyl acetate, 2-
phenylethanol, and phenylethyl acetate stimulatspanse from antennae Bf melanogaster
flies, and a blend of these volatiles were monaetitze than the single compounds. Despite that,
again, field trials did not provide results as ®ssful as the lab ones (Zat al, 2003). In
addition to this, in 2012 Cha and colleagues wéte & determine 13 volatile chemicals from
wine and vinegar that, beyond acetic acid and elhare detected by. suzukij being antennally
active towards them. By field trails it was higtiigd that, in detail, acetoin, ethyl lactate and
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methionine were able to enhance the fly attractigsrof a blend of acetic acid and ethanol (Cha
et al.,2012).

To conclude, the work here presented provides amvexw of the potential of AAB as living
attractors for the emerging pdt suzukij in particularG. oxydan®A, G. kanchanaburiensi6,

Ga. saccharivoran$5A isolates are able to eliddtrosophilaresponse and a low no-choice rate
in comparison to the other bacteria tested wasrdeco for these strains. Furthermore, by
characterizing the array of volatile compoundsasésl by the strains, new data contribute to the
current state of the art regarding the moleculesolied in fly attractiveness and baits
construction. Field trials might be set up to ea#duif this laboratory information could have a
potential for the application of innovative strated pest management.
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Chapter 1V

Characterization of the Yeast Community Associatedio the Spotted Wing Fly
Drosophila suzukii

Abstract

Yeasts can be involved in important mutualisticoaggions with drosophild flies, with whom
they also share the ecological niche. The spottéag vily, Drosophila suzukii(Diptera:
Drosophilidae) is an exotic emerging pest and #&sgrissue for crop losses. To enlarge the
knowledge of this pest and to develop strategie#tgacontrol, it is compulsory the investigation
of different aspects of its biology, among whick fty-associated yeasts. To focus on this issue,
the diversity of the yeast community associatedDtosuzukiiindividuals of three different
developmental stages (larvae, pupae, adults),deardwo different food diets, was assessed by
culture-dependent and independent methods. DGGE-®©Rpyrosequencing analyses on the
ITS1-5.8S-ITS2 region provided a picture of the steeommunity structure and composition,
characterized by the prevalence of Ascomycetes. s&hgeasts, belonging to the
Saccharomycetales order, in particularGandidg Geotrichumand Pichia genera, typically
colonize fermenting fruits and food sources on WHizosophila feeds. A similar distribution
was observed in the collection of 237 isolates])ysea by RFLP fingerprint of the ITS1-5.8S-
ITS2 region of the fungal rRNA operon and sequemcata showed that the most abundant
speciesj.e. Pichia occidentalisSaccharomycopsis craetegenaisd Arthroascus schoeniwere
mainly isolated from the insects reared on thdicigl diet, independently from the life stage. On
the other hand, insects reared on fruits are cteraed by a higher diversity in terms of yeast
species. In particular, it was recorded the preseoicHanseniaspora uvarumwhich was
previously described as the dominant yeast gensgcimed to differenDrosophila species,
includingD. suzukii

INTRODUCTION

The spotted wing flyDrosophila suzukiMatsumura (Diptera: Drosophilidae) is an insecitpe
introduced in the last decade in the many countr@a South —East Asia, spreading year by year
in new habitats and damaging new host plants (@ial, 2012; Rota-Stabelét al, 2013). Some
unique biological features, including the femalerated ovipositor, which enables the insect to
damage and lay eggs in healthy and still ripenity summer fruits (Walslet al., 2011, Rota-
Stabelliet al, 2013), together with the high reproduction rated short life cycle, make this pest
a severe concern for crops (Bolketaal.,2010).

In the last years, the scientific community hasnegsed the discovery of a huge and complex
variety of microbial associations with animals amith insects, in particular. Different taxa are
involved in these associations, spanning from paaos, fungi, archaea, to bacteria (Dillon and
Dillon 2004, lkeda-Ohtsubo and Brune 2009, lasuntKet al. 2014). The nature of these
relationships can be pathogenic, parasitic, mugti@al(Dale and Moran 2006). The association
between bacteria and drosophilid flies has beagelgrinvestigated (Anbutsu and Fukatsu 2003,
Moran et al 2005), especially in the insect mod¥igsophila melanogasteaind AnophelesNot
only the diversity, but also the positive role mdyby bacteria in several aspects of the host
biology, such as the nutritional complementatitre, immunity, the larval development (Doeg

al., 2006, Ryuet al., 2008, Crottiet al., 2010, Chouaieet al., 2012) were surveyed. The
characterization of the microbial community asstetiao the spotted wing fly has been recently
reported (Chandleet al., 2012, Vacchiniet al, in preparation), hypothesising the beneficial
contribute that microorganisms, in particular acettid bacteria (AAB), might provide to this
emerging pest.

Among the different groups involved in mutualiséssociations with drosophilid flies, yeasts
play a primary role. The association between yemstd®rosophilaspecies with different feeding
niches has been recently reported (Charellex., 2012). In particular, the community of yeasts
inhabitingD. suzukiiadults and larvae, feeding on cherries and ragpbehas been investigated
with microbiological methods (Hambgt al., 2012). This relationship occurs as yeasts are an
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important nutritional source for insects: they fam essential nutrients, like proteins and
vitamins, sterols and enzymes for digestion ang thetoxify toxic metabolites, introduced with
the diet. Thus, yeasts indirectly implement largedwth, body size and survival (Stamgisal.,
2012). Consequently, sites colonized by certairtisgeof yeasts, in particular those belonging to
the Saccharomycetales order, are chosen prefdhertiainsects for courting and oviposition
(Becheret al. 2012); this, in turn, can modify the yeast ecatagniche. On the other hand, yeasts
can benefit from the association with insects sinsects can be yeast vectors, allowing yeasts to
colonize new habitats. In addition to this, theatality of yeasts to attract the insects, throug t
emission of an array of volatile organic compou(d©Cs, Palancat al, 2013), might be a
strategy adopted for dispersal. Importantly, wheasy cells are ingested by the animal vector, the
dissolution of theascus(the envelope enclosing the tetrads) inside theatiows the spores to
mate with spores from other tetrads, increasingtlibreeding rates and genetic diversity (Reuter
et al, 2007). Yeasts are able to produce high alcobotentrations when fermentative processes
occur, by giving rise to a nutrient-rich environmhdor AAB and LAB, and unhospitable
conditions for the growth of bacteria less toleranethanol (Baratat al, 2011). Therefore, the
success of many destructive pests might residbéenntutualistic associations established with
microorganisms, both bacteria and yeasts.

In a perspective of “Microbial Resource ManagemdMRM) (Crotti et al, 2011; Verstraete,
2007) approach, and to develop a biocontrol progiamgeted for the interest pest, the precise
knowledge of the community living inside the hostlp is necessary.

The characterization of the yeast community assettitoD. suzukiiof different life stages, i.e.
larvae, pupae and adults, reared on two differeod fsources, i.e. fruits and artificial diet, was
performed by means of cultivation-independent (F&@coding and Denaturing Gradient Gel
Electrophoresis-PCR) and -dependent techniquesp@piose was to enlarge with molecular and
consistent microbiological data an already exispitgure of the microbial community associated
to this pest, by laying the groundwork to a futdexelopment of strategies of pest management.

MATERIALS AND METHODS

I nsects and DNA extraction.

D. suzukii individuals were reared under controlled laboratoonditions on fruits and on
artificial diet (constituted by 71 g of corn floltQ g of soy flour, 5.6 g of agar, 15 g of sucrose,
17 g of brewer's yeast, 4.7 ml of propionic acid g of vitamins mix for 1 Kg of preparation) at
Dipartimento di Scienze Agrarie, Forestali e Alirtaan (DISAFA), University of Turin. Insects
were kept in cages at 25 °C with a 14:10 h lighkgdnotoperiod (Vacchini et al., in preparation).
Thirty-three individuals oD. suzukii(4 larvae fed on fruits, 4 larvae fed on artifiadéet, 3 pupae
fed on fruit, 5 pupae fed on artificial diet, 5 fal®m adults fed on fruit, 4 female adults fed on
artificial diet, 4 male adults fed on fruit, 4 madults fed on artificial diet) were surface steet
and stored at -20°C in ethanol until molecular gses. Total DNA of whole specimens was
individually extracted according to a method ddssxnli by Polo and colleagues (2010). Twenty-
one specimens (4 larvae reared on artificial &igiupae reared on artificial diet, 8 adults fed on
fruit and 6 adults fed on artificial diet) were doyed in yeast isolation trials.

Characterization of the yeast community associated to D. suzukii by Denaturing Gradient Gel
Electrophoresis (DGGE)-PCR.

The length-variable internal transcribed spacelS{Fb.8S-ITS2) region of the fungal rRNA
operon was subjected to amplification, prior to CEs@nalysis, using a semi-nested PCR
approach with primer pairs NS5/ITS4 (NS5 primerussgee: 5'-AAC TTA AAG GAA TTG
ACG GAA G-3', ITS4 primer sequence: 5-TCC TCC GTAT TGA TAT GC-3’), followed by

a second PCR of the amplified PCR product withghmers ITS1F-GC/ITS4 (GC clamp: 5'-
CCG GCG CCG CGG CGG GCG GGG CGG GGG CAC GGG-3' 1H primer sequence: 5'-
CTT GGT CAT TTA GAG GAA GTA A-3’).(Giacomucecet al.,2011).

The reaction mixture for the first PCR (25 pL) wasmposed of 2 pL of template DNA, 1X
Buffer, 1.8 mM MgC}, 0.2 mM dNTPs, 0.5 uM primers, and 0.625 U Taqymparase
(Invitrogen). Initial denaturation at 85 for 3 min was followed by 30 cycles of ‘@5 for 45s,
52°C for 45 s, 72 for 2 min, and a final extension step atG2or 10 min. The PCR product (2
ML) was used as template for the second PCR. Tdwioa mixture for the second PCR (50 uL)
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differed from the mixture of the first one for thencentration of dNTPs (0.12mM) and primers
(0.3 uM) used. The PCR conditions show some difiegs: the denaturation step af®@4or 5
min was followed by 35 cycles of 9@ for 45s, 58C for 45 s, 72 for 2 min, and a final
elongation step at 7@ for 10 min (Giacomucet al.,2011).

The amplicons were then analysed by DGGE. Polyagrigle gels constituted by 7% of a [37:1]
acrylamide:bisacrylamide mixture in 1X Tris-acetB@TA (TAE) 1X buffer with a urea-
formamide linear denaturing gradient of 30—-45% @a0fenaturing polyacrylamide was defined
as 7 M urea and 40% [w/v] formamide, Muyastral., 1993, Raddadkt al.,2011) were cast with

a gradient maker (Bio-Rad, Milan, Italy) accorditg the manufacturer’'s guidelineS. For
polymerization, 10% ammonium persulfate solutionP$ and TEMED (N,N,N’,N'—
tetramethylenediamine) were added. Approximati€l@ ng of PCR products were loaded using
a syringe and electrophoresis was conducted in fiX-atetate-EDTA buffer using a D-code
electrophoresis system (Bio-Rad) to separate PORugts. A pre-run at 70 V for about 60 min
was performed to warm up the buffer and reach timming temperature of 60°C for 16 hours
with a constant voltage of 90 V. The gels werengtdifor 30 min in 1X TAE buffer containing
1X SYBR Green (Invitrogen, Milan, Italy) and themshed in distilled water for 30 min. DGGE
gels were digitally visualized and capture by Gal000 apparatus (Bio-Rad, Milan, Italy)
using the Quantity one software (Bio-Rad). Seleciad excised bands with a sterile scalpel were
eluted in 50 puL milli-Q water by incubation at°87for 3 h and used as a template in PCR re-
amplification reactions with primers ITS1F and IT$4 described in Giacomucei al. (2011).
PCR products were sequenced (Macrogen, South Kaed)the resulting sequences were
compared, using BLASTn (http://www.ncbi.nlm.nih.gakast), with those in the National Center
for Biotechnology Information (NCBI) sequence datsé (Altschulet al, 1990) and in the
Centraalbureau voor schimmelcultures (CBS-KNAW) syea nucleotide database
(http://www.cbs.knaw.nl/Collections/Biolomics.asfeble=CBS+strain+database).

Multivariate analysis of community structures and diversity detected by DGGE

DGGE band patterns were converted to a binary efatasl a Bray—Curtis similarity matrix (Bray
and Curtis, 1957) was calculated based on theetatbssts of the multivariate null hypotheses of
no differences among a priori defined groups wewarened using the nonparametric statistical
test PERMANOVA (Anderson, 2001). Statistical anaysas performed with the factors of stage
(fixed, orthogonal and three levels, larvae, pupae adults) and diet (fixed, orthogonal and two
levels, fruit and artificial food). PERMANOVA anags were conducted with 999 permutations
and run with software PERMANOVA + for PRIMER 6. Athe multivariate statistical tests
performed in this study were considered signifiaasing a threshold of p<0.05 unless indicated
otherwise.

Pyroseguencing on the internal transcribed spacer (1 TS1-5.851TS2).

DNA extracted from 3 individuals (one larva, ongpawand one female adult), all reared on fruits,
was selected for 454 Pyrosequencing sequencingatftomret al, 1998). The hypervariable
fragment of the ITS region of the fungal rRNA opemas amplified from each sample using the
universal fungal primers (ITS1F: 5-CTT GGT CAT TT®AG GAA GTA A-3', ITS4R: 5’-TCC
TCC GCT TAT TGA TAT GC-3). The analyses were pemfied by MR DNA (molecular
research LP, Texas, USA). Analyses were perfornsiaguthe QIIME pipeline (Caporas al.,
2010).

Yeast isolation.

Insects (4 larvae reared on artificial diet, 3 pupaared on artificial diet, 10 adults reared on
fruits and 6 adults reared on artificial diet) wesedected for isolation trials. Larval specimens
were picked up, rinsed with distilled water, themt pn YM solid plates (yeast extract 3 g/L,
glucose 10 g/L, peptone 5 g/L, malt extract 3 gjar 20 g/L; Yarrow, 1998), supplemented with
chloramphenicol (100 pg/mL) and allowed to walkd@tout 15 minutes, to permit the isolation of
yeasts from the body surface. Pupae, which aralmetto move, were placed on the medium and
trundled manually in sterile conditions. The spemis were subsequently washed once with
ethanol and then twice with deionized water. Siridilutions were plated on the following solid
media, specific for yeasts and fungi isolation, ammibated at 30°C, in aerobic conditions: YM
agar (Kreisel and Schauer, 1987), Rose Bengal &mionenicol Agar (RBCA, Hambgt al.,
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2012), GYP agar (glucose 20 g/L, yeast extractls pgptone 5 g/L, agar 20 g/L; Baratal.,
2011), Potato Dextrose Agar (PDA, Atlas, 1997). ©gmowth was visible, colonies were purified
on solid PDA for three times. Four of the 10 addéd on fruits were surface sterilized and
vortexed three times under sterile conditions, leettomogenization by grinding in 2Q0 of
0.9% NaCl. Fortyul of each insect homogenate were inoculated inckrmrént liquid TA2
mediumsupplemented with chloramphenicol (100 pg/mL) dnrient medium Il, Yamadet al,
2000). Flasks were incubated at 30°C, in aerobi@ition with shaking, until turbidity of the
liquid media was reached. Serially dilutions wetategd on MA medium, (1% D-glucose, 1%
glycerol, 1% bactopeptone, 0.5% yeast extract, fi¥an®l, 1.5% agar, pH 6.8) and incubated at
30 °C, in aerobic conditions. Colonies were pickpdand streaked on MA solid medium. Pure
isolates were then collected and conserved at -806&l DNA was extracted from the isolates
with boiling lysis (Marascet al., 2013) and cetyltrimethylammonium bromide (CTAB)thusl
(Poloet al, 2010) and stored at — 20 °C.

Yeast collection analysis by Restriction Fragment Length Polymorphism (RFLP).

The 5.8rRNA gene and two sideward regions ITS1 @82 of the ribosomal RNA-encoding
DNA region of the 237 isolates was amplified usimgmers ITS1F and ITS4 (Manter and
Vivanco, 2007). The amplification reaction was aactéd in 50 pL volume containing 1 pL of
DNA, 1X buffer (Invitrogen), 1.8 mM MgCI2, 200 uMNITPs, 0.5 uM of primers, 2 U Tag DNA
Polymerase (Invitrogen) in a PCR Thermocycler (BidRMilano). The thermal protocol was
constituted by an initial denaturation of°@4for 7 min, 30 cycles constituted by a denaturatio
step of 94C for 45 s, followed by an annealing step ofG%or 45 s, 72C for 1 min extension,
and a final extension step at°@2for 10 min. The PCR product was analyzed by 1(2/)
agarose gel electrophoresis at 100V in 0.5X TBEdo(flris 1M, boric acid 13.7 g, EDTA 0.5 M
pH 8). The ITS1-5.8S-ITS2 fragment (50 ng) was sligé with 10 U of Haelll (SibEnzyme Ltd.)
and Tagl (Fermentas, Life sciences), and 20 U offIHISibEnzyme Ltd.) in a 20 yL reaction
volume at 37C as indicated by the manufacturer. The restricfiatterns of the rRNA digests
were analyzed by electrophoresis on 2.0% (w/v) @gagel in 1X TBE at 100V and fragment
sizes were determined by comparison to a DNA mddecmarker 50 bp (O’ Range Ruler,
Fermentas). The gels were stained in ethidium kten@.5 mM and then washed in distilled
water. Gel images were captured with GelDoc 20(faegius (Bio-Rad, Milan, Italy) using the
Quantity one software (Bio-Rad).

Sequencing of the D1/D2 domain of the large subunit (26S) ribosomal DNA

A selection of isolates representing each PCR-Rpildfile was chosen for sequencing analyses.
Amplification of the D1/D2 loop of the 26S rRNA iieg was performed using NL1 and NL4
primers according to Kurtzman and Robnett (1998 amplified fragments were delivered to
Macrogen (South Korea) for purification and sequamcThe obtained sequences were compared
to the databases at the NCBI (http://www.ncbi.nlmgov/) using BLASTn (Altshuét al, 1990)
and at CBS-KNAW database
(http://www.cbs.knaw.nl/Collections/Biolomics.asfxble=CBS+strain+database).

Phylogenetic tree

ITS1-5.8S-ITS2 and D1/D2 sequences of the repraBeatisolates of each RFLP profile were
subjected to alignment, together with the relasipecies sequences retrieved from GenBank, with
BioEdit Sequence Alignment Editor, version 7.0.0al{HT.A., 1999). Portions with uncertain
alignment were removed. A maximum likelihood ciierfor ITS and 26S multiple sequences
alignment was conducted with MEGA6 phylogenetictwafe (Tamuraet al, 2013) and
phylogenetic relatedness among taxa was construmtedsing the Jukes-Cantor evolutionary
model. Bootstrap support values >50% for 1000 cefibns were indicated at the node of each
branch.

RESULTS

Denaturing Gradient Gel Electrophoresis and Pyrosequencing analyses of D. suzukii-

associated yeast community. The yeast community diversity iB. suzukiiwas surveyed by
investigating the diversity of ITS1-5.8S-ITS2 ragioThe DNA extracted from 3®. suzukii
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individuals of different ages (larvae, pupae andltay fed on two different food sources (fruit
and artificial diet), was submitted to analysistloé yeast community by DGGE-PCR, amplifing
the ITS1-5.8S-ITS2 region of the rRNA fungal operon i{8ch et al., 2012). An example of
DGGE profile gel, in 7% polyacrylamide gels with9%0to 45% denaturation gradient, is
represented in Fig. 1. The sequences obtained tinenexcised bands are presented in table 1,
along with their closest relatives found in the NCdatabase. A composite and variable
community profile, together with the lack of cong=d bands among samples of the same type,
can be observed. In addition to this, many sequeesisewed a low percentage of similarity with
sequences in Genbank database, which enable tgnasisem just to the family level
(Dipodascadaceae and Saccharomycetae families) ®adcharomycetale order. Fig. 2 gives an
overview of DGGE total results: for both the samspteared on fruits and on artificial diet, the
majority of sequences showed close similarity Witbhia cecembenseandCandida inconspicua
(BLAST analysis provides the same score for these species, preventing the unambiguous
attribution of the species to the bands of int¢ré&&mples reared on fruits are also characterized
by the abundance of sequences belonging toGbetrichum candidunand Dipodascadaceae
family, which is a result shared only partially wihe specimens reared on the artificial diet: they
indeed show an abundance of sequences close to Dtpedascadaceae family and
Saccharomycetales order. In addition, data in Rigshow the greater diversity in larval
individuals, reared on both food sources, in coligparto the other two life stages (pupae and
adults). In particular, larvae from artificial digihowed the presence of bands assigned to species
Pichia occidentalis Meyerozyma caribbicaand Fusarium solani not detected in the other
samples.
Larvae reared on fruit Larvae reared on diet Pupae reared on fruit  Pupae reared on diet

\(

[ \ \
LF1 LF2 LF3 LF4 LP4 LP5 LP6 LP7 PF1 PF2 PF3 PF4 PP1 PP3 PP4 PP‘S

A4

A32

A24
A42

Engyontium album l Geotrichum candidum IPichia cecembensis/Candida incons

Pichia occidentalis Geotrichum phurueaensis Dipodascaceae
Pichia sporocuriosa Candida sp. Saccharomycetaceae
Meyerozyma caribbic Fusarium solani Saccharomycetales

Figure 1: Yeast diversity associated wibh suzukii Representative DGGE gel, in 7% polyacrylamides gel
along a denaturing gradient, of the ITS1-5.8S-ITi8®jal rRNA fragment. Numbers above the lanes refer
to individuals: LF, larvae reared on fruit; LP,\ae reared on artificial diet; PF, pupae rearedraitt PP
pupae reared on artificial diet. Bands marked witkoured dots were sequenced; data referring to the
sequences are givenTiable 1.
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Figure 2: Identification and distribution of DNA fragments ased from DGGE, according to the
developmental stage (larva, pupa and adult) artdfdigts or artificial diet).

The comparison of the yeast community composittomdividuals of different age, fed on two
different aliments, was performed by PERMANOVA mtital analysis. The analysis did not
show a significant statistical difference in thetdbution of the yeast community, considering the
effect of the diet (p>0.05). On the other hand, deeselopmental stage was identified to be a
factor having an influence in the community composi(p=0.01). Furthermore, the effects of the
diet type on the different stages confirmed the-statistically difference among sample groups
(p>0.05).
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Table 1: Identification of the excised and sequenced bamtlse PCR-DGGE fingerprint profiles (marked inl&b

Band Closest described GenBank Accession % nt identity* Most related species Putative Lane**
relative no. classification
AO03  Saccharomycetes sp. EU315761 99%(332/333) Pichia cecembendis  Saccharomycetes, LP6
Candida inconspicua Saccharomycetacae
AO04  Saccharomycetes sp. EU315762 92%(207/225) Pichia cecembengis  Saccharomycetes, LPS5
Candida inconspicua Saccharomycetacae
AO5  Geotrichum HE663403 81%(278/344) Saccharomycetales Saccharomycetes, LP5
phurueaensis order Saccharomycetacae
A06  Geotrichum candidum KF112070 89%(311/351) Saccharomycetales Saccharomycetes, LP5
order Saccharomycetacae
AO07  Pichia fermentans KC510080 100%(23/23) Saccharomycetales Saccharomycetes, LPS5
order Saccharomycetacae
A10  Saccharomycetes sp. EU315761 99%(430/432) Pichia cecembendis  Saccharomycetes, LF2
Candida inconspicua Saccharomycetacae
A32  Saccharomycetes sp. EU315761 97%(418/432) Pichia cecembengis  Saccharomycetes, PF4
Candida inconspicua Saccharomycetacae
A20  Geotrichum HE663403 84%(280/333) Saccharomycetales Saccharomycetes, LF4
phurueaensis order Saccharomycetacae
A21  Pichia misumaiensis FR774550 90%(73/81) Saccharomycetales Saccharomycetes, LF4
order Saccharomycetacae
A23  Geotrichum candidum KF112070 97%(335/347) Geotrichum candidum Saccharomycetes, PF3
Dipodascaceae
A24  Geotrichum candidum KF112070 99%(304/305) Geotrichum candidum Saccharomycetes, PF4
Dipodascaceae
A27  Saccharomycetes sp. EU315761 999%(423/425) Pichia cecembengis  Saccharomycetes, PF3
Candida inconspicua Saccharomycetacae
A29  Schizoblastosporion HF558658 76%(305/400) Saccharomycetales Saccharomycetes, PP2
starkeyihenricii order Saccharomycetacae
A31  Geotrichum candidum KC816559 96%(358/371) Geotrichum candidum Saccharomycetes, PF3

Dipodascaceae
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A33

A34

A39

A40

A42

A43

A45

A46

A47

A48

A49

A26

A51

A52

A35

A55

Candida californica  JX188104
Saccharomycetes sp. KJ535099
Galactomyces JQ668739
geotrichum

Saccharomycetes sp. KJ535099
Saccharomycete sp. EU315761
Galactomycesp. JQ437602
Saccharomycetes sp. KJ535099

Geotrichum candidum KF112070

Galactomycesp. JQ437602
Saccharomycetes sp. KJ535099
Candida californica  JX188104
Pichia occidentalis KJ535099

Geotrichum candidum KF975700

Galactomycesp. JQ437602
Galactomycesp. KF768298
Galactomycesp.

Geotrichum candidum KF112070

93%(375/404)
950%(365/383)
88%(314/358)
1009%(238/238)
99%(423/426)
95%(321/338)
98%(370/376)
99%(369/371)
91%(287/317)
100%(251/251)
95%%(398/418)
100%(270/274)
97%(300/308)
80%(273/340)
99%(339/341)

100%(347/347)

SaccharomycetaceaeSaccharomycetes,
family Saccharomycetacae
Pichia cecembensgis Saccharomycetes,
Candida inconspicua Saccharomycetacae

Saccharomycetales Saccharomycetes,
order Saccharomycetacae
Pichia cecembensgis Saccharomycetes,
Candida inconspicua Saccharomycetacae
Pichia cecembendis  Saccharomycetes,
Candida inconspicua Saccharomycetacae

Dipodascaceae family Haaomycetes,
Dipodascaceae
Pichia cecembengis Saccharomycetes,
Candida inconspicua Saccharomycetacae
Geotrichum candidum Saccharomycetes,
Dipodascaceae
Dipodascaceae family cctaaomycetes,
Dipodascaceae

Pichia cecembendis  Saccharomycetes,
Candida inconspicua Saccharomycetacae
Candidasp. Saccharomycetes,
Saccharomycetacae
Pichia occidentalis Saccharomycetes,
Saccharomycetacae

Geotrichum candidum Saccharomycetes,
Dipodascaceae
Saccharomycetales Saccharomycetes,
order Saccharomycetacae

Dipodascaceae family =~ Sacomgetes,
Dipodascaceae
Dipodascaceae family ~ Saoomgretes,

Dipodascaceae

PP2

PP2

LP6

LP5

PF4

PP2

LF4

LF4

PF3

PF3

PF4

PP6

LF1

LF2

PP6

LF2
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A56

A57

A59

A60

AG2

A64

AG5

A72

A61

ATT

* In brackets: no. of identical bp/total no. of bpSample names refer to the tested individuals; lafvae reared on fruit; LP, larvae reared orfieidl diet; PF, pupae

Saccharomycetes sp. KJ535099
Candida diversa FR819717
Uncultured KF768298
Galactomycesp.

Geotrichum HE663403

phurueaensis
Meyerozyma caribbica KF728801

Saccharomycetes sp. EU315761
Fusarium solani EU315761
Saccharomycetes sp. EU315761

Geotrichum candidum KF112070

Saccharomycetes sp. EU315761

reared on fruit; PP pupae reared on artificial.diet

1009%(237/237)
94%(347/370)
97%(347/359)
8296(286/347)
99%(524/528)
99%(399/402)
99%(546/549)
99%(408/413)
100%(360/360)

99%(332/335)

Pichia cecembengis
Candida inconspicua

Saccharomycetes,
Saccharomycetacae

SaccharomycetaceaeSaccharomycetes,

family

Geotrichum candidum

Saccharomycetales

order

Meyerozyma caribbica

Pichia cecembensis
Candida inconspicua
Fusarium solani

Pichia cecembengis
Candida inconspicua

Geotrichum candidum

Pichia occidentalis

Saccharomycetacae
Saccharomycetes,
Dipodascaceae
Saccharomycetes,
Saccharomycetacae
Saccharomycetes,
Debaryomycetaceae
Saccharomycetes,
Saccharomycetacae
Sordaryomycetes,
Nectriaceae
Saccharomycetes,
Saccharomycetacae
Saccharomycetes,
Dipodascaceae
Saccharomycetes,
Saccharomycetacae

LF3

LF1

LF4

LF4

LP5

LP6

LP6

LF4

LF4

LPS
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Figure 3: Identification of yeasts, at family (A) and gern(®) level, associated with. suzukij according to pyrosequencing data. Names reffly &pecimens submitted to
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74



Table 2: Relative sequence percentages at family (A) andugy€B) levels, retrieved from barcoding
analyses, with the colour key fiigure 3 results.

A.
FF2 PF2 LF2
Unclassified 09% 6,8% 3,7p6
Mycosphaerellaceae 31% 0,0% 0)0%
Unclassified Pleosporales 0,0% 0,0% 0}|0%
Trichocomaceae 01% 0,0% 0,0%
Orbiliaceae 05% 0,0 0,00
Debaryomycetaceae 0,1% 0,0% 0/1%
Dipodascaceae 784% 0,4% 249%
Unclassified Saccharomycetales 03% 752% 11,5%
Pichiaceae 13,8% 16,9% 59,2%
Unclassified Sordariomycetes 1,0% 0,0% 0,0%
Nectriaceae 0,2% 0,0% 0,0%
Unclassified Ascomycota 0,2% 0,0% 0,1%
Unclassified Basidiomycota 0,3% 0,0% 0,0%
Unclassified Sporidiobolales 0,1% 0,0% 0,0%
Exidiaceae 0,2% 0,0% 0,0%
Unclassified Fungi 0,84 0,7% 0,9%
100% 100% 100%
B.
FF2 PF2 LF2
Unclassified 0,9% 6,8% 3,700
Cladosporium 3,1% 0,0% 0,0%
Unclassified Pleosporales 0,0% 0,0% 0}0%
Aspergillus 0,0% 0,0% 0,0%
Penicillium 0,0% 0,0% 0,0%
Arthrobotrys 0,5% 0,0% 0,0%
Unclassified Saccharomycetales 0.1955,8% 0,3%
Meyerozyma 0,1% 0,0% 0,1%
Unclassified Dipodascaceae 0,2% 0,0% 0,4%
Dipodascus 4,0% 0,0% 0,0%
[Galactomyces 74,2% 04% 24,2%
Geotrichum 0,0% 0,0% 0,3%
Candida 0,1% 19,3% 11,2%
Unclassified Pichiaceae 0,0% 0,3% 0,8%
[ssatchenkia 0,0% 5,0% 21,1%
Pichia 13,8% 11,6% 37,3%
Unclassified Sordariomycetes 1,0% 0,0% 0,0%
Fusarium 0,2% 0,0% 0,0%
Haematonectria 0,1% 0,0% 0,0%
Unclassified Ascomycota 0,2% 0,0% 0,1%
Unclassified Basidiomycota 0,3% 0,0% 0,0%
Rhodotorula 0,1% 0,0% 0,0%
Unclassified Exidiaceae 0,2% 0,0% 0,0%
Unclassified Fungi 0,8% 0,7% 0,9%
100% 100% 100%

Since no statistical differences were retrievedoetiog to the diet administered to the insects,
three samples of DNA, extracted from a larva, aapapd an adult, respectively, and reared on
fruits, named LF2, PF2 and FF2, were submittedaredxling analyses, by choosing as target of
amplification the variable region ITS1-5.8S-ITS2 thie fungal rRNA operon. In table 2 the
sequences obtained from the analyses, at familygands level are listed, respectively, whereas
figure 3 shows a representation of those generdanilies with high similarity with sequences
obtained from each sample.
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Overall, ITS1-5.8S-ITS2 barcoding showed that Asgoota is the predominant yeast phylum
(97.7%, Basidiomycota). Among this phylum, familyjpDdascaceae accounted for 78.4% of the
total abundance in the adult sample (FF2), togethtr Pichiaceae (13.8%). Pichiaceae family
was the most abundant component (59.2%) in theallandividual (LF2), which was also
dominated by Dipodascaceae (24.9%) and by a grbypasts, whose sequences were classified
at the order level (Saccharomycetalesertae sedid1.5%). Pupa sample (PF2) was massively
dominated by this group (75.2%) and by Pichiacd®900), while for the remaining sequences
the assignment to a taxonomic category was notitgesg hus, the overall yeast community of
the individual was dominated by sequences belonginghe Pichiaceae and Dipodascaceae
families, and the Saccharomycetales order.

By looking at the genus level, the adult sample whasracterized by the prevalence of
Galactomycesequences (74.2%) which constituted, together %o ofDipodascusthe two
genera of the Dipodascaceae family present ingdhexwnity of this sampldichia genus, which
constituted the 13.8% out of the total reads, grted the only genus of the Pichiaceae family in
this individual, which included also some readshbging toCladosporiumgenus (3.1%). Figure
3B shows for PF2 the distribution of the yeast camity: Pichia andlssatchenkig11.6% and
5.0%, respectively of the total number of sequeneese the representative genera for the
Pichiaceae family, whileCandida (19.3%) and the abundant fraction of not-classified
Saccharomycetales (55.8%) constituted the majarfitgequences. Finally, the sample LF2 is
characterized by the following distribution of gese24.2% out of the total sequences belonged
to Galactomycesl1.2% toCandida 37.3% toPichiaand 21.1% tdssatchenkia

Yeast isolates classification

In addition to the screening @. suzuk#associated yeast community with molecular methods,
yeast biodiversity was surveyed with cultivatiorpdedent techniques. As assumed in previous
studies (Staubackt al, 2013), the total microorganisms associated vhighvthole fly body were
taken into account, not focusing just on the imesttract, because the community associated to
the fly surface might have an important functiontie host biology. One enrichment liquid
medium (enrichment medium Il, Yamaetal. 2000), and four different and selected solid media
specific for yeasts and fungi isolation (YM agarelsel and Schauer 1987; RBCA, Handiyal.,
2012; GYP agar, Baratt al.,2011 and PDA, Atlas, 1997) permitted to performason trials.
Select yeast colonies with different morphologiesravthen purified. Two-hundreds and thirty-
seven yeast isolates was submitted to DNA extmactiith boiling lysis, or otherwise with
cetyltrimethylammonium bromide (CTAB) method whéie fast approach (boiling lysis) did not
succeed. This was probably due to the fact thatespeast isolates are characterized by a thick
cell wall that requires a more sophisticated efiwacapproach, or the presence of some inhibition
products after the extraction with boiling lysi®o(®et al.,2010). After this step, DNA was stored
at —20 °C.

Molecular characterization was accomplished usiegrabination of different techniques for the
identification of the isolates. To reduce the ggpimt redundancy of the collection, analyses were
performed by using RFLP on the ITS1-5.8S-ITS2 regithrough Haelll, Hinfl and Taq|
endonucleases.

Eighteen different profiles, named from A to R wgemerated (Table 3). To confirm the profiles,
full-length ITS1-5.8S-ITS2 sequences of the idesdifspecies in the collection were recovered
from NCBI (http://lwww.ncbi.nim.nih.gov/) and Using Webcutter 2.0
(http://rna.lundberg.gu.se/cutter?f) silico restriction digestion of the ITS1-5.8S-ITS2 sequen
was performed with Haelll, Hinfl for all the spesjeand in addition with Tagl favieyerozyma
group. Predicted band sizes, obtained from ava&laklquence data, were comparable to band
sizes observed from gel runs, except from resttibends smaller than 20 bp.
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Table 3: Restriction analysis profiles of 237 yeasts acitwrdo the different fragment sizes determined by
restrictions with endonucleases Haelll, Hinfl, Tagéquences information obtained by amplificatibthe
ITS1/ITS2 and D1/D2 domain of representative stare reported (sequence identity and closesivelat

species in the NCBI GenBank database).

Group PCR Haelll Hinfl Tagl Isolate  Acc. No. Acc. No.  Species
sizes No. 26S* ITS*
1(A) 500 bp  350+90+ 250+140 - 93 EU315761 AB84752 Pichia occidentalis
60 +110 (99%) 6 (100%)
2(B) 480 bp  340+140  240+240 - 2 FJ153178 JN37746 Pichia sporocuriosa
(99%) 3 (100%)
3(C) 500 bp  360+90+ 260+240 - 4 DQ198954 DQ19895 Pichia
50 (99%) 5 (99%) membranifaciens
4(D) 450bp 450 300+150 - 4 FJ713025 FJ527046 Candidaapicola
(100%) (100%)
5(E) 500 bp 500 260+240 - 5 KC544509 HE65723 Starmerella bacillaris
(100%) 5 (100%)
6(F) 690bp 650+40 350+220 - 13 HM450996 AB71945 Zygoascus meyerae
+120 (100%) 2 (100%)
7(G) 720bp 720 350+370 - 22 AF411061 KF73816 Saccharomycopsis
(100%) 2 (100%) craetegensis
8(H) 750 bp  650+100  350+400 - 29 FN868151 FN868151 Arthroascus schoenii
(100%) (100%)
9(l) 460 bp 460 260+110 - 1 JN226397 KF05212 Galactomycesp.
+90 (95%) 6 (100%)
10(J) 650 bp  300+220 300+250 - 12 AF411061 KF73816 S. craetegensis
+130 +100 (100%) 2 (100%)
11(K) 600bp 600 310+290 - 1 FM199968 JF749211 Candida
(98%) (100%) stellimalicola
12(L) 650 bp  400+150 330+320 250+ 14 KC111450 AB86353 Meyerozyma
+100 180+ (99%) 6 (99%) caribbica
130+
50
13(M) 750bp 750 350+230 - 6 FJ515178 JX18815 Hanseniaspora
+170 (99%)/ 9 (99%) uvarum/ opuntiae
FM199954 FM19995
(99%) 4 (100%)
14(N) 800 bp  600+140 350+240 - 21 DQ872858 JX45812 Zygosaccharomyces
+60 +160+50 (98%) 1 (100%) bailii
15(0) 650 bp 650 350+300 - 1 KF738162 AF41106 Saccharomycopsep.
(100%) 1 (87%)
16(P) 700 bp  550+120 370+330 - 2 FN868151 FN86815 A. schoenii
+30 (100%) 1 (100%)
17(Q) 650bp  570+80 350+300 - 1 AF41106 AF41106 S. craetegensis
1(100%) 1 (100%)
18(R) 650 bp  400+150 330+320 250+ 4 KF619551  AB56837 M. guilliermondii
+100 180+ (99%) 0 (100%)
120+
50+5
0

*In brackets are reported the percentage of segusinularities.

After the analysis of the generated restrictiortquas, selected isolates representing each RFLP
profile group were chosen for sequencing analy$éseoD1/D2 domain of the 26S rRNA gene
and of the polymorphic ITS1/ITS2 region. Table 3whd the identification of the selected
strains; corresponding GenBank accession numberpravided. Ninety-three isolates showed
the restriction profile named A, correspondinghe profile ofPichia occidentaligtype strain),
and were assigned to this species. The restriptiofile B generated for 2 isolates was applied the
Pichia sporocuriosaspecies group, while the 4 isolates showing theRprofile C had close
sequence similarity witiPichia membranifaciensgCandida apicola Starmerella bacillarisand
Zygoascus meyeraspecies were assigned to D (4 isolates), E (atise) and F (13 isolates)
profiles, respectively. The restriction profiles &, O, Q, to whom 22, 12, 1, 1 isolates were
attributed, were assigned f8accharomycopsis craetegensigecies. Similarly, profiles H (29
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Table 4 Summary of total yeasts isolated from each

individual of D. suzwdai larvae, pupae and adults.
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isolates), and P (2 isolates) corresponded
to Arthorascus schoeniiand were
assigned to this species. The only isolate
with  RFLP profile | showed close
sequence similarity withGalactomyces
sp. species, and was assigned to it, while
the sole isolates identified &Sandida
stellimalicola belonged to the K profile
group. Zygosaccharomyces bailis the
species attributed to the isolates having a
RFLP pattern categorized as N. 6 isolates
showed the restriction profile named M,
which was identical for the species
Hanseniaspora uvarurandH. opuntiae
Distinction was made possible with the
sequencing of the ITS region. Then, the
differentiation of the profiles for the
Meyerozima  caribbica/guilliermondi
group, otherwise identical, was permitted
when the digestion with Tagql
endonuclease of the amplified fragments
under investigation was done (Rowmi
al., 2014). The generated RFLP profiles,
named L (14 isolates) and R (4 isolates),
were assigned t®/. caribbica and M.
guilliermondii, respectively. Identified
species belonging to th€andida genus
and Hanseniaspora uvarutopuntiae
complex are characterized to lack
restriction sites with Haelll enzyme, as
already reported in literature (Phaet
al., 2011).

The phylogenetic identification of the
yeast isolates underlined the diversity of
the community structure of the different
categories of samples, which are
represented in table 4 and in figure 4.
They showed the predominance (39% out
of the total number of the strains) Bf
occidentalis (Tab. 4); this species was
surveyed in all larval and pupal samples,
representing the 71 % and 55% of the
total collection, respectively, in 5 of the 6
adults reared on artificial food (52%),
and 5 of 9 adults fed on fruits (13%).
Isolates belonging t&. craetegensiand

A. schoeniispecies constituted the 15%
and 13% of the collection, respectively
(Tab. 4). These three species were the
only species present in all the four
categories of samples, showing to be
ubiquitous across all sample types (Fig.
4).

Larvae harbored low percentages of
isolates affiliated toC. stellimalicola



(3%), M. caribbica and M. guilliermondii (6% and 3% respectively; Fig. 4-1). Pupae showed,
besides the above mentioned most abundant spdeiesc€identalis S. craetegensiand A.
schoeni), the presence &fl. caribbicaandZ. meyeraén small proportion (2% each; Fig. 4-2).
Adults fed on artificial diet exhibited a yeast aoomity profile constituted mainly by.
occidentalisand A. schoenii(52% and 37%). The latter species was isolatedh fedl the
individuals. All other species were found in snaatiount, and were assignedGalactomycesp.

(the only isolate of the collection)C. stellimalicola and M. guilliermondii (2% each).S.
craetegensisonstituted 5% of the isolates obtained from affdton the artificial diet (Fig. 4-3).

S. craetegensiwas the second most prevalent yeast isolated &uwnits reared on fruits (16%0).
In these individuals, a wider diversity of specigas detectedZ. bailii was the only species
detected from three flies that were isolated omceément liquid TA2 medium, and constitutes the
21% of the isolates from fruit-fed adults. Sevespkcies were characterized and found to be
present in similar proportions; in particular, 12fthe isolates were sequenced and assigned to
the genu&. meyeragfollowed byP. occidentalig13%) andM. caribbica(11%). Flies reared on
fruits were also characterized to harbor specieowsiy affiliation with several
Saccharomycetaceae, ife. membranifacien$4%), P. sporocuriosa(2%), H. uvarumand H.
opuntiae(3% each)C. apicola(4%) andC. stellimalicola(1%)

while, among Debaryomycetaceae, the species congfléixe already mentionell. caribbica
andM. guilliermondii (2%) can be identified (Fig. 4-4).

W Pichia occidentalis

m Saccharomycopsis craetegensis

W Hanseniaspora opuntiae

W Pichia sporocuriosa
Meyerozyma caribbica

m Zygoascus meyerae

W Pichia membranifaciens

m Hanseniaspora uvarum
Candida stellimalicola

W Starmerella bacillaris
Galactomyces sp.

w Candida apicola

m Zygosaccharomyces bailii

Meyerrozyma guiliiermondii

Arthroascus schoenii

Figure 4. Graphs representing the distribution and diversitthe yeast collection according the sample
origin. (1) Larvae, (2) pupae and (3) adults reanedartificial diet, (4) adults reared on fruits.
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Phylogenetic analyses

Phylogenetic trees obtained from the analyses enlT® region and D1/D2 domain of LSU
rRNA gene are shown in figure 5 (A and B, respetyin Separation both by ITS and 26S
sequences succeeded with high bootstrap replicadimh LSU gene and the ITS gene sequences
give a similar resolution taxa, as the dendogrgmltmies derived from the two sets of sequences
are highly similar. In comparison to the 26S trEES sequences were more informative and
allowed a better separation of thianseniasporaspecies group. The long branch observed for
P3.9.1.109Saccharomycopsis craetegen@d-LP profile: O) was probably due to the shosIT
sequence of the isolate, the sole representatithiedRFLP profile “O”.

A 67 —AFI. 13.F. 220 Hanseniaspor a uvarum (M)
Hanseniaspora uvarum CBS 314 (AJ512432)
AFR3.4. P.256 Hansemiaspora opuntiae (M)

— Hanseniaspora opuntiae H252K5 (FM199954)
Zygosaccharomyces bailii strain ATCC 42477 (JX458103)

100 |— DS2FB. 7 Zygosaccharomyces bailii (N)
AFRI.12.F.205 2y goascus meyerae (F)
1001 Zpgoascus meyperae UOAHCPR 12067 (HM450996)

g3 F2.9.P. 100 Arthr oascus schoenii (P)
9 I[ P2.5.P.94 Arthr oascus schoenii (H)
Arthroascus schoenii Y-17595 (DQ371964)
93 P3.9.1.109 Saccharomycopsis craetegensis (0)
P32.10B.1I 121 Saccharomycopsis craefegensis (G)
Saccharomycopsis crataegensis 22564 (DQ371957)
8 P32.6.P.112 Saccharomycopsis craetegensis ()

99

1 67112.9. P.27 Saccharompcopsis craetegensis (J)
99, AF3.13.1.249 Pichia membranifaciens (C)
90 Pichia membranifaciens CBS 107 (NR111195)

ARI.7.P.206 Pichia spoocuriosa (B)
34 _SJL Pichia sporocuriosa G5 (BU215763)
L3.7.P.53 Pichia occidentalis (A)
- L Pichia occidentalis 2JB-09162 (JN§72840)

3 AP4.14.1164 Galactomyces sp. (1)
] 100 E Galactomyces geofrichum SBRIsI (HQ455113)
Galactomyces candidum stram UIMC44 (KC816559)
77 2] '—AFI. 11.P.209 Starmerelia bacillaris (E)
Starmerella bacillaris VRVIO (KJ880969)

] AF5.9.1.27 6 Candida apicola (D)
ﬁll_ Candida cf. apicola CBS 4353 (EU926486)
AR2.6.P.231 Meyerozyma guilliermondii (R)

Pichia (Meyerozyma) guilliermondii Phi46 (JN942638)
AF3.15.G.259 Meyerozyma caribbica (L)
85 L Meyerozyma caribbica Kw3644/13 (HG970743)
Candida suzukii stram CBS 9253 (JX965187)
AR 1.P. 268 Candida stellimalicola (K)
—100[ Candida stellimalicola LL11 154 (KR057735)

Crypfococcus neqformans var. neoformans CBS 882 (AR¢44324)

100

0w
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B =] |—AFI. 12.F 205 Zygoascus meyerae (F)
5 Zygoascus meyerae (DQ¢38139)
DS2MB. 6 Zygosaccharomyces bailii (N)
—m|2ygomcchuromyces bailii sfrain ATCC (JIX458122)
AF2.12.G.243 Meyerozyma caribbica (L)
Meyerozyma caribbica L6A2 (JQ398674)
B| ARL 4 F.266 Meyerozyma guilliermondi (R)
Pichia (Meyerozyma) guilliermondii CBS 566T (AJ508562)
Candida suzukii (AY028434)
P2.5.P.94 Arthroascus schoenii (H)
J{Aﬂhroascus schoewii NRRL Y-17595 (EU057549)
P2.9.P. 100 Arthroascus schoenii (F)

3] Saccharomycopsis crataegensis NRRL Y-5902 (BU057555)
70| P32.10B.1121 Saccharomycopsis craetegensis (G)

s L2.9.P.27 Saccharomycopsis craetegensis (J)

83| | P2.9.1.109 Saccharomycopsis craetegensis (0)
P3.6.P. 112 Saccharomycopsis craefegensis ()

Hanseniaspora uvarum KCTC 7834 (AR257273)
AFI.18.1223 Hanseniaspora opunfiae (M)
B AR 13.F.220 Hanseniaspora uvarum (M)

Hanseniaspora opuntiae CBS 8733 (Ai512453)
—AF4.1.P.268 Candida stellimalicola (K)
101 Candida stellimalicola NRRL %-17912 (EF550286)

@ L3.7.P.53 Pichia occidentalis (A)
Fichia occidentalis NRRL Y-7552 (EF550236)
Bl pichia sporocuriosa NRRL Y-27347 (EF550232)
£ AFI1.7.P.206 Pichia sporocuriosa (B)
AR3.13.1.249 Pichia membranifaciens (c)
B Pichia membranifaciens NRRL Y-2026 (ER550227)
5 N—APL14.1164 Galactomyces sp. (I)
mr';nmctonyces candidum stram CBS 357.86 (IN974274)
Galactomyces geotrichum JCM 6359 (AB294539)
1mJAFJ'.H.P.2O9 Starmerelia bacillaris (E)
| Starmerelia bacillaris CBS 343 (HE657235)
93 AR5.9.1276 Candida apicola (D)
% | Candida apicola CAU45703 (U45703)
Rilobasidiella neof ormans var. neoformans CBS882 (AR189845)

005

Figure 5: Maximum likelihood phylogenetic trees inferred fréfis (A) and D1/D2 domain (B) sequences

of the representative isolates for each RFLP moflumbers at nodes represent bootstrap values
determined for 1000 iterations and are indicate@mwiialues were >50%. Reference species names are
followed by the GenBank accession numbers, in pheses. Collection species names are precedecby th

isolate code and followed by the letter referredhis RFLP profile (in parentheses). The scale bhaws

the degree of sequence divergence (0.05 substitutier nucleotide position). The species used as

outgroup in each tree belong to Basidiomycota phylu

DISCUSSION

Yeast microbiome analysis here presented providesvarview of the community associated to
the insect pedd. suzukiiby means of culture-dependent and -independertiadst with the aim

to enlarge the background information regarding test. Yeasts of the Ascomycota phylum
constitute a monophyletic lineage. The shared charaf this group is thascusthe structure in
which the nuclear fusion and meiosis take placesélyeasts play an important role for industrial
and biotechnological processes (baking, brewing, smthesis of recombinant proteins). They
are ecologically different in comparison to basij@etes, their sister group, as they are often
found in specialized niches, characterized by ttesence of a liquid interface and high carbon
content. The possibility to live in these enviromtsecharacteristics require the interactions with
superior organisms.e. plants and animals and in particular invertelsratgon which they rely
for dispersal (Sufet al., 2006). They can act as mutualists, providing redal advantages
(Becheret al.,2012). For instance, fruit flies of the gerii®sophilaare able to disseminate non-
motile yeasts, in particular during courting andtingbetween males and females, and then on
fruits during oviposition (Bechest al.,2012).
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In this work, culture-independent techniques, DGEBE ITS barcoding, were applied to describe
the overall yeast community associated vidthsuzukii These two molecular approaches provide
the evidence of the stable association of flieshwieasts belonging, in particular, to the
Saccharomycetales order: in fact, the microorgasisithis taxonomic group were constantly
found in the different categories of specimens. itdation of the techniques adopted, e.g. the
impossibility of species quantification in PCR-DGGe&chnique, or the number of samples
submitted to the barcoding analyses, did not atlmWwave a complete overview of the community
composition. Moreover, PCR-based results can sirffeome cases from underestimation, due to
the preferential amplification of some groups (Stizand Giovannoni, 1996). In detail, PCR-
DGGE analyses provided picture of a yeast commusligghtly different among insects of
different developmental stages, but not among isseeared on the two different diets, as
confirmed by statistical analyses.

By using culture-dependent methods, a collectioyeaists was obtained. Many of the species
found in the isolation trials were not detected@GE analysis: we have to mention that for
DGGE it was not possible to assign many sequenct® aspecies or genus level and thus they
were characterized at the family and order taxoonaiange. One of the difficulties in analysing
the systematics and the phylogenetic relationsbiipsis Kingdom is the identification of closely
related species, due to the necessity to find dst barcode marker or the best molecular tool to
succeed. ITS was accepted as universal gene miark&rngi barcoding (Schocht al, 2012),
despite the controversy of some studies suggetitengtilization of a portion of the D1-D2 region
of the large subunit of the fungal rRNA gene (LSWhich is amplified by NL1 and NL4 primers
(Kurtzman 2014), to reach species discriminatiostuAlly, since the advantage to use both
D1/D2 and ITS sequences, which have a comparablgespresolution, is due to a taxon-specific
variation, the use of both sequences is recomme(itiedzman, 2014). Restriction analyses of
the rRNA region composed by ITS1, 5.8s rRNA geng HiE2 in a complementary molecular
method is used in support to the traditional migrtdgical work. Indeed, RFLP can be used in
combination with ITS-PCR to differentiate closebtated species. The advantages of this method
is that it can go over the limitations of the usigantification techniques and it is reproducible
and easy to do. Nevertheless, it might happendbate profiles can be genus-specific: in this
way, those profiles have to be verified with otlagproaches (Guillamoat al., 1997). In the
specific case of this work, almost all the isolatese distinctly differentiated by using Haelll and
Hinf endonucleases. Hinfl is characterized by ahdigpolymorphism than Haelll and it helped
the differentiation. It was necessary to use altbiizyme, Taq |, to differentiate the isolateshef t
Meyerozymaspecies complex into two genotypes groups (Retnal., 2014). The yeasM.
caribbica was indicated as a biocontrol yeast, as it conspfete nutrients (sucrose and fructose
mainly) that are otherwise used by the pathogentdadevelopment; it also produces hydrolytic
enzymes, and biofilm through quorum sensing (Btasfosalest al., 2013). Its close relative,
M. guilliermondii a Crabtree-negative species, was isolated fromntingbirds and nectivirous
bats (Belisleet al., 2014) and it was found to act as a killer yeastiregi Colletotrichum
gloeosporioidegdeLimaet al., 2013). These two species have been often fourfdrmented
food (Romiet al., 2014) and, as said above, might have a potemtighe field of biological
control of those fungi that spoil fruits and ved@és in postharvest stage. Moreover, phylogenetic
analyses showed that ITS is an informative region ghylogenic trees construction and for
differentiation among related taxa, allowing totitiguish among closely related species. In fact,
data of the phylogenetic 26S tree show tRathia genus is a polyphyletic group, as it is not
clustered in a single branch, but it is distributedong the ascomycetous yeasts. This is in
agreement with the affirmation of Kurtzman and Rethbi§1998). It is interesting to note that in
the phylogenetic tree constructed with the 26S aecgs theStarmerellaclade branch is longer
than the branches of the other clades: the reaggim fve ascribed to high speciation rates of this
genus, as hypothesized by Lachance and collaber009).

Barcoding data showed that members&SalactomycesCandida Pichia andlssatchenkiayenera
dominate the yeast microbiome Bf suzukiiindividuals of different life stage$salactomyces
genus belongs to Dipodascaceae family: many seqaeaftiliated to this taxonomic level were
recorded in DGGE, together with bands assigned¢otrichum candidunand Geotrichum
phurueaensis from larvae, pupae and (in lower proportion) fr@adults. The anamorph of
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Galactomyces candidu&eotrichum candidumis a common soil-borne fungus that causes sour-
rot in tomatoes, citrus fruits and vegetables (hitmr et al., 2010). It was isolated also from
earthworms from tropical habitat (Parthasarethal, 2007, Lachancet al, 2010). Interestingly,
Pimentaet al, in 2005, isolated and characterized a closdivelaf the Galactomycegenus,
Geotrichum silvicola from Drosophila flies and oak tasar (an oriental moth that produce
brownish silk)and silkworm larvae. The speci€a. candidusvas introduced to adjust tige.
candidumcomplex, a more common and randomly distributedigr

Other species, retrieved from barcoding analysis, part of the Saccharomicetaceae and
Pichiaceae families, which comprise well-known yeathese families constitute the larger part
of the isolates in the collection. For instan€Ce,apicolais an asexual species (Lachamteal.,
2010), isolated from 2 out of 9 adults reared antdr It lives in association with floricolous
insects, like stingless bees and endoparasitoiggsvfisachancet al, 2010, Rosat al., 2003),

the European hornetéspa crabrd and paper waspsPolistes sp.; Stefaniniet al., 2012).
Members of this genus contribute to the optimalettgement of the insect, due to their nutritional
role. Starmer reported in 1982 tl@zdndida ingenss able to metabolize toxic fatty acids in cactus
tissues, providing a beneficial effect fdrosophila mojavensjswhile Candida sonorensiand
Criptococcus cereanusre able to process 2-propanol in decaying catssies, with an
advantage foDrosophilalarvae and adult®?. membranifaciensecorded in 2 out of @dults
reared on fruits, was isolated from the gut ob$dphilaadults (Fermaudt al.,2000),from rove
beetle species (Klimaszewski al.,2013) and wine environments (Saszl.,2011). Cactophilic
Drosophila spp. receive an advantage from the association this species and other yeasts
(Heedet al., 1976).P. sporocuriosaisolated as well from 2 out of 9 adults rearedroits, was
recorded the first time from food sources and itelmates; it was isolated from the rambutan tree
(Nephelium lappaceunfeteret al.,2000) and from the frass of the litchi fruit bo@snomorpha
cramerella(Thanhet al.,2003).

Isolates from larvae, pupae and adults fed on thi&écel diet includedS. craetegensisA.
schoeniiand P. occidentalis which were also found in the fruit-fed adul&. craetegensig/as
isolated from orange juice (Ariast al., 2002). It is a predacious yeast since it produce
appendages, draustoriato kill other yeast and fungal cells, by penetmtihem (Pimentat al.,
2010, Lachance and Pang, 1997). Isolates clustévitige Saccharomycopsigenus were found

to be associated to the black turpentine beB#adroctonus valengLou et al., 2014). P.
occidentaliswas found to be preferably associated with fr(B@ffi et al.,2011), also affected by
grape sour rot (Guerzoni-Marchetti 1987).

Adults reared on fruits contained a broader dived yeasts; the most frequently identified yeast
species from adults reared on fruit was bailii, a food-spoilage and an acid-resistant yeast
(Loeffler et al., 2014), as it is able to metabolize acetic acidhi@ presence of a high sugar
environment. This capacity is reinforced by thet@ctive role played by ethanol when present in
the medium, against the possible deleterious effeichcetic acid, by inhibiting the transport and
accumulation of this organic acid. Consequentlg,ittiracellular concentration of the acetic acid
can be kept at low level (Soustal., 1996). In addition to this, a strain &f bailii was found to
have killer properties, exerting an antagonistfe@fagainss. cerevisiaandC. glabratastrains
(Radleret al.,1993).

The specie$l. uvarumis an apiculate yeast with a lemon-shape, presetite grape skin. It was
isolated from 3 adults reared on fruits. It is kmotw be a colonizer of decaying fruits, commonly
isolated from vineyard environments (Bouregtal., 2012, Baratat al.,2011): its contribution to
Drosophiladiet was detected in the past (Vaetlal.,1979). Its presence was recorded in healthy
vineyard and in those damaged by honeydew, souBarttaet al., 2008; Barataet al., 2012)
and Botrytis-affected ones (Nisiot@t al.,2007). The detection on the body surface and gut of
adult Drosophila individuals of the anamorph ¢i. uvarum Kloeckera apiculataby electron
microscopy was reported in previous studies (Fedeaal, 2000).Kloeckera apiculatavas also
isolated from adult flies belonging to tirosophila fasciolasubgroup, a group of drosophilid
flies living in tropical rainforests, thus charaited by having a narrow feeding niche. Yeasts
isolated fromDrosophilahabitats in temperate and tropical regions usumlgng to the group of
good fermenters, as they are able to assimilateadbrange of polysaccharides, disaccharides
and alcohols (Moraist al., 1995).H. uvarumwas previously detected in a work focused on the
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characterization of the yeast communities of déiféiDrosophila species, colonizing different
feeding niches (Chandlet al., 2012). It is the dominant yeast genus found ireason with
Drosophila species, in particular with fruit and flower feeslelt was not detected in the cactus
feeding species surveyed, mojavensisand it is rare in the two mushroom feeders spgedie
belongs to a species complex of colonizersDobsophila food sources constituted k.
lachancej H. guillermondii H. pseudoguillermondiiH. opuntiag H. meyerj H. clermontiae
Hanseniaspora opuntiaén the yeast collection we found three repregsms, as it was isolated
from two adults feeding on fruits. It was descriltled first time by Cadez and coworkers in 2003,
isolated from prickly pear cactus in Hawaii. Furthere, the first work which provided an
overview of the yeast community associateddtosuzukiishowed thaH. uvarumis the yeast
species identified in all specimens, e.g. larvaelta, infested and uninfested fruits (cherries and
raspberries), by cultivation methods and TRFLP s (Hambyet al.,2012).

Many species of flies ddrosophilagenus choose fruits and other vegetable matexsatstes for
finding mates and oviposition. Sites are preferatiywsen by flies when are colonized by
Saccharomyceand yeast species associated to fruiting plaikes those affiliated tdPichia and
Hanseniaporagenera. Yeast growth and metabolism contributsuitable conditions for larvae
and for adult mating and oviposition (Foglenetnal., 1990). It was also demonstrated that and
array of both fruit and yeast odors, released lyraobies in early stages of fruit fermentations, are
necessary for the flies attraction and oviposistmulation (Fermauet al., 2000, Palancat al.,
2013, Christiaenst al.,2014); as an indirect consequence, flies seeds/gasew habitats.

In conclusion, the characterization of the yeashmaonity presented in this work outlines a
microbiome constituted by ascomycete yeasts bedgndo the Saccharomycetales order.
Different approaches, both dependent and indeperfiden cultivation, contribute with different
extent, due to the possibility of these methodscharacterize the community at different
taxonomic levels. Despite that, the work here preskconfirms thab. suzukiiis associated with
yeasts species that were already detected in afisocwith this pest (Hambgt al., 2012) and
otherDrosophilaspecies (Moraist al., 1995, Chandleet al.,2012). In particular, not only these
species are commonly found in orchard and vinegakironments (Ariast al.,2002,Saezet al.,
2011,Barataet al.,2011), but also they are involved in the earlgssaof fermentation and are
recovered when the stage of fruit ripening occlrssuzukiiattacks fruits and oviposits during
this step of fruit maturation and, as a consequenitawvill be associated by the yeast species
characterizing mostly the early stages of ferm@matindeed, beforavéraison the microbial
community of grape berries is similar to the pleaves, dominated by basidiomycetous yeasts
(e.g. Cryptococcuspp.,Rhodotorulaspp.); on the contrary, during ripening, berry s&iarts to
softer, availability of nutrients increases andnth& prevalence of ascomycetous species,
characterized by fast growth and an oxidative oakhefermentative metabolism, is registered
(Candidaspp.,H. uvarum/K. apiculataPichia spp.). When grape cuticle is severely damaged,
high sugar amount leads to the dominance of spagiesigher fermentative metabolisRi¢hia
spp.,Zygoascuspp.), including species that are known to be \gpp@lers Zygosaccharomyces
sp., Torulasporaspp.), together with AAB of th&luconobacteland Acetobactergenera, mostly
(Barataet al.,2012). For example, since the sugar fermentingty@accharomyces cerevisiége
not commonly found on undamaged fruits (Barataal., 2012), is consequently not detected
among yeasts associated Do suzukii Yeasts share the same environment, several écalog
niches and metabolic pathways with AAB, symbiontsg in association with drosophilid flies:
AAB were reported to establish symbiotic relatidpstwith D. suzukiitoo (Chandleet al, 2011,
Chandleret al., 2014, Vacchinket al, in preparation). Therefore, future efforts miglet directed
towards the investigation of the interactions exgbetween these two groups of microorganisms
and the possible effects on the pest health andbeilg. The spotted wing fl{p. suzukiiis an
economically damaging pest of healthy soft and 8pkening summer fruits (Leet al., 2011).
The sustainable management of this pest shouldéxple knowledge gathered on the flies’
microbiome as an integration of the currently addpdtrategies for the restraint of this invading
species.
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Chapter V

Evaluation of the Antagonistic Properties of Diffeent Yeasts Isolated from the
Spotted-Wing Fly, Drosophila suzukii

INTRODUCTION

Among the different insect groups involved in muste relationships with yeasts,
Drosophilid flies, including the spotted wing flprosophila suzukii,establish symbiotic
relationships with different microorganisms, amonmlgich yeasts of the Saccharomycetales
order (Hambyet al, 2012, Chandleet al, 2012). The reasons of this association are wgyio
ranging from nutritional, mating and ovipositionniedits for flies (Becheret al., 2012),
dispersion in new habitats, chance for overwingerinside the host body, to increase
outbreeding rates for yeasts (Vega and Dowd, 2R@&teret al 2007, Stefaninet al. 2012).

The ecological niches colonized by yeasts, mainlitd and plant, such as grape berries, are
characterized by high species diversity (Baretaal, 2012); this leads to the competition
among microorganisms for their own niche constarctand nutrient supply. To gain these
purposes, some yeast strains are able to synthesizeclease in the environment an array of
compounds named “killer toxins”, molecules of pioée&eous nature, lethal to other
microorganisms, with a specific acti@pectrum The similarity with bacteriocins, strain-
specific molecules having bactericidal activityereded by bacteria (Riley and Wertz, 2002), is
very close. According to this property and the pitgpes they display, yeasts can be classified
in three categories: “killer”, “sensitive” and “nteal” types. Sensitive cells are the target of the
molecules released by the killer ones, while th&tnagtypes are not killed by the killer strains
and neither possess the killer factor (Bevan anétcdWar 1963, Woods and Bevan, 1968).
Killer property is a widespread phenomenon in y&dateed, the killer toxin characterization
was conducted in several strains Sdiccharomyces cerevisid@/oods and Bevan, 1968),
Zygosaccharomyces bailiRadleret al., 1993),Hanseniaspora uvarur(Radleret al., 1990),
Pichia membranifacien€Santos and Marquina, 200&Debaryomyces hansergbantoset al.,
2002), Kluyveromyces phaffiCiani and Fatichenti, 2001) arstwanniomyces occidentalis
(Chenet al., 2000). This capacity was exploited in biologicahtrol field, not only for the
production of killer toxins, but also for the phgai competition for space and nutrients,
mycoparasitism, antibiosis, predation or inductidrplant diseases (Janisiewicz and Korsten,
2002). Some yeasts are known to be predacioussydist Saccharomycopsis craetegensis
(Pimentaet al., 2010). Lachance and Pang used in 1997 the tereddgious yeast” first
(Lachance and Pang, 1997), for those species @rdorm their antagonistic behavior by
penetrating other yeasts through small appendagesdhaustorig and kill them.

This work aims to find putative strains havinglédl or antagonistic properties in a
perspective of possible future applications fort mesitrol. With this regard, the evaluation of
the antagonistic properties of some selected ysaites, against yeasts and acetic acid
bacteria strains, was conducted. These microongengere previously isolated and collected
from the exotic pedD. suzukii Since the production, activity and stability bétkiller factor is
dependent on pH, temperature and aeration, andult de highly affected by the culture
conditions, the optimal ones in terms of pH, terapue and carbon source content were used.

MATERIALS AND METHODS

Eleven strains isolated from. suzukiiand maintained at DeFENS (Department of Food,
Environmental and Nutritional Sciences) were selkdbr antagonistic activity assays (Tab.
1).

Table 1: Yeast isolates, obtained frdin suzukij used in this study

Abbreviation Strain name

27 Saccharomycopsis craetegensis9.P.27
60 Saccharomycopsis craetegenBik.1B.G.60
71 Arthroascus schoeni?1.10.1.71
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137 Pichia occidentaliAP1.2.P.137

164 Galactomycesp. AP4.14.1.164

206 Pichia sporocuriosaAF1.7.P.206
220 Hanseniaspora uvaruF1.13.F.22
249 Pichia membranfacien&F3.13.1.249
268 Candida stellimalicolaAF4.1.P.268;
276 Candida apicolaAF5.9.1.276

279 Zygoascus meyera&F5.1.P.279

The yeast straitwWickeramomyces anomalus MIZ.12 isolated fromAnopheles stephensi
mosquitoes (Riceoét al.,2011), was chosen due its killer properties (CHippeal.,2014) and
used as reference strain. Twelve acetic acid bac{dAB) isolates were selected from the
bacterial collection previously obtained frdi suzukii(Vacchiniet al., in preparation), for
the screening of the antimicrobial properties ey the abovementioned yeast isolates
(Table 2).

Table 2: Bacterial isolates, obtained frdbn suzukij used in this work.

Abbreviation Strain name

23 Acetobacter tropicalibYea.1.23

46 Acetobacter indonesiendslal.1.46

44 Acetobacter indonesiendlal.1.44

16 Acetobacter peroxydan.1.A.16

4 Acetobacter cibinongensiMan.1.4

9A Gluconobacter oxydarn3S1FC.9A

1c Gluconobacter kondonBMan.3.1C

15 Gluconobacter kanchanaburiendig.2.A.15
65A Gluconacetobcter saccharivoralsS1MA.65A
114 Gluconacetobacter hansemdS2MC.114
34 Gluconacetobacter liquefacieh8.2A.A.34

In addition, straimsaiasp. SF2.1, which was isolated frgdn stephensfFaviaet al., 2007),
was tested too.

A modification of the protocol adopted by Cappaeltid collaborators (2014) was developed
for the growth of the strains to be tested, bothisy® and AAB. Yeast cells were grown for 36
h at 26C in 100mL flasks containing 20 mL of liquid YPDgeowth medium suitable for the
stimulation of the soluble toxin production (Cappet al., 2014). After 36 h, growth phase
was verified to be Focell/mL and subsequently 100 pL of growth cultufeeach yeast
species were seeded by spreading on YPD solid me¢gar 20 g/L). On each plate, the
other yeast isolates were cross-examined by sgo&imuL of the same culture growth in
stimulating conditions. The plates were incuba@d72 h at 28 and then the presence of
inhibition haloes was observed.

For antimicrobial activity assay, the abovementtbAAB strains were allowed to growth till
concentration reached %6ell/mL on GLY liquid medium (Cappelkt al., 2014), and then
plated on GLY solid medium (agar 20g/L). As for geeersusyeast test, on each plate 5 puL
of every yeast was spotted. The plates were inedbiar 72 h at 2& and inhibition haloes
were checked.
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Table 3: Summary of the antagonistic activity tests perfednby cross-examination on yeast strains,
and on AAB isolates. In columns, the yeast isol&ssted for the production of killer toxins areéid;

in rows are reported the strains, the growth inttbiof which was observed. In the table, the nursibe
in rows and columns refer to the abbreviations regbin tables 1 and 2.
Antagonistic yeast isolates

27 60 71 137 164 206 220 249 268 276 279 F17.12
27 - - - - - - - - + - - -
60 - - - - + - - - + - + +
71 - - - - - - - - + - - -
137 - - - - - - - - - - - -
164 - - - - - - - - - - - -
206 - - - - + - - - - - - -
220 - - - - - - - - - - - -
249 - - - - - - - - - - - -
26¢ - - - - - - - - - - - -
276 - - - - - - - - + - - -
279 - - - - - - - - - - - -
F17.12 - - - - - - - - - - - -
23 - - - - - - - - - - - -
46 - - - - - - - - - - - -

~0n o o <

w o 9 —O0 u —

w > >

16

9A - - - - - - - - - - - -
1c - - - - - - - - - -
15 - - - - - - - - + - - +
65A - - - - - - - - + +
114 - - - - - - - - - - - -
34 - - - - - - - - - - - -
SF2.1 - - - - - - - - + - - -

w o~ —O0 »n —

Figure 1: Examples of the inhibition zones created by theetkproducing strains. From left top, the
pictures represent the halo 6f stellimalicola AF4.1.P.268 on the seeded culture Af schoenii
P1.10.1.71 (first picture) and the antagonisticiwvityt of W. anomalusWaF17.12 againstG.
kanchanaburiensisL2.2.A.15 (picture in the middle)The inhibition zone ofC. stellimalicola
AF4.1.P.268 agains$accharomycopsis craetegenks9.P.27 is visible in the photo on the right.top
Below, some exemplificative pictures are report&®lack arrows indicate the inhibition halo
surrounding the killer strains.
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RESULTS

Selected isolates from the yeast and bacterial agmtyncollection of the spotted wing fly
were screened to evaluate the presence of antéigoyesist strains. The production of killer
toxins depends on the culture conditions used. dtopol for the optimization of the killer
toxins production, modified from the one used byp@ali and co-workers (2014), was
applied, and subsequently antagonistic activitistesre performed. The results of this assay
are presented in Table 3, while in Figurel somaums representing the inhibition results are
given. In Table 3 it is possible to observe thaspecific yeast isolateC. stellimalicola
AF4.1.P.268, was able to create an inhibition zanoeind 7 isolates, 4 yeasts and 3 AAR.
anomalusinhbited the growth of one yeast and three bactesiaile Galactomycessp.
AP4.14.1.164 succedeed in limiting the growth obtyeast strains. It is interesting to note that
the yeastS. craetegensiB1.1B.G.60 was inhibited by four different yeasisiong whichC.
stellimalicolaAF4.1.P.268.

DISCUSSION

The work here presented provides a fast and readys¢ method for the optimization of
culture growth conditions for the production of &l factors. These compounds can be
generally used by some yeast strains to compete atiter microorganisms for space and
nutrients (Bevan and Makower, 1963). In addititr, tesults highlighted the capacity of some
selected isolates, in particular ©f stellimalicolaAF4.1.P.268, to limit the growth of several
yeast and AAB isolates, by creating inhibition ledoFuture analyses might be devoted in
completing the screening of the yeast and bactedbéction, by using the most promising
strains here presented. Evaluation of the chendicafacteristics and properties of the killer
toxins, identifying the nature of the toxins releddy these yeasts, would be an interesting
advancement of the current knowledge. The presatat &ahd the future investigations might
contribute to enlarge the state of the art andeleelbp a strategy in the perspectivelDof
suzukiimanagement.
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Conclusions and Future perspectives

Many insect orders are involved in symbiotic intti@ns with microorganisms, which may
have a relevant role for the biology, physiologyl drealth status maintenance of the host
species (Dale and Moran, 2006; Morainal, 2008). Remarkably, insects of the Diptera,
Hymenoptera and Hemiptera orders, including friitsfof theDrosophilagenus, and in
particular the insect pefirosophila suzukiiDiptera: Drosophilidae) (Cingt al., 2012),
establish a tight symbiotic relationship with thipla-Proteobacteria group of acetic acid
bacteria (AAB). These symbionts influence differaspects of the host life, such as the
modulation of immunity, the larval developmentatierabody size and energy metabolism
(Ryuet al, 2008, Crottiet al, 2010, Mitrakeaet al, 2013). Furthermordrosophilaspecies
are involved in mutualistic associations with yeagtostly of the Saccharomycetales order
(Hambyet al., 2012, Chandleet al, 2012). Both flies and microorganisms benefitrfro
these associations: on one hand, yeasts are the moditional source for flies and
substrates colonized by these microorganisms afengntially chosen by the insects for
mating and oviposition (Bechet al., 2012 Christiaengt al, 2014). On the other hand,
yeasts’ mobility and colonization of new substrades favored by flies’ dispersion service,
the overwintering can be done inside the insectybaesd the outbreeding rates are
increased (Vega and Dowd, 2005, Rewteal, 2007, Stefaninét al., 2012). The analysis
of the composition and structure of the microbiainenunity poses the basis for future
speculations about the roles of these microorgaigithin their host.

The first part of the thesis, here presented, wasded on the characterization of
AAB diversity in D. suzukii Molecular analyses (16S rRNA barcoding and Deiragu
Gradient Gel Electrophoresis-PCR) were coupled watliture-dependent techniques
(isolation trials, dereplication with ITS-PCR arsblate identification through partial 16S
rRNA gene sequencing), and allowed to indicate &%&B, in particular Gluconobacter
GluconacetobacteandAcetobactegenera, are an abundant component of the spottegl wi
fly microbiome. It was shown that this associati®maintained in individuals at different
stages of their life cycle (larvae, pupae and adlulindependently from the diet
administered (fruits or an artificial preparatiolhese three genera are naturally associated
with the fruit fly Drosophila melanogastein particular with the insect’s digestive system
(Cox and Gilmore, 2007, Rezt al., 2007, Corby-Harriet al.,2007). Fluorescenn situ
hybridization (FISH) experiments showed that AABdasluconobactergenus in detalil,
localize within the peritrophic membrane of the gutd and proventriculus. Moreover, to
evaluate AAB capacity to colonize the fly's bodglexted straingluconobacter oxydans
DSF1C.9A, Acetobacter tropicalisBYea.1.23 andAcetobacter indonesiensBTal.1.44,
labelled with Green fluorescent protein (Gfp), wased for recolonization experiments of
D. suzukii Visualization by fluorescence microscopy revedtesymbionts localization in
the epithelium of the insect crop, proventriculusl anidgut. It was observed, indeed, that
several AAB isolates, under liquid growth condigpnvere able to produce a gelatinous
matrix, in which the cells are entrapped, and wliighrobably contributes to the bacterial
adhesion to the epithelia of the digestive syst@nerall, the results of this work suggest
the relevance of this bacterial group also for timsect species’ biology. Future
perspectives of this work foresee the investigatibthe role that AAB play for their host.
Indeed, their prevalence in different specimensjrtabundance and localization in the
digestive system, both in fruit-fed individuals @ndspecimens reared on the artificial diet,
suggest that an important contribution could betereby these symbionts.

AAB isolated in the first part of this thesis wetfeen used to perform attractive
assays oD. suzukii Since volatile organic compounds (VOCs) can lsedts’ attractants
or repellents, it was shown that selected AAB imsdawere able to emiW/OCs with
attractive capabilities foD. sukuzii (Cha et al, 2014). D. suzukii adults were then
submitted to two-choice olfactometer assays in WAB were used as VOCs producers.
Gluconobacter oxydan®SF1C.9A, Gluconobacterkanchanaburiensid.2.1.A.16 and
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Gluconacetobacter saccharivoramd3SM1A.65A strains showed the higher attractiveness
for flies than other bacteria. It was also demaistt that the best attractive molecules
released by these bacteria belonged to the clagkdlfols, ketones, carboxylic acids and
aldehydesThe data obtained by this work shed a light onpibssible future strategies for
baits specifically constructed f@r. suzukiias currently, traps for this pest are composed by
generic compounds, like vinegar and baker’s yeast.

The association of spotted wing drosophila of thateeelopmental stages (larvae,
pupae and adults) reared both on fruit and amifidiet, with yeasts, was proved too.
Cultivation-independent approaches (DGGE-PCR, ISA -pyrosequencing) indicated
that Saccharomycetales yeasts constitute the ni@otion of the analyzed community.
These groups of yeasts comprise specialist colmiakrotten and fermenting fruits, and
the food sourceBrosophilais used to visit.

Identification of the 237 yeast isolates confirmaud extended the molecular data and
showed that the most abundant species colle®ahi@ occidentalis Saccharomycopsis
craetegensisand Arthroascus schoeniiwere also those species found in all flies stages
Furthermore, this characterization showed thatstraples reared on fruit diet harbored a
higher number of species that those fed on lab. daylogenetic trees confirmed the
relationships of the yeasts identified. Importantlyese are species associated to fruit
substrates at different stages of fermentation.yTéleared the ecological niche with
drosophilid flies and AABBarataet al, 2012).1t was further confirmed the association
with Hanseniaspora uvarumpreviously described as the dominant yeast as®wLito
different Drosophila species, includind. suzukii(Chandleret al, 2012, Hambyet al,
2012).

The last part of the thesis was dedicated to tladysis of selected isolates of the
yeast collection in order to find putative “killéoxin” producers. Some strains compete
with other species for space and nutrients throtlgh releasing, under specific pH,
temperature and carbon source parameters, of tabkéms compounds (Woods and Bevan,
1968). It was thus observed that some yeast islatticularlyCandida stellimalicola
AF4.1.P.268, were able to create inhibition zornes timited the growth of different yeast
and AAB strains.

The results presented in this work might be aiatapoint for the development of
new concept and sustainable biocontrol strategiesrnative to the use of insecticides, and
based on the use of symbionts, their attractivpgmees and antagonistic molecules. Future
perspectives of this work foresee the characteéoizaif the interactions existing between
the microbial symbionts and the host, includingalse ones established between yeasts
and bacteria.
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