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Introduction

In recent decades, we have come to realize that bacterial endosymbionts have contributed to the
functionality of most, if not all animal species (Kostas Bourtzis and Miller 2003; Dubilier, Bergin, and Lott
2008; Hara et al. 2013; Kamada et al. 2013; Kaniji et al. 2017). Both vertebrates and invertebrates maintain
numerous relationships with microbes that require specific genetic machinery to interact productively with

their hosts, so that they are maximally likely to provide beneficial services and unlikely to become pathogenic.

| have always been fascinated by: i) the mechanisms governing host-bacteria and bacteria-bacteria
interactions, ii) understanding the stability of these symbioses when they are mutually beneficial, and iii) the
factors (e.g. host, diets, environment) that make microbes express harmful phenotypes that are costly for the
animal host as they can constrain development, reduce nutrition, compromise health or even cause

behavioral changes and increased aggression.

During my entire career, which started when | was an undergraduate and did my first internship at IMBB in
2001, | have been studying animal-bacterial symbioses in different systems. My training started with bacteria
associated with model insects because insects are associated with a wide range of bacteria (Baumann et al.
1995; Kostas Bourtzis and Miller 2003; Douglas 1989; Moreira et al. 2009; Perrot-Minnot, Guo, and Werren
1996), can be easily reared in the laboratory and generation times are short. | then moved to the more
complex symbiotic model systems of social insects, which can be used to make predictions as an analogy
about human societies, and in my current positions | focus on the cattle intestinal microbiota. However, as |
will explain in the last part of this thesis, | plan to use my expertize in insect bacterial symbioses to study

relevant scientific questions in a novel insect model system.
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2007 - 2012, Training & courses: i) Training in protein isolation from polyacrylamide gels, for analysis by
Mass Spectroscopy and in solution trypsin digestion and mass spec analysis using ESI-TRAP
LC/MS/MS (in Spiros D. Garbis lab, in biomedical research foundation, academy of Athens, Greece), ii)
Workshop on the preparation of scientific papers and abstracts in English entitled: “rédaction en anglais
scientifique”, Lyon, France, iii) Bioinformatics workshop at University of Maryland, Institute for Genome
Sciences, USA.

2003 - 2008 (awarded 2011), PhD: Department of Environmental and Natural Resources Management,
University of loannina and Hellenic Pasteur Institute, Athens, Greece. Title: “Molecular characterization
of the Wolbachia interactions with its hosts”. PhD defended in December 2008 and awarded in January

2011.

1998 - 2003, BSc: Department of Environmental and Natural Resources Management, University of

loannina, Greece (5 year study). BSc thesis: Department of Biology, University of Wales, Bangor, UK.

2001, Laboratory internship during BSc: Institute of Molecular Biology and Biotechnology (IMBB),

Heracleion, Crete, Greece, Prof. Babis Savakis lab.
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Curie Fellowship (IEF grant).

March 2009 — March 2011: Postdoctoral researcher — at the Functional Biology, Insects and Interactions
(BF2l) lab, INRA, INSA-Lyon, France.
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2003-2006: Molecular Biology and Biochemistry (practical exercise sessions) University of loannina,
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Greece (3 Academic years),

2003-2006: Microbiology (practical exercise sessions) University of loannina, Greece (3 Academic years),
MSc courses:

2011-2015: Genomic Approaches for Non-Model Organisms, University of Copenhagen, Denmark
2015-2016: Evolutionary Ecology Master course, University of Copenhagen, Denmark-

co-organizer of a mini symposium where the students had to read scientific articles and make presentations

summarizing the results.
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2016, 2018: Chemical and Genomic Insight to Host-Microbe Symbiotic Interactions, University of
Copenhagen. 23-27 May 2016 & 13-18 May 2018 in Copenhagen, Denmark (program of lectures and

practical exercises, in addition to teaching).
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2016, Frida Carlsen, Project Outside Course Scope, 15 ECTS three month project, Oral exam 30min.
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2017, Ana Barrientos, Project Outside Course Scope, 15 ECTS three month project, Oral exam 30min.

2017, Kasun Bodawatta, Project Outside Course Scope, 15 ECTS three month project, Oral exam 30min.
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2005-2006. Ministry of national education and religious affairs of Greece, EPEAEK II, Title: “Study of the
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2004-2006: Ministry of national education and religious affairs of Greece, Title: “Characterization of new
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2006-2008: General secretariat for reasearch and technology, Title: “A biotechnological approach for the
development of tomato plants that are resistant to bacterial speck disease”.

2006-2008: General secretariat for reasearch and technology, Title: “Towards the development of a

microarray system for the detection and characterization of plant pathogens”.

Grants received/participated as PostDoctoral researcher and group leader:

2009-2011: Agence Nationale de la Recherche, France, Title: “Aphicibles. Participation as Research
Assistant.

2012-2014: European Commission, IEF Marie-Curie Fellowship, FP7-PEOPLE-2011-IEF: “Gut Symbiomes
of Fungus-growing Ants; GUTS®, Grant number: 300584. Grant Recipient & Grant coordinator.

2013-2018: European Commission, ERC Advanced Grant, FP7-IDEAS-ERC: “Attine Ant Symbiomes
(ANTS)“, Grant agreement ID: 323085. Participation as Research Assistant.
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2021-2023: Institute National de Recherche Agronomique et Environment, Metaprogrammes Holoflux. Title:
“TANDEM?®. Participation as Collaborator and one of the three lead researchers responsible for the

development of the bioinformatic analysis pipeline.

Grants awarded to students | supervised:

2015: An NSF Graduate Research Opportunities Worldwide (GROW) grant was awarded to PhD student
Sarah J. Tolley in UCLA, whom | supervised at CSE (June 2015 to February 2016) and on the preparing
of this grant proposal. Participation as Supervisor during project.

2018: A Smithsonian Institution Graduate Student Fellowship (travel grant) was awarded to Fulbright MSc
student Veronica Sinotte at the University of Copenhagen. Host: Smithsonian Tropical Research

Institute, Panama, May—August 2018. Participation as co-Supervisor during visit.

Travel Grants:

2002: ERASMUS travel grant to do part of my diploma thesis in Henk Braig's lab, Department of Biology,
University of Wales, Bangor, UK. Grant Recipient.

2021: Institute National de Recherche Agronomique et Environment, Mission Scientifique a I'etranger; Travel
grant to visit the Danish Technological University (Kgs Lyngby, Denmark) within the framework of an

ongoing collaboration with Professor Frank Megller Aarestrup. Grant Recipient.

Awards:
2015: Cover photo of Applied Environmental Microbiology October Issue,

https://aem.asm.org/content/81/19.cover-expansion

2018: Homepage cover photo on eLife November 2018 issue (not available online, preview from private
record available here:
https://u.pcloud.link/publink/show?code=XZwxUWXZhqolI5bKDsjOoLFelB9f450e0P17)

OUTREACH ACTIVITIES:
| was involved in organizing and participating in Copenhagen Culture Night in 2014, a scientific exhibition
event which had more than 20,000 visitors, and we exhibited ant colonies, explaining them and their
symbionts to visitors.
(Sapountzis, Zhukova, et al. 2015) was highlighted in the American Society for Microbiology’s official
journal, The Microbe and has been presented (May 2016) in a science podcast

(http://www.bacteriofiles.com/2016/05/bacteriofiles-251-mycophagous.html).

(Sapountzis, Gruntjes, et al. 2015) was highlighted by the editors as an article of significant interest
(https://aem.asm.org/content/81/19/6517).

(Sapountzis et al. 2019) was highlighted by the editors in a perspective paper (10.1111/mec.14998).

(Sapountzis et al. 2018) has been presented in a separate digest

https://elifesciences.org/digests/39209/how-to-grow-a-fungal-garden, has been highlighted as one of the

most exciting latest research articles in the main homepage of the eLife journal and has also been
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presented in https://www.thenakedscientists.com/articles/interviews/fungus-farming-leaf-cutter-ants by

Chris Smith from the “Naked Scientists” (a BBC science podcast).
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PROFESSIONAL SERVICES

Reviewer: | have reviewed articles for the Proceedings of the National Academy of Sciences of USA (PNAS),
the ISME journal, Molecular Ecology, Frontiers in Microbiology (Review Editor), PLoS Pathogens, PLoS
ONE, Scientific Reports, BMC Microbiology, Genomics, Environmental Microbiology, FEMS
Microbiology letters, FEMS Microbiology Ecology, Insectes Sociaux and Science of Nature (previously
named Naturwissenschaften), Microorganisms, Toxins and Life (MDPI) — (Also Topic Editor of Life),

Animal Ecology, mBio and Environmental Entomology.

Scientific Membership: American Society for Microbiology.

ORGANIZATION OF SCIENTIFIC MEETINGS
2008 5th International Wolbachia Conference in Crete, Greece, 9-14 June 2008.
2021 12th International Symposium on Gut Microbiology (INRAE-Rowett) in Clermont Ferrand, France
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PUBLICATION LIST

Twenty seven peer-reviewed publications (seven first and three last author) and an additional paper which is
provisionally accepted and requires only minor edits (Zhukova et al. 2022). | am also the last author in a
manuscript which is under review at Microbiome (Teseo et al., ) and three additional manuscripts in
preparation, which will be finalized and submitted within 2022-23 (Ageorges et al. ; Sadowski et al. ; Teseo et
al.). The six publications marked with an asterisk (*) were part of MSc/PhD thesis projects and student

names (co-authorships) are presented in bold and italics.

h-index 22, i10-index 25, https://scholar.google.com/citations?user=AKD-YnsAAAAJ&hl=en

ResearchGate score: 28,44 https://www.researchgate.net/profile/Panos-Sapountzis-2

27 Sapountzis P, Teseo S, Otani S, Aarestrup FM, Forano E, Suen G, Tsiamis G, Haley B, Van Kessel JA,
Huws SA. “FI: The Fecobiome Initiative.” Foodborne Pathogens and Disease, December 21, 2021.
https://doi.org/10.1089/fpd.2021.0082.

26 Bibbal D, Ruiz P, Sapountzis P, Mazuy-Cruchaudet C, Loukiadis E, Auvray F, Forano E, Brugére H.
Persistent circulation of enterohemorrhagic Escherichia coli (EHEC) O157:H7 in cattle farms:
characterization of EHEC O157:H7 strains and fecal microbial communities of bovine shedders and non-
shedders. Frontiers in Veterinary Science 2022 March doi.org/10.3389/fvets.2022.852475

25 Sapountzis P, Segura A, Desvaux M, Forano E. An Overview of the Elusive Passenger in the
Gastrointestinal Tract of Cattle: The Shiga Toxin Producing Escherichia coli. Microorganisms 2020 8 (6),
877. doi: 10.3390/microorganisms8060877.

24 Sinotte VM, Renelies-Hamilton J, Taylor BA, Ellegaard KM, Sapountzis P, Vasseur Cognet M, Poulsen M.
Synergies between division of labor and gut microbiomes of social insects. Front. Microbiol. 2020 Jan
doi.org/10.3389/fevo.2019.00503

23 * Tolley SJ, Nonacs, P. and Sapountzis P. Wolbachia Horizontal Transmission Events in Ants: What Do
We Know and What Can We Learn? Front. Microbiol. 7.Available  from:

https://www.frontiersin.org/articles/10.3389/fmicb.2019.00296/full. IF=4.08

22. Teseo S, vanZweden J, Pontieri L, Kooij PW, Sgrensen SJ, Wenseleers T, Boomsma JJ, Poulsen M,
Sapountzis P. The scent of symbiosis: gut bacteria affect social interactions in leafcutting ants. Animal
Behaviour. 2019 Apr, 150: 239-254. IF=3.07

21. Otani S, Zhukova M, Koné NG, da Costa RR, Mikaelyan A, Sapountzis P, Poulsen M. Gut microbial
compositions mirror division of labour in a major lineage of eusocial insects. Environ. Microbiol. Reports.
2018 Dec 16. doi: 10.1111/1758-2229.12728. IF=2.885

20. Sapountzis P, Zhukova M, Shik J, Schigtt M, Boomsma JJ. (2018) Reconstructing the functions of
endosymbiotic Mollicutes bacteria in fungus-growing ants. eLIFE. 2018 Nov 20;7. pii: €39209. doi: 10.

7554/eLife.39209. (Cover photo on eLIFE homepage, highlighted in
https://elifesciences.org/digests/39209/how-to-grow-a-fungal-garden, and featured in elife podcasts).
IF=7.72
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Sapountzis P, Nash DR, Schigtt M, Boomsma JJ. (2018) The evolution of gut-microbiomes in fungus-
growing ants. Mol. Ecol. 2018 Nov 9. doi: 10.1111/mec.14931. (highlighted in a perspective paper).
IF=6.49

Zhukova M, Sapountzis P, Schigtt M, Boomsma JJ. (2017). Diversity and Transmission of Gut Bacteria
in Atta and Acromyrmex Leaf-Cutting Ants during Development. Front. Microbiol. 10. Available from:
https://www.frontiersin.org/articles/10.3389/fmicb.2017.01942/full. IF=4.16

* da Costa RR, Hu H, Pilgaard B, Vreeburg S, Schiickel J, Sydow Krogh Pedersen K, KreSimir Kracun S,

Kamp Busk P, Harholt J, Sapountzis P, Lange L, Aanen D, Poulsen M. (2017). Enzyme activities at
different stages of plant biomass decomposition in three species of fungus-growing termites. Appl.
Environ. Microbiol. doi: 10.1128/AEM.01815-17.

* Sapountzis P, de Verges J, Rousk K, Cilliers M, Vorster BJ, Poulsen M. (2016). Potential for Nitrogen
Fixation in the Fungus-Growing Termite Symbiosis. Front. Microbiol. 7. Available from:
http://journal.frontiersin.org/article/10.3389/fmicb.2016.01993/full. IF=4.1615. Sapountzis, P., Zhukova,
M., Hansen, L.H., Sgrensen, S.J., Schigtt, M., and Boomsma, J.J. (2015). Acromyrmex Leaf-Cutting
Ants Have Simple Gut Microbiota with Nitrogen-Fixing Potential. Appl. Environ. Microbiol. 87, 5527—
5537. (highlighted in Microbe, July 2015).

*Liberti, J., Sapountzis, P., Hansen, L.H., Sgrensen, S.J., Adams, R.M.M., and Boomsma, J.J. (2015).

Bacterial symbiont sharing in Megalomyrmex social parasites and their fungus-growing ant hosts. Mol.
Ecol. 24, 3151-3169. IF=6.49, IF=6.49

*Sapountzis, P., Gruntjes, T., Otani, S., Estevez, J., da Costa, R.R., Plunkett, G., Perna, N.T., and

Poulsen, M. (2015). The Enterobacterium Trabulsiella odontotermitis presents Novel Adaptations
Related to Its Association with Fungus-Growing Termites. Appl. Environ. Microbiol. 87, 6577—6588.

(Editor’s choice and Issue cover photo).

Sapountzis, P., Duport, G., Balmand, S., Gaget, K., Jaubert-Possamai, S., Febvay, G., Charles, H.,
Rahbé, Y., Colella, S., and Calevro, F. (2014). New insight into the RNA interference response against
cathepsin-L gene in the pea aphid, Acyrthosiphon pisum: molting or gut phenotypes specifically induced

by injection or feeding treatments. Insect Biochem. Mol. Biol. 57, 20-32. IF=3.45

Rabatel, A., Febvay, G., Gaget, K., Duport, G., Baa-Puyoulet, P., Sapountzis, P., Bendridi, N., Rey, M.,
Rahbé, Y., Charles, H., et al. (2013). Tyrosine pathway regulation is host-mediated in the pea aphid
symbiosis during late embryonic and early larval development. BMC Genomics 714, 235. [F=3.99

*Um, S., Fraimout, A., Sapountzis, P., Oh, D.-C., and Poulsen, M. (2013). The fungus-growing termite

Macrotermes natalensis harbors bacillaene-producing Bacillus sp. that inhibit potentially antagonistic
fungi. Sci. Rep. 3, 3250. IF=5.58

9. Andersen, S.B., Hansen, L.H., Sapountzis, P., Sgrensen, S.J., and Boomsma, J.J. (2013). Specificity and

stability of the Acromyrmex-Pseudonocardia symbiosis. Mol. Ecol. 22, 4307-4321. IF=6.49

8. Poulsen, M., and Sapountzis, P. (2012). Behind every great ant, there is a great gut. Mol. Ecol. 217,

2054-2057. IF=6.49
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. Saridaki, A., Sapountzis, P., Harris, H.L., Batista, P.D., Biliske, J.A., Pavlikaki, H., Oehler, S., Savakis, C.,

Braig, H.R., and Bourtzis, K. (2011). Wolbachia prophage DNA adenine methyltransferase genes in
different Drosophila-Wolbachia associations. PLoS ONE 6, e19708. IF=3.23

. Bordenstein, S.R., Paraskevopoulos, C., Dunning Hotopp, J.C., Sapountzis, P., Lo, N., Bandi, C., Tettelin,

H., Werren, J. H., and Bourtzis, K. (2009). Parasitism and mutualism in Wolbachia: what the
phylogenomic trees can and cannot say. Mol. Biol. Evol. 26, 231-241. IF=9.11

. Caceres, C., Segura, D.F., Vera, M.T., Wornoayporn, V., Cladera, J.L., Teal, P., Sapountzis, P., Bourtzis,

K., Zacharopoulou, A., and Robinson, A.S. (2009). Incipient speciation revealed in Anastrepha
fraterculus (Diptera; Tephritidae) by studies on mating compatibility, sex pheromones, hybridization, and
cytology. Biol. J. Linnean Soc. 97, 152—-165. IF=2.26

. Klasson, L., Westberg, J., Sapountzis, P., Naslund, K., Lutnaes, Y., Darby, A.C., Veneti, Z., Chen, L.,

Braig, H.R., Garrett, R., Bourtzis, K., and Andersson, S.G. (2009). The mosaic genome structure of the
Wolbachia wRi strain infecting Drosophila simulans. Proc. Natl. Acad. Sci. U.S.A. 106, 5725-5730.
IF=9.67

. Kounatidis, I., Crotti, E., Sapountzis, P., Sacchi, L., Rizzi, A., Chouaia, B., Bandi, C., Aima, A., Daffonchio,

D., Mavragani-Tsipidou, P., and Bourtzis, K. (2009). Acetobacter tropicalis is a major symbiont of the
olive fruit fly (Bactrocera oleae). Appl. Environ. Microbiol. 75, 3281-3288. IF=3.67

. Siozios, S., Sapountzis, P., loannidis, P., and Bourtzis, K. (2008). Wolbachia symbiosis and insect

immune response. Insect Science 75, 89-100. IF=2.14

. loannidis, P., Dunning Hotopp, J.C., Sapountzis, P., Siozios, S., Tsiamis, G., Bordenstein, S.R., Baldo, L.,

Werren, J.H., and Bourtzis, K. (2007). New criteria for selecting the origin of DNA replication in
Wolbachia and closely related bacteria. BMC Genomics 8, 182. [F=3.99

INTERNATIONAL CONFERENCES AND INVITED SEMINARS

>

| have given two invited seminars, one at the Hellenic Pasteur Institute on my PhD work, and one at
the University of Copenhagen on my work on gut bacteria of fungus-growing ants. | was also invited to
give a talk at the at the 18" quadrennial World Congress of the International Society for the Study of
Social Insects (IUSSI) in Brazil (5-10 August 2018) on my work on Mollicutes gut bacteria but
unfortunately there was no budget for my trip and stay.

TALKS
18. P. Sapountzis, M. Zhukova, JZ Shik, DR Nash, M. Schiott, JJ. Boomsma. Did the success of leaf-cutting

ants depend on the sequential domestication of Mollicutes endosymbionts? Royal Entomological Society

meeting on Endosymbiont Infection and Immunity, Liverpool, UK, 21-22 March 2018.

17. M. Zhukova, P. Sapountzis, M. Schiott, JJ. Boomsma. Gut bacterial transmission strategies in leaf-

cutting ants. 6" European Congress of the International Union for the Study of Social Insects (IUSSI),
Helsinki, Finland, 8-11 August 2016.

16



16. T. Innocent, N. Holmes, M. Schigtt, P. Sapountzis, D. Yu, M. Hutchings, JJ. Boomsma. The maintenance
of defensive microbiomes and the avoidance of antibiotic resistance. 6" European Congress of the
International Union for the Study of Social Insects (IUSSI), Helsinki, Finland, 8-11 August 2016.

15. J. de Verges, P. Sapountzis, K. Rousk, M. Du Plessis, B.J. Vorster and M. Poulsen. Do nitrogen-fixing
bacteria help fungus-growing termites overcome the nitrogen limitations of plant-based farming? (poster

and flash talk). Annual Symposium of the Copenhagen Microbiology Centre, Denmark, 2 October 2015.

14. J. de Verges, P. Sapountzis, and M. Poulsen. Do nitrogen-fixing bacteria help fungus-growing termites
overcome the limitations of plant-based farming? Forestry and Agricultural Biotechnology Institute (FABI),

University of Pretoria, Pretoria, South Africa, 23 January 2015.

13. J. de Verges, P. Sapountzis. Do nitrogen-fixing bacteria help fungus-growing termites overcome the
nitrogen limitations of plant-based farming? (poster and flash talk). Annual Symposium of the

Copenhagen Microbiology Center, Denmark, 3 October 2014.

12. J. Liberti, P. Sapountzis, LH. Hansen, SJ. Serensen, RMM. Adams, JJ. Boomsma. Microbiomes of
Megalomyrmex social parasites and their fungus-growing ant hosts. 17" World Congress of the
International Union for the Study of Social Insects (IUSSI), Cairns, Australia, 13-18 July 2014.

11. P. Sapountzis, L. H. Hansen, S. J. Sgrensen, M. Schigtt and J. J. Boomsma. Phylogenetic distribution,
stability and function of gut bacterial endosymbionts in fungus-growing ants. 17" World Congress of the
International Union for the Study of Social Insects (IUSSI), Cairns, Australia, 13-18 July 2014.

10. P. Sapountzis, L. H. Hansen, S. J. Sgrensen, M. Schigtt and J. J. Boomsma. Phylogenetic distribution,
stability and function of gut bacterial endosymbionts in fungus-growing ants. Invited seminar for the

Section for Ecology and Evolution at the Biology Department, University of Copenhagen, Denmark, 2013.

9. P. Sapountzis, L. H. Hansen, S. J. Sgrensen, M. Schigtt and J. J. Boomsma. Mapping the gut bacteria of
fungus-growing ants. Annual Meeting of the NW European Section or IUSSI, London, UK, 10 December
2012.

8. M. Poulsen, P. Sapountzis, J. Liberti, S. Otani, R. M. M. Adams, M Schigtt, J J. Boomsma. Exploring the
roles of microbiomes in the guts of fungus-farming social insects. Annual Symposium of the Copenhagen

Microbiology Center, Copenhagen, Denmark, October 5, 2012.

7. P. Sapountzis, G. Duport, K. Gaget, S. Balmand, S. Jaubert-Possamai, G. Febvay , H. Charles, Y. Rahbé,
S. Colella et F. Calevro. Effet de la méthode d'administration (ingestion versus injection) du traitement
RNAI chez Acyrthosiphon pisum. Reseau Francais de la Biologie Adaptive du Puceron. 3™ meeting Lyon,
France, 20-21 October 2010 (talk in French).

6. P. Sapountzis, H. Boleti, S. R. Bordenstein, K. Bourtzis. Insect-Wolbachia-WO phage tripartite symbiotic
interaction: exploring the role of phage. 23™ International Congress of Entomology, International
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Below | present my scientific career chronologically. | start with my introduction to research, as an
undergraduate student in 2001, and then | present my diploma thesis, which was a continuation of a summer
project in 2001. Then, follows my PhD thesis, which took place at the University of loannina and the Pasteur
Institute in Greece. After finishing my PhD, | moved -permanently- abroad for my postdoctoral period first in
France and then in Denmark. Finally, | finish up with my current work as CRCN at MEDIS and | lay down

some ideas about future projects.

Sandwich course at Heracleion, Crete, Institute of Molecular Biology and
Biotechnology (2001)

My undergraduate degree at the University of loannina, Greece (UOI) provided me with my first experience
in the research field of insects, bacterial symbionts and molecular biology. My first acquaintance with a
molecular biology lab was during a Sandwich course at the Institute of Molecular Biology and Biotechnology
(IMBB) at Heracleion Crete in Greece organized by Prof. Babis Savakis from July till August 2001. During
this course | used molecular approaches to characterize the microbiota associated with Bactrocera olea, a
major agricultural pest in southern Europe and possibly the worst pest for Greek agriculture. Traditional
methods used for pest control include chemical insecticides, which have been tried for the greater part of a
century, but their non specificity, wide target range and long half-life in the environment have rendered them
unsuitable for environmental sustainability and an eco-friendly ‘green’ growth. One of the most promising
approaches that has been proposed is the use of naturally occurring endosymbionts, which may be able to
reduce the insect pests reproduction rates or prevent them from attacking agricultural crops of economical
significance. For such approaches to work, we would need to identify bacterial symbionts that can fast and
easily transmit across the focal insect species and/or are able to induce phenotypes that can stall
reproduction rates, induce mortality or other deleterious effects or prevent the insect host from attacking
agricultural crops with the use of pheromones or the provision of a more complete diet (e.g. Amino acids,
vitamins, which could potentially make the insect host alter its nutritional niche). During this project, | focused
on characterizing bacterial symbionts of Bactrocera olea. To this end, | used 16S targeted PCR to amplify
and clone part of the 16S gene from different insect individuals, in order to map the frequency and
distribution of the identified symbionts. The amplified 16S PCR products were ligated and cloned in
commercially available vectors and successfully cloned 16S gene fragments grew on agar plates with
antibiotic selection. After confirming that the correct 16S fragment had been cloned (PCR and
electrophoresis) | reamplified the 16S fragments to perform a Restriction Fragment Lengh Polymorphism

analysis. Representatives from each group of different 16S variants were sent for Sanger sequencing.
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Diploma thesis (2002-2003)

During my diploma thesis work, | continued working with endosymbiotic bacteria of insects, but | was
introduced into a new model system; the Drosophila Wolbachia symbiotic relationship. Wolbachia bacteria
hold great premise as novel and environmentally friendly bio-control agents as they are
able to induce a variety of reproductive abnormalities in insect host, such as cytoplasmic

incompatibility, parthenogenesis, feminization and killing of males. Cytoplasmic incompatibility
is the most common reproductive abnormality and it essentially prevents populations of the same insect

species to produce viable offsprings unless they carry the same Wolbachia strains; hence making the

populations incompatible. Wolbachia bacteria are able to achieve that by targeting cell cycle regulatory
proteins causing asynchrony between male and female pronuclei (see also below). Hence Wolbachia strains
that are able to induce these modifications are known as “mod+". If the same Wolbachia strain is present in

the female reproductive organs, this asynchrony is restored and normal embryos are produced (Tram and

Sullivan 2002), and thus the strains are able to “rescue” the offsprings and are “resc+".

The potential applications from the exploitation of these phenotypes are great if we consider that Wolbachia
is found in possibly up to 75% of all insects, the most populous group (class) of animals which includes many
species of environmental, economic and medical importance. Therefore, research related to Wolbachia
bacteria is mainly divided in three parts: i) the identification and characterization of Wolbachia infections in
insect hosts, ii) the deciphering of molecular and cellular machinery that Wolbachia utilizes to exploit their
host and induce phenotypes and iii) practical applications for insect biocontrol. My diploma thesis consisted
of two parts; the first part was the identification of molecular components responsible for the
communication/interaction of Wolbachia cells with insect host cells and the second part was the identification

and characterization of novel Wolbachia strains in insect hosts.

The object of the first part of my work was the identification of proteins that are responsible for the
communication of Wolbachia with insect host cells and the lab work for this part took place in the Department
of Biology, University of Wales, Bangor, UK in Prof. Henk Braig’s lab. We hypothesized that the proteins of
interest would be present in the outer membrane that surrounds Wolbachia bacteria and very likely comes
from the host (host vacuole). Some of these putative membrane proteins are believed to play a role in
feeding Wolbachia, suppressing the host's immune system (and therefore prevent any host immune
responses) and/or facilitates the vertical transmission of Wolbachia to the offsprings as Wolbachia bacteria
are known to be able to interact with the cytoskeleton of their insect host in order to survive, proliferate and
exploit the host reproduction. During this part of my thesis, | and Panos loannidis, a classmate who
participated in this project, developed a platform which made feasible to extract, isolate and purify outer
membrane Wolbachia proteins from reproductive tissues of Drosophila flies and characterize their properties
using 2D gels. The advantage of using 2D gels is that the characterized proteins can be subsequently (and
relatively easy) isolated and sent for mass spectroscopy sequencing, even though it was, unfortunately, not

possible within the timeframe of my diploma thesis.

In addition to the above research, which was conducted using strains of Drosophila simulans, two other
species of insects were studied to determine if they were infected with Wolbachia. One of them is Bactrocera

oleae, which was also the focus of my sandwich course in IMBB and the other the parasitic Chrysopa sp. In
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the context of my diploma thesis, the endosymbiotic flora of individuals of the insect Bactrocera oleae was
studied by PCR. Populations from different parts of Greece were used. Using 16S PCR and Sanger
sequencing | confirmed the existence of symbiotic microbiota in almost all individuals of Bactrocera oleae,
mainly composed of Pseudomonas bacteria. It is worth noting that the Wolbachia bacterium was
absent from all Bactrocera oleae populations studied, but Chrysopa sp, was found to be infected with
Wolbachia. Chrysopa sp. are carnivorous parasites, known as green lace wings, and can grow rapidly in
greenhouses and the open field. Adults have a light green, transparent wings in which the veins are visible
(hence the name lacewings). The characterization of this insect as carnivorous is not based on the
characteristics of adults as they feed on nectar, honeydew, and pollen. In contrast, the larvae of this insect
are very greedy consuming a variety of different organisms, especially when they are in the third stage. This

feature makes them effective in biological control methods of many crop pests.
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PhD thesis (2003-2008; officially awarded 2011)

After my graduation, | decided to continue in the same field and started a PhD in Associate Professor Kostas
Bourtzis lab. Following the research that | started during my diploma thesis, | continued working on the
identification of molecular components responsible for the communication/interaction of Wolbachia cells with
host cells and the identification and characterization of novel Wolbachia strains in various insect hosts
(Sapountzis 2011).

Various in silico and wet lab approaches were undertaken to study surface proteins, ankyrins, the type IV
secretion system (T4SS), and prophage elements of Wolbachia, all components that were either suspected
or have demonstrated (in close relatives of Wolbachia bacteria such as Anaplasma and Ehrlichia species) to
facilitate the communication and/or cause pathogenicity in their hosts. To study these components the work
was divided in two parts. The first part took place at Kostas Bourtzis lab in the Department of Environmental
Management, UOI from September 2003 till September 2007, while the second part took place in the lab of
molecular Parasitology in the Hellenic Pasteur Institute in Athens, under the supervision of Dr. Haralabia
Boleti. During the first part of my PhD, | mostly worked on molecular biology and biochemistry techniques,

while under the supervision of Dr. Boleti | was trained in cellular biology methods and fluorescent microscopy.

Wolbachia T4SS

The presence of T4SS in Wolbachia was first described in two strains (wTai and wKueYO) that induce CI
(Masui, Sasaki, and Ishikawa 2000). As part of my PhD, | identified the genes that constitute a functional
T4SS in several strains: virB8, virB9, virB10, virB11 and virD4 (Masui, Sasaki, and Ishikawa 2000). The
sequencing of the genome of various Wolbachia strains (wMel,wRi, wBm, wPip and wVul) showed that the
T4SS of the bacterium Wolbachia is organized in different regions of the bacterial chromosome in the form of
operons (Wu et al. 2004; Foster et al. 2005; Klasson et al. 2008; 2009; Félix et al. 2008). In the case of the
wMel strain, one group of genes (virB8, virB9, virB10, virB11 and virD4) is organized together with the wspB
gene, (a paralog of the wsp gene), which encodes the major surface protein of the bacterium Wolbachia
(Braig et al. 1998; Wu et al. 2004). | examined the expression of all T4SS genes using targeted primer pairs
in three different symbiotic Drosophila-Wolbachia relationships. The three symbiotic relationships studied
were: (a) Drosophila simulans (wRi) where high levels of Cl expression have been observed (Ary A.
Hoffmann, Turelli, and Simmons 1986) (b) Drosophila melanogaster (wMel) where lower levels of CI
expression have been observed (A. A. Hoffmann and Turelli 1988; K. Bourtzis et al. 1994; 1996) and (c)
Drosophila simulans (wAu) where no Cl expression has been observed (Ary A. Hoffmann, Turelli, and
Simmons 1986). Based on the mod / resc model, wRi and wMel are considered mod+ resc+, while wAu is
considered a mod- resc strain (Werren 1997; D. Poinsot et al. 1998; Zabalou et al. 2008). | further examined
the expression of T4SS genes at different developmental stages and tissues; in embryos, testes, and ovaries,
as well as in adult males and females in order to determine whether there is a correlation between the

expression levels and the induction of the Cl phenotype.

Previous research in intracellular bacteria has shown that T4SS plays an important role in infectivity, survival
and reproduction in host cells (Christie and Vogel 2000; Sexton and Vogel 2002; Cascales and Christie
2003). For this reason, T4SS is thought to play an important role in the biology of Wolbachia. The results of

this chapter of my PhD show that almost all structural components of the T4SS are expressed in almost all
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the developmental stages and tissues of the three strains studied (wMel, wRi and wAu). It should be
mentioned that the genes coding for the structural components of the T4SS have a conserved structure both
in Wolbachia genomes as well as in those of bacterial strains related to Wolbachia such as Ehrlichia canis,
Ehrlichia ruminantium, Anaplasma phagocytophila, Ehrlichia chaffeensis, Rickettsia sibirica, and Anaplasma
marginale (Masui, Sasaki, and Ishikawa 2000; Brayton et al. 2005; Collins et al. 2005; Malek et al. 2004; Wu
et al. 2004; Foster et al. 2005; Mavromatis et al. 2006; Klasson et al. 2008; 2009; Félix et al. 2008).
Specifically, they are organized into two groups of genes that are at different positions in the bacterial
genome. | confirmed the expression of the viB8, virB9, virB10, virB11, virD4 genes and that they are part of
the same operon. Another important observation was the absence of genes coding the VirB2 and VirB5
proteins. These proteins are necessary for the formation of the pilus which usually activates T4SS, however
these structural components in Wolbachia, which is strictly intracellular, do not seem necessary (Félix et al.

2008), as the presence of the pilus may have been rendered obsolete over evolutionary time.

Investigation of Wolbachia surface proteins

Anaplasma marginale is an intracellular pathogenic bacterium, phylogenetically related to Wolbachia. An
important role in the infectivity of this bacterium is played by its major surface protein 1a (MSP1a). MSP1a
has been shown to assist Anaplasma in attaching itself to bovine erythrocytes (J. de la Fuente et al. 2001;
Tamekuni et al. 2009). It has also been suggested that MSP1a helps protect the bacterium to evade the host
immune system (Garcia-Garcia et al. 2004) . In A. phagocytophilum, the major surface protein is expressed
at different times in its life cycle and is possibly associated with infectivity (Granquist et al. 2008). Studies
have also shown that surface proteins play an important role in facilitating the attachment of pathogenic
bacteria to their host cells. This has been observed for pathogenic species such as the bacteria Ehrlichia
ruminantium, E. chaffeensis and members of the genus Rickettsia (Popov, Yu, and Walker 2000; José de la
Fuente et al. 2004; Renesto et al. 2006).

The main surface protein of Wolbachia is the WSP (Wolbachia Surface Protein). Wsp, which was discovered
more than twenty years ago, has two transmembrane regions with a strong preference for an outside-inside
orientation; suggesting that it may facilitate communication between Wolbachia and host cells. In agreement
with this prediction, the amino acid sequences of different Wolbachia strains cluster in a manner reminiscent
of the bacterial distribution of the same Wolbachia strains during ovulation of the host species (Veneti et al.
2004), and many of these hypotheses were confirmed by different labs (Melnikow et al. 2013). Furthermore,
studies have shown that WSP is a fast evolving component and under strong positive selection while two
functional paralogs have also been found in several Wolbachia genomes. For all these reasons wsp has
been used extensively for phylotyping and especially for distinguishing closely related strains (Wangkeeree
et al. 2021; Baldo et al. 2006; Baldo and Werren 2007; Kawasaki et al. 2016).

Considering the prominent roles of surface proteins of Wolbachia close relatives, | examined:

a The use of the wsp gene as a molecular marker for the identification of Wolbachia strains found in the

Anastrepha fraterculus species complex.

b Insect host proteins that may interact with the major surface protein of the bacterium Wolbachia (Wsp)

using the yeast-2-hybrid system (Y2H).
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C The expression of surface proteins of the bacterium Wolbachia (Wsp, WspB, WspC, Sarp, Sa and Sprp)

in developmental stages of five different symbiotics Drosophila-Wolbachia relations

d  The expression and distribution of surface proteins of the bacterium Wolbachia (Wsp, WspB and WspC)

fused with a GFP (Green Fluorescent Protein) construct in different eukaryotic cell lines.

The first part of this chapter of my thesis focused on Anastrepha flies, a group of an insect species complex
with a widespread distribution and of great economic importance, making them ideal candidates for potential
future biocontrol applications. | contributed to a study of laboratory strains of Anastrepha fraterculus
(Tephritidae) from Peru and Argentina (Caceres et al. 2009), focusing on the identification of Wolbachia
strains in this host as Wolbachia bacteria had been detected in these flies and were suggested as a cause of
reproductive isolation (Selivon, Perondini, and Morgante 1999; SELIVON et al. 1996; 2002). | was
responsible for: (a) the identification of Wolbachia strains by PCR, RFLP and cloning of the wsp gene for
Sanger sequencing, (b) the alignment and phylogenetic tree construction, which further contributed to the
combined results, which indicated that the two Wolbachia two strains belong to different biological entities

within the proposed A. fraterculus complex.

The remaining parts of this chapter were related to deciphering the molecular functions of Wolbachia surface
proteins. | initially attempted to identify insect host proteins that may interact directly with the WSP protein.
As mentioned earlier, the transmembrane domain of WSP, its fast evolution and the almost perfect prediction
of bacterial distribution in host eggs (Veneti et al. 2004) have suggested that it may interact with host
proteins. Through cloning of the gene coding the Wsp protein («bait») and a cDNA expression library of
Drosophila melanogaster (representing the total of insect host expressed proteins) in yeast cells, it was
possible to examine approximately 20 million potential interactions. The Y2H system, that had been
successfully used to identify proteins of the plant pathogen Agrobacterium tumefaciens in the Arabidopsis
thaliana model, failed to successfully identify any candidate host proteins that interact with the WSP. Some of
the potential reasons that the Y2H did not succeed in identifying interactions with Wsp may include: i) a more
complex network of interactions than we could not have anticipated; e.g. the possible interaction of Wsp with
other bacterial proteins which act as mediators between Wsp and host proteins and ii) limitations of the Y2H
technique when it comes to finding specific interactions. For example, publications have reported that the
Y2H hybridization method cannot detect interactions when inner membrane proteins or transcription factors

are involved (Mockli, Deplazes, and Auerbach 2008).

For the next part of this chapter, with the help of my collaborators | examined the wMel & wRi genomes of
Wolbachia strains as well as a number of Anaplasma and Ehrlichia genomes in order to compare and
identify genes coding for Wolbachia surface antigens. Intracellular bacterial surface proteins play important
roles in their biology (Lin, Huang, and Zhang 2002). The Wolbachia genome revealed a large number of
genes coding for surface proteins (Wu et al. 2004; Foster et al. 2005; Klasson et al. 2008; 2008), that had
been very little studied in Wolbachia and for this part of the thesis | characterized the six most promising
candidates: the wsp and two wsp paralogs; the wspB and wspC, and three more predicted surface antigens;
the sarp (surface antigen related protein), sa (surface antigen) and sprp (surface protein related protein). |

followed two experimental approaches to characterize potential functional roles of these antigens:

i ) Using eleven Drosophila lab reared lines that were infected with different Wolbachia strains, | prepared

cDNA libraries from different developmental stages and different insect tissues and examined the expression
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of the six genes coding the selected surface antigens. The eleven symbiotic pairs were chosen because the
Wolbachia bacteria induce different phenotypes ranging from strong Cl to no reproductional phenotypes and
the bacterial cells have different distributions in the developing eggs and the somatic and reproductional
tissues (Veneti et aL.. 2004).

ii ) | cloned the genes coding for the six surface proteins into vectors that allowed the joint expression of the
protein of interest fused with a GFP in eukaryotic cell lines. This allowed me to overexpress the proteins of
interest in two insect cell lines (S2 and SF9) and two additional mammal cell lines Hela and NIH-3T3. Even
though our primary interest has been the heterologous expression of the proteins of interest in insect cell
lines, identifying subcellular localization patterns in these cell lines is extremely tedious as their small size
and morphology make this task almost impossible. Therefore, the additional mammal cell lines served as
controls, especially since many of the eukaryotic proteins of interest (that our focal proteins may interact with;

e.g. cytoskeletal proteins such as actin) are highly conserved between insect and mammals.

Selection analyses showed that all six predicted genes appear to be under high positive selection,
suggesting prominent roles in Wolbachia’s biology. The results of this chapter showed that none of the
antigens’ expression across different tissues appears to be correlated to the reproductional phenotypes
Wolbachia causes, but some of them may play important roles in regulating the bacterium’s distribution
across the host. The genes coding for the Sa and Sprp antigens are not expressed in the wRi strain of
subgroup A but are exclusively transcribed and in very high levels in the body tissues of the wMa, wNo and
wMau strains, Wolbachia strains that have a strong preference for the somatic tissues of the insect host.
Furthermore, the heterologous expression of the predicted surface antigens | investigated also showed that: i)
the major surface protein Wsp may interact with the microtubules network of the eukaryotic host cell and ii)

the Wolbachia WspB surface protein may induce programmed cell death to prevent host immune responses.

Wolbachia Ankyrins

Intracellular pathogenic bacteria such as Chlamydiae, Rickettsiae, Ehrlichiae and Wolbachia have small
genomes. Therefore, they retain only genes that are necessary for their survival and transmission (Palmer
2002). Wolbachia genome sequencing and comparative genomics revealed an unusually large number of
genes coding proteins containing ankyrin motifs. These patterns are often found in proteins of eukaryotic
organisms and viruses (J. Schultz et al. 1998). In fact, more than 3600 different proteins with ankyrin motifs
have been identified, but very few have been found in bacteria (Mosavi et al. 2004). The presence of 23
genes coding ankyrins in the wMel strain (Wu et al. 2004), 39 genes coding ankyrins in the wRi strain
(Klasson et al. 2009), 12 genes coding ankyrins in the wBm strain and 60 genes coding ankyrins in the wPip
strain (2-4 % of total genes) is noteworthy considering that the closely related bacterial species of the
Rickettsia, Anaplasma, and Ehrlichia genera have in their genomes very few genes coding ankyrins (Wu et
al. 2004; Foster et al. 2005; Siozios et al. 2008; Klasson et al. 2008; 2009). For example, in the pathogenic
bacterium Anaplasma phagocytophilum HZ there are four genes coding ankyrins, in the bacterium Ehrlichia
canis Jake there are five while in the bacterium Rickettsia conorii Malish there are seven genes (Ogata et al.
2005; Hotopp et al. 2006, 2006; Mavromatis et al. 2006). Thus, the existence of a large number of genes

coding ankyrin-like proteins is considered paradoxical given the small genome size of Wolbachia (Wu et al.
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2004; Foster et al. 2005; Klasson et al. 2008; 2009), and it has been suggested that they may facilitate the

Wolbachia host interaction.

| initially examined the distribution of 35 predicted genes with ankryrin motifs identified in the wRi genome
(Klasson et al. 2009) in the Wolbachia strains of the same eleven lab reared Drosophila lines that were also
used for the investigation of surface proteins (see previous chapter). To achieve that | used targeted PCR
and southern blot analysis. Subsequently, using a similar approach to the one | used for the study of surface
antigens, | investigated the expression profiles of the 35 predicted genes that encode ankyrins (discovered in
the wRi genome) in the same eleven symbiotic Drosophila-Wolbachia relationships. Finally, fused ankyrin
GFP constructs were prepared and expressed in insect and mammalian cell lines that allowed me to observe
the ankyrins’ subcellular localization. Similar to the study of Wolbachia surface proteins, | examined
distribution patterns and expression profiles of the genes of interest in various Wolbachia strains that
establish different tissue distribution patterns (e.g. wMel Wolbachia cells are solely found in reproductional
tissues, wMa, wMau in somatic tissues while wRi cells, which heavily infect their Drosophila host, are found
throughout the body of their Drosophila host) and present a gradient of intensity in the reproductional
phenotypes they induce (e.g. wRi induces heavily Cl cause offspring mortality up to 100% while wHa causes

almost undetectable ClI).

Significant differences were found in the distribution patterns of wRi ankyrins in the eleven Drosophila
Wolbachia symbiotic relationships. Eleven genes were found only in the wRi strain and in no other subgroup
A strain, while two genes were found in the wNo, wMa and wMau strains but were absent in the wMel strain.
These patterns correlate perfectly with the different infection and Cl phenotypes intensity that Wolbachia
strains induce in these symbiotic relationships; wRI is heavily infected but the rest of strains are not, wNo,

wMa and wMau strains are the only ones that are able to infect Drosophila somatic cells.

Genes coding ankyrins also presented a variety of expression patterns depending on the life stage of the
host; WRi_006810 was not expressed in 2 hour-old embryos, WRi_006870 was not expressed in embryos
and WRi_p07650 in 16 hour-old embryos. All three genes belong to the group of "unique" wRi ankyrin genes.
Sex-specific differences in the expression of the WRi_003070 gene were detected, as expression was
detected in females and ovaries but not in males and testes. In addition, the WRi_003070 gene has two
transmembrane regions (Klasson et al. 2009) suggesting that it may be in contact with host cells. Therefore,
we tentatively suggested that the WRi_003070 may be involved in some bacterial-related mechanism in
females, such as the rescue mechanism of Cl (the ability of Wolbachia to restore synchrony in the mitotic
divisions of paternal and maternal chromosomes and thus prevent embryo lethality) and/or the maternal

transmission of the bacterium (Klasson et al. 2009).

To examine the potential phenotypes the expression of Wolbachia ankyrins may cause to the host, |
observed the expression of wRi ankyrins in insect and mammalian cell lines. GFP hybrids were constructed
and overexpressed in S2 (D. melanogaster), SF9 (Spodoptera frugiperda), C6/36 (Aedes albopictus), Hela
(Homo sapiens), NIH-3T3 (Mus musculus, fibroblasts) and Raw 264.7 (Homo sapiens, macrophages) cell
lines. A few GFP-fused ankyrins expressed the recombinant proteins primarily in the nucleus and to a lesser
extent in the cytoplasm giving a distribution pattern similar to that of the GFP protein (control experiments).
These localization patterns suggested that these proteins do not interact with any cell proteins but served as

excellent additional negative controls for this study.
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Cells transfected with plasmids expressing WRi_003040-GFP WRi_004040-GFP and WRi_006900-GFP as
hybrids provided a distribution pattern similar to that of actin. Expression of the WRi_006810-GFP protein
was strongly observed around the nucleus and in microtubule-like structures. Ankyrins are a group of
proteins that can interact with elements of the cytoskeleton such as actin or microtubules (Bennett & Davis
1981; Sedgwick & Smerdon 1999; Rubtsov & Lopina 2000; Mosavi et al., 2004). At the same time, previous
studies have suggested that Wolbachia may use the host cytoskeletal components to survive, multiply, and

induce reproductive parasitism (Veneti et al., 2004; Ferree et al., 2005; Serbus & Sullivan 2007).

Of interest in the present study, was the morphology of the cell nucleus transfected with plasmid vectors
expressing the proteins WRi_001790-GFP, WRi_006740-GFP, WRi_006810-GFP and WRi_006860-GFP.
The cells that expressed the above proteins had decondesed nuclei. In addition, when WRi_006740-GFP
and WRi_006860-GFP were expressed, the cells had multiple nuclei, suggesting that cytokinesis may have
stopped. The above phenotypes indicated that these ankyrins may interact with cytoskeletal proteins and
may be able to induce chromatin decondensation. In addition, when | examined the morphology of the cell
nucleus of C6/36 cells, infected with Wolbachia, nuclei decondensation and interruption of cytokinesis was
observed again at a higher rate than normal in infected cells, while these phenotypes were never observed
in uninfected cells. It is therefore possible that Wolbachia, through the interaction of ankyrins with host
proteins, is able to affect the structure of chromatin and cell division of the host cells. Also, as mentioned
before, in studies using Nasonia and Drosophila embryos infected with Wolbachia, it was shown that the
paternal chromosomes fail to decondense properly and fuse with the parent chromosomes before entering
the first mitotic division, which leads to embryonic mortality (Lassy and Karr 1996; Callaini, Dallai, and
Riparbelli 1997; Tram and Sullivan 2002). This led us to believe that Wolbachia ankyrins may be involved in
ClI through interaction with chromatin or other cell protein(s) that control its decondensation. In addition, it is
worth mentioning that in the pathogenic bacterium Ehrlichia phagocytophilum, a phylogenetically close
relative of Wolbachia, is able to secrete the AnkA ankyrin, which interacts with the chromatin of the host cells
(Caturegli et al. 2000).

Figure 1: Ank-GFP
overexpression in S2 cells.
To the left pseudocolors have
been assigned to differentiate
staining of the ank-GFP (green)
and DNA staining (red;
propidium iodide). The example
presented here shows the
chromatin decondensation that
was observed when the fused
«006740» ankyrin was

expressed in S2 cells. Arrows

on top show a normal cell,

arrowheads on the bottom show the decondendesced nuclei of a cell expressing the WRi_006740 protein.
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Investigation of the role of WO-B bacteriophage.

A bacteriophage is a virus that infects bacteria. The first evidence of a bacteriophage infecting Wolbachia
was presented in 1978, when Wright and his colleagues observed VLPs (Virus Like Particles; (Wright et al.
1978). These particles were similar in size and shape to the hitherto known phage capsules and were
detected only in Wolbachia cells. Sequencing of Wolbachia genomes revealed multiple prophage regions in
various Wolbachia strains; wMel has three prophage regions ; WO-A, WO-B and a small pyocin-like element
(Wu et al. 2004), five such regions (closely related to the bacteriophage WO-B) were found in the wPip
genome (Klasson et al. 2008) and four prophage regions in the wRi genome (Klasson et al. 2009).
Interestingly, bacteriophage regions were not found in the wBm genome or in other Wolbachia strains
infecting filarial nematodes, which have established mutualistic relationships with the host (Foster et al.
2005). Therefore, since bacteriophages have only been found in Wolbachia strains that have developed a
parasitic relationship with their arthropod hosts, it has been suggested that WO bacteriophages may be

involved in the induction of reproductive abnormalities (Wu et al. 2004; Klasson et al. 2009).

Among the various bacteriophage genes that have been suggested to play a role in inducing Wolbachia
reproductive abnormalities are the methylase genes. The first report of the presence of a methylase gene in
Wolbachia was in 2000. The gene was found in the bacteriophage WO genome region of the wTai strain
(Masui et al. 2000). Genome sequencing of wMel confirmed the presence of a methylase gene in the WO

genomic region (Wu et al. 2004).

On the other hand, a study on N. vitripennis infected with Wolbachia suggested a very different relationship
between Wolbachia and the bacteriophage WO-B. The bacteriophage WO-B appeared to be active, to form
VLPs, and to lyse Wolbachia cells (Bordenstein et al. 2006). More specifically, 11.8% of Wolbachia bacteria
cells appeared to be in the lytic phase (Bordenstein et al. 2006). The results of this study led to the theory of
the inverse relationship between density of the bacteriophage WO-B and Wolbachia density. Therefore, the
authors suggested that the bacteriophage prevents Wolbachia from causing Cl because the CI levels are
proportional to the number of Wolbachia cells in the testes (D. Poinsot et al. 1998; Clark et al. 2002; Denis
Poinsot, Charlat, and Mergot 2003; Clark et al. 2003; Veneti et al. 2003). In the same study, the authors
implied that the bacteriophage WO-B was inversely associated with the induction of reproductive parasitism
by Wolbachia as only bacterial cells that did not contain VLPs were in contact with spermatids (Bordenstein
et al. 2006).

This chapter of my thesis investigated the WO-bacteriophages in Wolbachia, both assuming that they may
promote reproducional phenotypes and thus aid Wolbachia to its parasitic lifestyle, but also entertaining the
alternative hypothesis that they may have a detrimental effect on Wolbachia cells. To achieve that |
examined: (a) the expression of two DNA-methylase genes that occur in the WO-A and WO-B bacteriophage
regions in different tissues and developmental stages in 11 Drosophila-Wolbachia symbiotic relationships,
and (b) the WO-B Orf7 capsid protein distribution in different Wolbachia-arthropod symbiotic relationships,
using a polyclonal antibody constructed for this study. For the latter, | examined the distribution of the minor
capsid protein of the WO-B bacteriophage and the distribution of Wolbachia major surface protein (Wsp) by
Western Blot analysis and performed immunoprecipitation. In addition, | also examined their tissue

localization using confocal fluorescence microscopy in different Drosophila tissues.

32



For the DNA methylase genes, the molecular and phylogenetic analysis identified two slightly different copies
of the gene, met1 and met2, that exhibit a different distribution over various Wolbachia strains, but no
correlations between Cl phenotypes and the distribution or the expression of these genes were found
(Saridaki et al. 2011).

Regarding the second part, the anti-Orf7 antibody was used to analyze the distribution of the WO-B capsid
protein in different insect-Wolbachia symbiotic associations by Western blot and immunofluorescence
confocal microscopy. The initial checks on the purified antibody showed that the anti-ORF7 antibody
detected extracellular phage particles enriched from insect homogenates of Wolbachia-infected hosts. | then
used the Ab to examine the bacteriophage distribution in Drosophila tissues, which showed that there were
obvious differences between Wolbachia cells and the bacteriophage distribution in Drosophila testes and
ovaries, including a notable differential localization pattern between phage and Wolbachia cells during mid-
oogenesis and the potential presence of bacteriophage VLPs in the cytoplasm of spermatocytes. The overall
results of this chapter suggested that the WO-B bacteriophage lyses Wolbachia cells infecting D.
melanogaster and thus the phage may have a functional role in the Drosophila Wolbachia symbiosis during
early sperm and egg development. An anti-ORF7 antibody could have been a valuable tool for characterizing
the life cycle, distribution, and function of Wolbachia bacteriophage. However, this study was never followed
up because the size variance of the WO-B antigen (western blot gels) and the inability to sequence the

identified peptides, made it impossible to verify the above findings and the specificity of the antibody.
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More general implications of my PhD work for other research subjects

My Wolbachia work has additionally made important contributions to a number of other studies as | used my
skills and expertize to contribute to a number of other projects that involved interdisciplinary collaboration

with other labs. The bullet points below summarize them:

| contributed to a study investigating the origin of replication in the Wolbachia genome and its close
Rickettsia relatives. In this study, we showed that Wolbachia and its close relatives may have altered
replication mechanisms, but the implications of this finding in the biology of Wolbachia remain
unclear. | was responsible for the PCRs, nested PCRs and cloning for sequencing of the ori gene

fragments that we analyzed in this study (loannidis et al. 2007).

| contributed to an MLST study of Wolbachia strains with the objective of determining the root of the
Wolbachia phylogenetic tree. In this project | was responsible for: (a) the PCR, nested PCR and
cloning for sequencing analysis, (b) the nucleotide analysis, including alignments and the
concatenated alignment of the sequences. This collaborative project was pioneering in highlighting
the potential of phylogenomics to resolve complicated phylogenies (Bordenstein et al. 2009), which

was confirmed a few years later (Gerth et al. 2014).

| contributed to the investigation of the gut microbial community of Bactrocera oleae (Tephritidae), a
maijor insect pest (Kounatidis et al. 2009). Using 16S generic PCRs and cloning of the amplified 16S
fragments | contributed to the Sanger sequencing and characterization of the Bactrocera oleae gut

microbiota.
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Post-doctoral position in the BF2Il laboratory, Lyon, France (2009 -2011)

After finishing my PhD, | moved to France to work on the model trophic symbiosis between Buchnera and
the pea aphid (Acyrthosiphon pisum). This was my first postdoctoral experience and took place in the

Laboratory “Biologie Fonctionnelle, Insectes et Interactions” (BF2l) from March 2009 till April 2011.

Buchnera aphidicola bacteria are close relatives of the free-living Escherichia coli, but approximately 150-
200 MYA (Moran et al. 1993), Buchnera formed an association with the aphids and natural selection
reshaped the genomes of these bacteria, resulting in the loss of all genes necessary to sustain themselves,
and making them entirely dependent on their host for nutrients and protection. The dietary preference of the
aphids cemented this relationship, as their symbiotic association is based on the exchange of essential and

non-essential amino acids (Brinza et al. 2009; Douglas 1996).

The project | was involved focused on the identification of host genes regulating the symbiotic response to
nutritional stress. My part in this project was the development of an RNAI technique to inactivate aphid gene
targets. More specifically, | performed: i) a systematic comparison of two different dsRNAi administration
methods: microinjection and feeding, and ii) the analysis of the knockdown and phenotypic effects of dsRNAi
in each separate body compartment (bacteriocytes, gut, embryos, head and the remaining carcass) of single
individual aphids. The most important findings of this project were: i) the identification of the RNAI
knockdown distribution in the pea aphid body and ii) the morphological phenotypes in the pea aphid as a
result of the cathepsin-L inhibition. During this period, | was responsible for establishing the optimal RNAi
delivery method to maximize efficiency of any given gene expression knockdown and turn the methods |
used into an RNAI platform that the technical personnel of the Bf2i lab (TAPs Gabrielle duport et Karen
Gaget) could easily apply to the study of any aphid genes. With that goal | trained the two technicians in the
use of the technique and the Bf2i lab has successfully used the RNAI inactivation pipeline for several
projects (Simonet et al. 2018; Simonet, Duport, et al. 2016). As part of this project | also supervised Francois
Cochet, an M1 intern (« stagiaire »). During his internship, | was responsible for supervising Frangois in the
molecular biology lab where he performed RNA extractions from aphid tissues and performed quantitative
PCR on a range of aphid genes to quantify and compare their expression. My supervision included the
planning of his work and the day to day experiments, the tutoring in molecular biology techniques and the

discussion and interpretation of results.

| was also involved in a transcriptomic study that examined the potential regulation of amino acid related
genes during the aphid development (Rabatel et al. 2013). My involvement was both in the experimental

work and the analysis and interpretation of the results.
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Post-doctoral researcher at the Centre for Social Evolution (CSE), Copenhagen,
Denmark (2011-2019)

Following my brief postdoctoral period in France, | moved to Copenhagen (Denmark) to join a highly
interdisciplinary team composed of evolutionary and molecular biologists, ecologists, biochemichemists,
statisticians and other researchers from various backgrounds. There, | was at the center of the microbiota
research accomplished by CSE (a former Center of Excellence supported by Danmarks
Grundforskningsfond for 10 years) and stayed for almost eight years. When | was hired, initially supported by
an individual EU Marie Curie Fellowship, CSE’s microbiology programs (Professors Boomsma and Poulsen)
had just started, and | had a major role in their successful progression, both as lead-scientist with
independent expertise from my training in Greece and France, and as mentor and co-supervisor. |
established the platform for the 16S-Miseq that was being used at the Centre until recently and trained
undergraduate, MSc and PhD students as well as postdoctoral researchers to perform wet lab experiments
and sequencing for the characterization of the gut microbiota of various model systems. My primary research
task was the identification and functional characterization of bacterial gut symbionts of fungus-growing ants

and fungus-growing termites.

Fungus-growing ants

The main model system that | built my research during my period at CSE was the fungus-growing ants.
Fungus-growing ants are a model system of a complex symbiosis because these ants were the first
agriculturers on our planet as they switched from a hunter gatherer lifestyle to an agricultural one
approximately 50 million years ago (T. R. Schultz and Brady 2008). These ants cultivate in monocultures a
domesticated strain of fungus and they protect it from external pathogens and diseases with the use of
elaborate social behaviors and antibiotic producing Actinomycete bacteria that they cultivate on their cuticle.
The FG ants tribe (attines) is composed of seventeen currently recognized genera (Sosa-Calvo et al. 2013;
2018) and based on the form of agriculture they practice, it is believed that FG ants underwent two major
transitions during their evolutionary history: one that took place ca. 25-30 MYA, starting with the permanent
domestication of a single fungal lineage that produced specialized hyphal tips (gongylidia) to feed the ants
(evolution into monocultures), and another ca. 15-20 MYA when the leaf-cutting ants arose as active
herbivores and evolved industrial-scale farming (Currie et al. 2006; Kooij et al. 2015; Ulrich G. Mueller et al.
2005; U. G. Mueller, Rehner, and Schultz 1998; Nygaard et al. 2016; T. R. Schultz and Brady 2008; Shik et al.
2014; Villesen et al. 2002). As a result of that, FG ant species have very different lifestyles and diets: the
least evolved species at the bottom of the phylogeny (lower attines) have small sized colonies (often <50
workers), forage dead material (e.g. insect carcasses) and rotten wood and have no specialized castes,
while the most evolved species (a.k.a. leafcutters that transitioned to industrial farming) forage fresh plant
material (e.g. leaves, flowers), have often specialized castes (i.e. workers and soldiers of different sizes) and
can have colonies of many millions (Currie et al. 2006; Kooij et al. 2015; Ulrich G. Mueller et al. 2005; U. G.
Mueller, Rehner, and Schultz 1998; Nygaard et al. 2016; T. R. Schultz and Brady 2008; Shik et al. 2014;
Villesen et al. 2002). Therefore, the various transitions from lower to higher attines and leafcutters over the
course of evolutionary time have resulted in many adaptations to the ant host, the fungal cultivar and the

bacterial communities associated with the ants or the fungus. The complexity of the fungus growing ant
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system is therefore the reason the that it is an excellent model to study as their societies can be used as an

analogy to different stages of human agricultural societies.

When | arrived at CSE in 2011, the gut bacterial communities of fungus growing ants had been very little
investigated (Van Borm, Billen, and Boomsma 2002) and therefore my main project at CSE was their
identification and characterization. | took an integrated approach to identify and characterize them
taxonomically, place them phylogenetically, use ecological approaches to correlate factors that affect their
abundance and prevalence, unravel their tissue localization but also understand their function in the fungus

growing ant symbiosis.

Identification of gut bacteria in leafcutter ants and factors affecting their prevalence and abundance

| initially used targeted 16S metagenomic sequencing and FISH microscopy to examine the gut bacteria of
Acromyrmex fungus growing ants, an attine species that is considered leafcutter and even though it does not
have specialized castes it can form colonies of millions of workers. My study (AEM) showed a consistently
across colonies low diversity community of Mollicutes, Rhizobiales and Wolbachia. Considering the
meticulous strictly liquid diets of Acromyrmex ants (leafcutters), a low diversity gut bacterial community was
not a surprise because typically the more specialized diets tend to reduce diversity in gut microbial
communities; e.g. honeybees and bumblebees have microbiota dominated by rather few bacterial species,
consistent with bees having more predictable pollen and nectar diets than ants and termites, which have
generalist feeding ecologies (Koch and Schmid-Hempel 2011a; Engel, Martinson, and Moran 2012; Koch
and Schmid-Hempel 2011b; Kwong et al. 2014; Martinson et al. 2011). Furthermore, considering that pollen
is rather protein rich (Campos et al. 2008) relative to leaves (Quinlan and Cherrett 1979) which Acromyrmex
ants chew but only swallow the liquid part, we would expect the leafcutter ant microbiota to have a higher
likelihood of providing nutritional supplementation. Taken those facts into account | examined whether some
of these symbionts may aid to nitrogen supplementation as a result of these protein poor diets. Using nifH
specific PCRs, NifH antibody immunohistochemistry and electron microscopy my colleagues and | showed
that Rhizobiales symbionts inhabit the Acromyrmex hindgut as a biofilm, and fix (probably atmospheric)
nitrogen-just like congeners that abide in root nodules of legumes on human farms. The biofilm structure
makes these symbionts especially resilient as when the entire bacterial community was challenged with a
range of antibiotics, the biofim forming Rhizobiales were less vulnerable than some of the other taxa
(Sapountzis, Zhukova, et al. 2015).

Following up the insights in the Acromyrmex fungus-growing (FG) ant (which is one of the most evolved
species in their phylogeny; leafcutters), | expanded the comparisons across gut microbiomes in the entire
phylogeny of the FG ants. In order to understand how gut bacterial communities of FG ants were shaped
and which factors affect them, | examined gut bacterial communities change across branches of the host
phylogeny and shifts in host diets a comparative microbiome analysis of endosymbiotic bacteria spanning
the entire phylogenetic tree. | showed that, across 17 representative sympatric species from eight genera
sampled in Panama, abdominal microbiomes are dominated by Mollicutes, a- and y-Proteobacteria, and
Actinobacteria. Bacterial abundances increase from basal to crown branches in the phylogeny reflecting a
shift towards putative specialized and abundant abdominal microbiota after the ants domesticated

gongylidia-bearing cultivars (higher attines), but before the origin of industrial-scale farming based on

37



leaf-cutting herbivory (leafcutters). This transition that our study identified coincided with the ancestral single
colonization event of Central/North America ca. 20 MYA, documented in a recent phylogenomic study
showing that almost the entire crown group of the higher attine ants, including the leafcutter ants, evolved
after moving to this new area (Branstetter et al. 2017). Several bacterial species are located in gut tissues or

abdominal organs of the evolutionarily derived, but not the basal attine ants.

Finally, the very same study showed that the composition of the ant gut microbiomes appears to be affected
by the presence/absence of defensive antibiotic-producing actinobacterial biofilms on the worker ants' cuticle

(Sapountzis et al. 2019), but the significance of this association remains unclear.

Rhizobiales bacteria

Following an early pilot experiment during which it was shown that several gut bacterial taxa appear more
resilient than others in the presence of antibiotics (Sapountzis, Zhukova, et al. 2015), | set out to investigate
potential phenotypic effects in the ants when their gut symbionts were removed. This experiment was part of
an undergraduate’s student short project («fagprojekt»), Anna Fomsgaard who stayed for an internship at the
centre for 3 months. During that project Anna, under my direct supervision, isolated Acromyrmex ant workers
in sterile petri dishes and fed them for a period of ten days either a mixture of sucrose water with tetracycline
and rifampicin or sucrose water without antibiotics (control). The isolated ants were monitored daily for
phenotypic changes and mortality counts and at the end of the 10 day period, the ant guts were dissected
and DNA was extracted. Bacterial counts were quantified using taxa specific primers and qPCR and

community changes were evaluated using 16S-Miseq sequencing.

This work confirmed previous findings that had suggested a slightly higher mortality when Rhizobiales
bacteria are removed from the gut, suggesting that this taxon may be essential for the ant survival and it also
served multiple other functions: i) the protocol that we used to isolate and feed ants artificial diets served as
a pipeline that was used for several subsequent similar experiments, ii) some of the results of this

experiment were a stepping stone for Anna’s BSc thesis.

Following up on the Rhizobiales hypotheses regarding their importance in the fungus-growing ant symbiosis,
postdoctoral researcher Mariya Zhukova and | isolated Rhizobiales bacterial cells using two different
methods: i) using direct microdissections to excise the part of the gut that Rhizobiales are located, and ii)
using anaerobic in vitro cultures that allowed them to grow (albeit in a very slow rate). Material from both
methods was sent for genome sequencing and the assembled genomes as well as several closely related
Rhizobiales genomes were used for comparative genomics. The results of this study suggested that
Rhizobiales gut symbionts may play a role in nitrogen recycling in the ants gut by catabolizing excess of
fungus-garden-derived arginine to urea, and thus supplementing complementary Mollicutes symbionts (see
next page). Since a similar function has been suggested for Mollicutes this would imply that this functional
redundancy may be a part of a larger failsafe system that ensures the stability of the fungus-farming
mutualism (Zhukova et al. 2022).
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Mollicutes endosymbionts

Having discovered that Mollicutes (order: Entomoplasmatales) bacteria are a crucial component of the most
evolved FG ant lineages (Sapountzis, Zhukova, et al. 2015; Sapountzis et al. 2019), | set out to investigate
their functional roles using in silico and wet lab approaches. | isolated Mollicutes bacterial cells (single strains
verified by PCR) from the fecal droplets of Acromyrmex FG ants (leafcutters) and fat body cells of
Apterostogma FG ants (lower attines) by adapting a pipeline that had been used for isolating Wolbachia and
other insect endosymbionts. Then, using Multilocus Displacement Amplification and genome sequencing |
produced the genomes from the two most common Mollicutes endosymbionts associated with FG ants: the
highly specialized and abundant in leafcutter (most evolved) lineages EntAcro1 (isolated from Acromyrmex)
and the non specialized and sparse EntAcro10 (isolated from Apterostigma). Using the sequences of the
identified strains, | initially performed phylogenomics using all available Mollicutes genomes at the time,
functional annotation and comparative genomics to identify metabolic or other pathways that were unique in
the two strains. Then | performed correlations between the functional annotations, the abundances of the
bacterial cells in ant tissues and the components of the ant diets. Finally, | confirmed a few of the hypotheses
the genomic comparisons revealed using molecular approaches. Our study showed that both Mollicutes
strains have the potential to turn excess quantities of the amino acid arginine into a nitrogen-rich fertilizer the
ants deposit on their fungal gardens as feces. However, only the specialized EntAcro1 strain (associated
with the leafucutters) can decompose citrate from plant sap and fruit juice (consumed by the leafucutter ants)
and produce acetate, a common energy source that often gut bacteria produce for their hosts, which
supplements the ants’ fungal diets and provides extra energy (Sapountzis et al. 2018). The findings of this
study added an extra layer to the already complex FG ant symbiosis by revealing how the gut bacterial

symbionts of these ants contribute too towards the stability of the farming lifestyle of their ant hosts.

In parallel with the above project, Anna Fomsgaard who had done a short internship in 2015 came back to
the centre to continue on the work that she had started before. Under my supervision, Anna examined three

different hypotheses related to the functional roles of EntAcro1 bacteria in Acromyrmex FG ants:

i ) the metabolic role of EntAcro1 across different colonies, by examining the transcription levels of 15
EntAcro1 genes in various ant tissues: four chitin-related genes, four genes used in arginine metabolism

and seven genes used for citrate utilization,

i ) the potential defensive functional role of EntAcro? by monitoring changes in the ants’ phenotype
(including mortality) when removing the Mollicutes with antibiotics and exposing them to different pathogens,

and

ii ) test if the growth rate of the ants’ fungus is influenced by the Mollicutes presence in the ants’ fecal

droplets.

Anna’s thesis took an integrative approach to examine all potential hypotheses that we had formed up to that
moment regarding the role of EntAcro? in the FG ant symbiosis. By examining the transcription levels of
genes related to the metabolic potential Anna showed strong expression of these genes in the guts and fecal
droplets of the ants suggesting that the Mollicutes are mainly in the hindguts and are excreted with the fecal
droplets. Small differences in the expression of the genes were identified (i.e. chitin and arginine related
gene expression was slightly higher in fecal droplets while citrate utilization in the guts) but none of these

contrasts were significant when formally tested, even though the numerical contrasts were consistent with
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our hypotheses about citrate utilization and arginine recycling. Following up on the results of the transcription,
we then examined whether fecal droplets from ants would enhance the growth of fungus monocultures
however, there were significant difficulties into isolating the correct strain of fungus cultivar and keeping it
clean from infections as one of the most important reasons that the fungus stay clean is the constant

meticulous cleaning by the workers.

Anna’s thesis also examined the potential of Mollicutes bacteria to affect the mortality of ants when infected
with selected pathogens. For that purpose two pathogens that FG ants can encounter were selected: the
fungal pathogen Metarhizium and the opportunistic bacterial pathogen S. marcescens. There were no
significant differences in the mortality of ants infected with Metarhizium when the ants had their Mollicutes
symbionts intact or eliminated with antibiotics, which inclines that the Mollicutes are not essential for parasitic
fungal removal. However, there was a difference in the mortality of ants infected with S. marcescens; The
experiment showed that when the ants did not have Mollicutes (because they had previously received
antibiotics) the ants had a higher mortality rate. The precise investigation of why Mollicutes had such an
effect was not possible within the framework of Anna’s thesis, however considering that a prerequisite for S.
marcescens virulence is to eliminate the native microbiota of the host it infects -which is achieved by using a
T6SS that attacks the cell wall of its competitors (Diniz and Coulthurst 2015)-, our working hypothesis was
that since EntAcro1 has no cell wall, it is immune to S. marcescens virulence and quickly outcompetes the

pathogen.

The intriguing interaction between Mollicutes symbionts and the opportunistic pathogen S. marcescens was
unfortunately not immediately followed up as Anna left the lab to continue her studies (she left to follow a
MSc course in Evolutionary Biology at the UCPH) but also because these experiments required field work,
which could only be done in south and central America, where the ants are indigenous. During that time
(2017-2018), fulbright MSc student Veronica Sinotte was visiting the lab and intrigued by the project she
asked to continue the project. Under Koos Boomsma and my supervision, Veronica made a successful
application for a Smithsonian Tropical Research Institute grant in Panama in order to visit the rainforest and
collect samples during May—August 2018. However, even though she successfully found Acromyrmex ant
colonies and isolated S. marcescens strains, the colony and experimental set up without the proper lab
facilities and equipment (Veronica was located in Gamboa, outside of Panama city) took a very long time and

she was not able to perform the planned experiment within the three month period.

Wolbachia in FG ants

As mentioned above, Wolbachia is an intracellular maternally inherited bacterium that is able to manipulate
its insect host reproduction in order to spread efficiently in insect host populations through females but not
males. Inducing reproductive phenotypes with a preponderance of female function aids Wolbachia to spread
efficiently because it is transmitted maternally (Werren 1997). However, in social insects like ants, only the
ant queen can produce offsprings, offsprings that will either become sterile workers that tend the colony or
functional reproductive capable queens and males that will fly away to establish new colonies once they
reach maturity. Therefore, the presence of Wolbachia in sterile ant workers poses an evolutionary paradox

as it is a dead end for horizontal transmission. In FG ants, previous work spearheaded by CSE (Andersen et
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al. 2012; Sapountzis, Zhukova, et al. 2015; Zhukova et al. 2017) showed that sterile workers have relatively

high Wolbachia titers in their guts suggesting a trophic role.

We set out to test the hypothesis of a potential trophic mutualism by looking for Wolbachia genes known to
aid to the nutritional supplementation of their hosts and assuming that they may be functional in Wolbachia
colonizing ants too. At the time there were already several complete genomes available from other insect
hosts where Wolbachia complements the host nutrition (e.g. the bedbug Cimex lectularius). Vitamin or amino
acid supplementation are all credible hypotheses that we aimed to investigate. Comparisons also included
the known CI inducers wRi, wMel, and wPip strains as genes causing Cl in solitary insects may be relevant
to the unique eusocial lifestyle of ants (l.e. genes possibly related or involved in caste differentiation). We
isolated and sequenced two novel Wolbachia strains found in FG ants. In order to isolate single Wolbachia
strains and eliminate any contamination by other bacteria present, we collected ant eggs and surface
sterilized them as it had already been demonstrated that eggs carry only a single Wolbachia strain and no
other bacteria (Andersen et al. 2012; Zhukova et al. 2017). This project was spearheaded by me and was
carried out with postdoctoral researcher Mariya Zhukova and visiting PhD student Sarah Jo Al Tolley. Sarah
visited the centre (2015-2016) to work on this project as part of her PhD. | was her direct supervisor during

her visit and | continued to act as an advisor for the duration of her PhD.

Besides obtaining Wolbachia genomes for the purpose of performing comparative genomics, we also
aimed to obtain high quality transcriptomes to test some of the hypotheses that would derive from the

metagenomics analysis. For this part we used two approaches:

i ) Analysis of gene expression of genes that are present in Wolbachia isolates from ants and absent in
Wolbachia strains from other insects, which entailed targeted PCR primers and probes and the use of
quantitative RT-PCR and microscopy to examine the location of these genes and the number of copy

variants.

ii ) Comparative metatranscriptomics to identify differentially expressed Wolbachia and host genes at each

ant developmental stage.

This study provided not only the first ant-derived Wolbachia genomes, but also the first insight into the
complex relationship between Wolbachia and the leafcutter ant, A. echinatior, a social insect symbiosis that
is unexplored yet frequently occurring in nature (Tolley et al;, in prep - to be submitted in 2023).
Phylogenomics identified the two ant derived strains as most closely related compared to any other
Wolbachia genomes and positive selection analyses suggested that the ribE (riboflavin synthase) gene may
present signatures of positive selection in both the leafcutter ant-associated Wolbachia and the mosquito-
associated Wolbachia strains. Wolbachia provides riboflavin to hosts with specialized diets (e.g. the wCle
strain associated with the bedbug, Cimex lectularius; (Moriyama et al. 2015). Differential expression
analyses across ant developmental stages suggested that Wolbachia may also be involved in Heme
supplementation during development. Our study highlighted that rather than rely on a single process or
pathway, this symbiosis may be a symphony of complex interactions that fluctuate over the development of
the host and will require extensive future studies to understand the depth of the intertwined interactions

between Wolbachia and ant hosts (Tolley et al;, in prep - to be submitted in 2023).
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In parallel with the above main project Sarah and | worked in two additional smaller projects:

i) We performed a quick analysis to look for Wolbachia genes in the ant genome. The genomes of
obligately mutual Wolbachia strains infecting nematodes are significantly smaller than parasitic strains
harbored in other insects. Given Wolbachia’s propensity for horizontal gene transfer, we assumed that we
may find sections of the Wolbachia genome incorporated in the ant genome, which further may be
pseudogenized in the Wolbachia genomes. Loss of these genomic regions to the host genome would align
host and endosymbiont interests thereby ameliorating intergenomic conflict. However, no evidence of

Wolbachia gene transfer to the Acromyrmex genome was found.

ii ) The social lifestyle of ants can often attract social parasites. These parasites are found throughout social
Hymenoptera (i.e., bees, wasps and ants), and have mainly been studied in ants. In FG ants (similar to other
ants) social parasitism forms mixed species nests, which depend on labor provided by the host species
workers. The close interactions between the different species within the same nest offer great opportunities
for symbiont transfer and considering how Wolbachia has been implicated in horizontal transfer throughout
many systems, we decided to revisit an old study (Van Borm et al. 2003) that suggested Wolbachia
horizontal transfer between Acromyrmex echinator and its social parasite Acromyrmex insinuator. During a
short trip in Gamboa, Panama, Sarah identified a unique A. echinatior colony parasitized by three A.
insinuator queens. She characterized the infection status of each queen and the transmission potential of
their Wolbachia strains by separating them, collecting eggs and Sanger sequencing the fast evolving wsp
gene of the Wolbachia strains. We used the results she obtained to compare them to a study published more
than 15 years ago by Van Borm et al. (2003). The results of this pilot study prompt us to reevaluate previous
notions that obligate social parasitism reliably facilitates horizontal transfer and suggest that not all
Wolbachia strains associated with ants have the same genetic potential for horizontal transmission (Tolley,

Nonacs, and Sapountzis 2019).

RNAIi approaches in ants to study their gut bacterial symbionts

On account of my experience with the RNA/ technique (that | had acquired during my short postdoctoral
period in France), | was assigned to establish a working pipeline for knockdown of ant genes. At the time,
with the exception of one study (Lu, Vinson, and Pietrantonio 2009) there had been no RNAI studies on ants
and therefore setting up the technique had a promising pioneering character. This project was also part of a
short internship of Oluf Sonne Georg, an undergraduate student in the Department of Biology of UCPH who |
supervised in the lab and the writing of his internship report. With Oluf, we administered to Acromyrmex ants
dsRNA and siRNA constructs targeting the uniformly distributed (throughout the ant body) VacATPase and
examined the effects the artificial feeding had in isolated ant subcolonies morphologically and by checking
the vacATPase expression. The knockdown efficiency was analyzed by measuring the expression levels in
dissected guts of ant workers and the remaining tissues. Two administration experiments were performed:
one using vacATPase dsRNA and one using vacATPase siRNA and surprisingly the former seemed to be
more efficient than the latter. Unfortunately, the short duration of Oluf's internship and my engagement in
numerous other projects at that time did not allow the further investigation and establishment of the RNA/

pipeline in FG ants.
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The link between gut microbes and ant behavior

A big part of my work at CSE involved the removal of gut microbes, typically by administering a single or a
mix of antibiotics. Such experiments took place often and were either part of a student’s thesis (e.g. Anna
Fomsgaard) or a bigger project (Sapountzis, Zhukova, et al. 2015). In order to administer artificial diets and
antibiotics to the ants, | typically separated them in smaller subcolonies where their natural diet regime was
replaced by a single liquid diet (sucrose +/- antbiotics). Since the first antibiotic administration experiments |
performed, | observed a peculiar phenotype: ants that had ingested antibiotics for several days would
become aggressive and fight their own nestmates (i.e. ants coming from the same colony). This was
particularly remarkable because ants, as a result of their social lifestyle, communicate with each other using
pheromones, sounds, and touch. The use of pheromones as chemical signals is more developed in ants
than other insect groups. Ants perceive smells with their antennae and thus possess a fascinating and
admirable ability to smell that allows them to tell friends (nestmates) from foes (non-nestmates). The fact that
this behavior would only take place in experimental subcolonies that had been fed antibiotics for several

days suggested that the removal of gut microbes may have triggered it.

In collaboration with postdoctoral researchers Jelle van Zweden (at the time in the university of Leuven,
Belgium), Luigi Pontieri (CSE, UCPH) and Serafino Teseo (NTU, Singapore), we took an integrative
approach that combined metagenomic, chemical and behavioral approaches to test whether gut microbes

affect nestmate recognition in Acromyrmex echinatior leafcutter ants.

Using 1500 individual workers from four Acromyrmex colonies and setting them up in individual arenas to
monitor their behavior and quantify their aggression, we examined how they responded when: i) they came
directly from their own colony, ii) had been isolated for two weeks and fed a sterile sucrose diet and iii) had
been isolated and fed antibiotics. After the first round of experiments and monitoring of their behavior in the
aggression trials, the same ant workers were fed either fecal droplets from their old colonies or from a
different colony and the trials were repeated. Each ant worker, whose behavior was evaluated in aggression
trials, was dissected and their gut microbiota was examined using 16S-Miseq sequencing and gPCR while
the remaining tissues were used to analyze their chemical profile using GC-MS. As expected, treating
workers with a sterile diet or with antibiotics resulted in a substantial alteration of their gut microbial
communities. In pairwise social interactions, untreated vs antibiotic-treated nestmates behaved more
aggressively than other nestmate and non-nestmate pairs, suggesting that the suppression of microbes may
alter chemical social cues and trigger aggressive behavior. Chemical analyses on treated individuals
revealed a decrease in the abundance of two metapleural gland antifungal compounds, and the dissimilarity
between aggression levels and chemical profile covaried significantly. Feeding antibiotic treated ants with
fecal droplets partially restored the original bacterial communities. Non-nestmates fed with fecal droplets
from different colonies were unusually aggressive compared to pairs fed with fecal droplets from the same
colony, suggesting that chemicals derived from or influenced by gut microbial strains may shape nestmate
recognition, opening novel questions about the role of microorganisms in the evolution of social behavior
(Teseo et al. 2019).
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Fungus growing termites

Fungus-growing termites (Macrotermes and Odontotermes genera) of the worker caste harbor hundreds of
bacterial species in their guts. This complexity allows them to degrade foraged substrates and nutrients
provided by their fungus symbiont (through gut passage), since the complementary contributions of all
symbionts identified in the symbiosis represent 86.7% of all known glycoside hydrolases in the world
(Poulsen et al. 2014). This has potentially contributed to the fact that these termites have no known diseases

and zero waste (Poulsen 2015).

| was involved in a number of gut microbiota projects in fungus-growing termites, where |

participated/spearheaded projects, co-supervised one BSc, two MSc and a PhD student.

As part of Antoine’s Fraimout MSc thesis, we investigated the antibiotic producing potential of Bacillus sp.,
which was isolated from the fungus-growing termite fungal cultivar. Antoine Fraimout, under my supervision,
examined the genomes of Bacilli isolated from the fungal cultivar and close bacterial relatives, which showed
that they are closely related to Bacillus subtilis, the multiple isolates have almost identical genomes and
carry genes related to antibiotic producing compounds. The overall results of this work suggested that these
antibiotic-producing bacteria may be defensive symbionts of the termites that could protect against fungal

pathogens (Um et al. 2013).

As aforementioned, the FG termites harbor a highly complex gut microbiota that allows them to perfectly
degrade forage substrates and acquire nutrients. However, this complexity also creates a highly competitive
gut environment, which would require bacteria to develop adaptations to withstand it. As a result of the
community complexity and because these typically anaerobic bacteria can rarely be cultured, not much is
known about their physiological capabilities and their interactions with the termite host. The bacterium
Trabulsiella odontotermitis is known to be associated with fungus-growing termites (Chou et al. 2007), but
there had been no studies investigating its function. This project was part of the Thijs Gruntjes BSc thesis
(ERASMUS project). Thijs, under my supervision, performed comparative genomics to identify T.
odontotermitis genes that were exclusively (or more frequently) present in strains associated with the FG
termite lifestyle & gene expression experiments to quantify their expression. In addition, we also performed
FISH microcopy to evaluate the spatial distribution of T. odontotermitis strains in termites’ guts. The results
suggested that T. odontotermitis may be a metabolic symbiont located in the paunch compartment of the
termite gut. Comparative genomics and analyses of carbohydrate-active enzymes indicated that it may aid in
carbohydrate and amino acid metabolism, while an active Type VI Secretion System, may be helping T.

odontotermitis to overcome bacterial competition (Sapountzis, Gruntjes, et al. 2015).

The obligate fungiculture of the FG termites poses a challenge to the insects; plant material is highly carbon-
rich relative to nitrogen, making the colony nitrogen limited. Termites are known to possess a great diversity
of gastro-intestinal symbionts, and many studies have investigated how termites might make use of these
symbionts to counteract the C/N imbalance created by a cellulose-based diet. The presence of nitrogen-
fixing bacteria has been demonstrated in all families of termites (Sapountzis et al. 2016); however, nitrogen-
fixation rates vary considerably inter- and intra-specifically and seem to be linked to host lifestyle. The
importance of N-fixing bacteria to the nitrogen economy of fungus-growing termites has remained unresolved.
In this project under my supervision, MSc student Jane de Verges investigated whether bacteria isolated

from fungus-growing termites have the ability to fix nitrogen by screening them on N-free media in aerobic
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and anaerobic conditions. Promising bacterial isolates were identified to the genus level through 16S rRNA
sequencing and evaluated for potential N-fixation using real-time PCR amplification of the nifH gene. The
functional acetylene reduction assay, which is the classic test for nitrogen fixation, showed positive AR
activity in termite colonies of two FG termite species; M. natalensis and O. badius. In M. natalensis, the
highest AR activity was in major workers, minor workers and minor soldiers, while major soldiers showed
lower activity and the fungus comb showed the lowest activity. In O. badius, the highest activity was found in
workers and then in soldiers, while the fungus comb showed very low AR activity, overall suggesting that
atmospheric nitrogen fixation, facilitated by bacterial symbionts, may be more important for termites than for

their fungus cultivar (Sapountzis et al. 2016).

| was also involved in Rafael's Rodrigues da Costa PhD thesis by providing consultation, aiding in genomic
and statistical analyses and contributing to one of the peer-reviewed articles that came out of his thesis.
Rafael thesis focused on different physiological aspects of this symbiosis, in order to gain a better
understanding of: (i) the enzymatic aspects of plant biomass decomposition within the nest of fungus-
growing termites; (ii) how the functional roles of gut symbionts reflect the fungal diet adopted by these
termites; and (iii) how the growth capacity of Termitomyces fungi could explain the degree of interaction
specificity displayed between the termite host and the fungus symbiont. | was mainly involved in the first part
of his thesis, which characterized enzymes that are active during the decomposition process of plant material
(which nutrients are ultimately used by the fungus). This part of his thesis showed that a diversity of active
enzymes working synergistically at different stages of decomposition are likely responsible for a consistent

decrease in plant components that is observed during the decomposition process (da Costa et al. 2017).

Finally, | also contributed to a study that was part of the PhD thesis of Saria Otani and showed that the
composition of bacterial communities in the guts of FG termites is dependent on the host species, diet, and

geographic location (Otani et al. 2018).

Non gut microbiota projects

Since 2013, | have also contributed to a number of projects that are the result of past collaborations initiated
when | was a postdoctoral researcher at CSE. These projects were not directly related to the investigation of
gut microbiomes of FG ants or termites, and my contribution was mostly related to microbiological methods,
NGS data analysis, comparative genomics and microbial symbioses expertize. The bullet points below

summarize these projects and publications produced:

> | have contributed to an invited perspective paper on gut microbiomes of social insects (Sinotte et al.
2020). In that perspective article we discuss how division of labor in social insect colonies may have led

to specialized microbiomes which could maximize the mutualistic benefits symbionts offer to their host.

> | have been involved in a couple of projects related to the antibiotic producing cuticular Actinomycetes of
FG ants. In 2012-2013 | helped to verify the findings of a 16S metagenomic study using PCR cloning
and Sanger sequencing. This study (Andersen et al. 2013) showed that the Actonomycete communities
that colonize the ant workers cuticle are highly stable and colony specific, where typically only a single
Actinomycete strain is present, allowing the ants to reap the benefits of growing monocultures (Frank
1996). | am also currently contributing to another 16S metagenomic study that started in 2015 and the

manuscript in preparation is expected to be submitted within 2023. In this project, | helped with the
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investigation of the origins and specificity of antibiotic producing Actinomycetes. Our study showed that
phylogenetically basal ant lineages (least advanced ant species) have Pseudonocardia gut symbionts
that disappeared when related Pseudonocardia strains appeared on the cuticle of the higher attine ants
(most evolved ant species). This suggests interaction specificity throughout, but with different forms of

co-adaptation.

> |n another joint 16S metagenomic project that we started with Associate Professor Rachelle Adams
(OSU, USA) and is the continuation of an earlier study that started when we were both postdoctoral
researchers in Copenhagen (Liberti et al. 2015), we have investigated the dynamics of transmission of
different bacterial symbionts in fungus-growing ants (manuscript in preparation; Sadowski et al - to be
submitted in 2022). During the earlier project, we co-supervised in the lab and the field MSc student
Joanito Liberti who, as part of his MSc thesis, investigated the similarities between bacterial
communities associated with FG ant species Social parasites (ants) often co-inhabit Sericomyrmex
amabillis ant colonies and thus exploit the host resources. During this project, | was responsible for the
microbiological and molecular part and Rachelle was responsible for the ecological part. During our
ongoing project, which is spearheaded by Rachelle Adams’ MSc student Victoria Sadowski, we have
examined the bacterial community composition of infrabuccal pellets: pieces of fungus garden that
incipient ant queens carry with them during their mating flight and therefore represent a mean to vertical

transmission of microbes that are present in the fungus garden.

> Finally, | have also contributed to a study investigating the transmission of leafcutter ant gut bacteria
(Zhukova et al. 2017). In this manuscript, which characterized the microbiota during ant development, |

was responsible for helping and contributing to the amplicon sequencing analyses.
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Figure 2: Summary of my past research in insect-bacterial symbioses. Insects hosts (left) have been grouped

based on their taxonomy (www.ncbi.nim.nih.gov/taxonomy), while next to them, the bacterial symbionts | investigated

46



(genus when available or else order) are presented. A: The establishment of the RNA/ technique in aphids showed that
cathepsin-L is involved in the aphid development, as its inactivation caused morphological deformities (arrowheads). B:
Presence of bacteriophage genes in Wolbachia genomes (southern blot analysis). C: In leafcutter ants, Mollicutes
bacteria import citrate (present in the host diet) and export acetate, which is being used by the ants’ mitochondria. D:
Electron microscopy image showing Rhizobiales bacteria surrounded by a low-density matrix (biofilm) in the ileum and
rectum of leafcutter ants’ guts. E: FISH confocal microscopy image of Trabulsiella bacteria (bright red dots) in the gut
lumen of FG termites (blue color shows termite nuclei). For more details, see text and B1 part. All images were either
obtained from phylopic (http://phylopic.org/), available under a Public Domain License, or adapted from my publications
(Saridaki et al. 2011; Sapountzis et al. 2014; Sapountzis, Zhukova, et al. 2015; Sapountzis et al. 2018; Sapountzis,
Gruntjes, et al. 2015).
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Integration to MEDIS and overarching goals of my research program (2019 - now)
1. Background

There are approximately 700,000 strains of Escherichia coli, which are differentiated by a complex
combination of surface, flagellar and capsular antigens (Segura 2018). Some of them have acquired
virulence factors and are responsible for extra-intestinal pathologies such as UPEC (uropathogenic E. coli),
NMEC (E. coli responsible for neonatal meningitis), and extra-intestinal E. coli (EXPEC). Other intestinal
infections are DECs (Diarrhegenic E. coli). They are listed in 8 major pathotypes: enteroaggregative E. coli
(EAEC), enteroinvasive E. coli (EIEC), enteropathogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC),
diffusely adherent E. coli (DAEC), shiga toxin E. coli or STEC (including EHEC), adherent invasive E. coli
(AIEC), and recently shigatoxinogenic enteroaggregative E. coli (EAgQgSTEC) (Barbau-Piednoir et al. 2018).
These pathotypes share virulence factors such as the tir-intimin system common to EPEC and STEC but
also possess virulence factors which are specific to them such as adhesion factors (Diffusely adherent
adhesin (DaaD) of DAEC), invasion (invasion plasmid antigen (ipa) of EIEC), toxins (Shiga toxin (stx) of

STEC; enterotoxins of ETEC) or activating factors (Transcript activator adhesion fimbriae of EAggEC).

One of the most dangerous pathotypes, whose primary reservoir is cattle (Figure 3), is the Shiga toxin
producing Escherichia coli (STEC) (Koutsoumanis et al. 2020; Sapountzis et al. 2020). STEC serotypes are
defined by their ability to cause enteric disease, mainly through meat and dairy contamination, with
symptoms that range from mild gastroenteritis to hemorrhagic colitis and Hemolytic—Uremic Syndrome
(HUS). More than 400 STEC serotypes have been characterized and more than half of them have been
associated with serious enteric disease (Brugére et al. 2012). Even though the annual number of cases is
not as high as other zoonotic pathogens (Heredia and Garcia 2018), STEC strains are extremely dangerous
as their genome plasticity mediates the constant emergence of new potentially highly aggressive strains and
treatment options are often limited (Koutsoumanis et al. 2020; Sapountzis et al. 2020). The serotype
0157:H7, which is possibly the most well studied, has already resulted in epidemics in France, the US, and
Japan (Brugeére et al. 2012; Ferens and Hovde 2011), and is estimated to be responsible for approximately
405 million USD loss in the US every year (Fatima and Aziz 2019). Other important non-O157 outbreak
agents include the E. coli 026:H11, 0145:H28, 0103:H2, O111:H8 (Elder and Nightingale 2013), and
0104:H4, which affected more than 3500 and killed 53 people in 2011 in Germany (Burger 2012).

STEC (and often other Diarrhegenic Escherichia coli) carriage in cattle is asymptomatic, which makes it
impossible to identify the host carriers in farms, while various methods for STEC control have been proposed
with mixed results (Berry and Wells 2010). Treatment with probiotics, even though it has shown potential
(Bertin et al. 2017; Wisener et al. 2015), can also harm native microbiota members, as direct-fed-microbials
modes of action are not always specific (Bertin et al. 2017). Also, even though research on cattle to meat
and dairy transmission has been extensive, we know relatively little about the origin and transmission of

STEC in cattle farms and animals.
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Figure 3: Overview of STEC and STEC
rectal microbiota STEC flow (black arrows) in cattle farms.
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Wild rodents - for example the European water vole (Arvicola amphibius) - are suspects for transmitting
STEC (Gelling et al. 2012; Kilonzo et al. 2013), as previous studies have demonstrated that water voles can
carry identical STEC strains to the ones in dairy cows (Nielsen et al. 2004) and the pathogen persists in
rodent feces (Cizek, Literak, and Scheer 2000), which are often deposited in pastures where cattle graze, or
the grass used for hay stock or silage (Figure 3). Similarly, blowflies (Neomyia sp.) and potentially houseflies
(Musca domestica) in cattle farms are known pathogen vectors (Berry and Wells 2010; Puri-Giri et al. 2017),
but studies that have investigated the carriage of dangerous pathotypes have been limited to the positive

identification of virulence genes (Alam and Zurek 2004; Puri-Giri et al. 2017).

As far as understanding the persistence of EHEC/STEC and other potentially dangerous pathotypes in cattle,
various studies have highlighted the importance of STEC interactions with the native microbiota in model
systems (e.g. mice) for its persistence and survivability (Lustri, Sperandio, and Moreira 2017) and descriptive
metagenomics in cattle have suggested potential interactions between STEC and native microbiota (Xu et al.
2014; Stenkamp-Strahm et al. 2018; Zaheer et al. 2017; Wang et al. 2018). These results however are not
surprising as they simply confirm what we already know from other examples of animal symbioses (incl.
humans); through competitive or collaborative interactions with the microbiome and the host,
invading pathogens and other microbes that enter the gastrointestinal niche persist or are quickly
eliminated. This is also why young infants are always the most susceptible; simply because their
gastrointestinal tract has not been fortified by a diverse microbiota that typically covers the spatial and
functional niches of the GIT. Thus, allowing less space for opportunistic pathogens and zoonotic threats to
colonize and persist. Even though research in this direction is still in its infancy, it has great potential,
especially when considering that the characterization of these interactions can provide the mean for the

discovery of a new generation of Direct fed Microbials (DFM). DFM can potentially outcompete undesired
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dangerous pathotypes in the GIT of domesticated animals and therefore offer a great alternative to
antibiotics.

MEDIS research focuses on the study of the gastrointestinal tract of humans and animals and it is spread
across three thematic categories: 1) the characterization of gut microbiota of humans and animals, the
metabolic interplay between host and microbiota, the etiological agents of dysbiosis and interactions
between host and gut microbiota, 2) the study of zoonotic food pathogens as well as host and microbial
factors that favor or inhibit their transmission, and 3) the development of new galenic formulations with
targeted activity. The overarching goal of this type of research is to improve the well-being and health of
humans and animals and prevent (extra-) digestive diseases. The focus of my research falls under the
second thematic category and more specifically STEC related research. MEDIS members have already
published pioneering work that characterized the preferred STEC substrates (Bertin et al. 2013; 2014; 2018),
factors that are crucial for successful STEC colonization (Monteiro et al. 2016), potential STEC antagonists
that can be used as DFMs to prevent STEC colonization (Bertin et al. 2017), and the metabolic potential and

functional roles of microbial symbionts in the cattle GIT (Comtet-Marre et al. 2017).

With my arrival at MEDIS in 2019, | complement the ongoing research by using whole-genome shotgun NGS,
in-depth genomics, and (in the not-so-distant future) experimental evolution approaches that can examine
the entire microbiota and how it interacts with STEC and other DEC. Such approaches will allow us to
identify novel members of the ruminant gut microbiota that can prevent the colonization of pathogenic E. coli,
but also the underlying genes and mechanisms that augment or reduce rates of evolutionary change in
directions favorable or inhibitory for pathogens and zoonotes colonization. Except for a few studies from
UMR454 Medis, which have explored the degradation potential of the gut bacterial communities of ruminants
(Comtet-Marre et al. 2017) and the genomic potential of STEC, related to the pathogen’s persistence,
dissemination and infectivity (Segura, Bertoni, et al. 2018; Segura, Auffret, et al. 2018), such approaches
appear to be largely lacking and | am confident | can help to develop them because of my dual training as an
evolutionary and applied microbiologist and my experience in developing interdisciplinary microbiome-related

research (as | did in my latest assignment as Senior Postdoc).
The three main objectives of my proposed research in my current position are to investigate:

i) The impact of DEC on community composition and function of the cattle rectal microbiome using

shotgun metagenomics on fecal samples from farms or artificial inoculation experiments.

ii ) The prevalence, co-occurrence or mutual exclusion between STEC and other microorganisms in the
GIT and compare the identified patterns to similar ones in other STEC vectors such as rats, water voles,
and blowflies.

iii ) The direction of evolutionary change in DEC and native microorganisms of the cattle GIT that are
relevant to DEC colonization as a result of their interactions or pressure caused by environmental or dietary

changes.
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2. Projects

2.1 A global characterization of the fecal microbiomes of domesticated cattle: | initiated this study as
soon as | arrived in Clermont Ferrand in the fall of 2019. | started by establishing a bioinformatic pipeline for
the analysis of shotgun metagenomic data using data from a pilot study (Salaheen et al. 2018; 2019). This
pipeline can: a) handle raw shotgun metagenomic data from cattle feces; from filtering until contig assembly,
b) annotate the contigs to produce predicted ORFs and functionally annotate them to predict primary and
secondary metabolites produced (using already published databases eggNOG, KEGG), c¢) bin the contigs
based on similarities to available databases and sequence characteristics to create a representative set of
Metagenome Assembled Genomes (MAGs), d) examine MAGs and contigs for their metabolic potential
(through the presence of full KEGG metabolic pathways), virulence and antimicrobial resistance related
genes, and e) use the contig coverage to assess the MAG abundance across samples. | have optimized the
above pipeline for use with the local supercomputer at UCA (mesocentre.uca.fr), which allows the processing

of large datasets in a few days.

My first research project (materialized into a manuscript, which is currently under review; Teseo et al.,
Microbiome) presents the first global gene catalog of cattle fecal microbiomes, a proxy of large intestine
microbiomes, from 436 metagenomes from six countries. Seventy of these samples were collected from a
local farm in Auvergne, while the rest came from earlier studies that used shotgun metagenomics to
characterize the antimicrobial resistance potential of fecal microbiomes (Noyes et al. 2016; Zaheer et al.
2018; Rovira et al. 2019; Doster et al. 2018; Salaheen et al. 2019; 2020; Weinroth et al. 2019; Haley et al.
2020; Lim et al. 2020; Duarte et al. 2021). The advantage of using a large number of samples to produce
individual assemblies is the large number (>30k) of MAGs (which after filtering was reduced to 2114 MAGs
of >85% completeness and <5% contamination) that appeared to cover up to 70% of the entire bacterial
diversity in feces. Phylogenomics suggested that the reconstructed genomes and their close relatives form
distinct branches produce clustering patterns reminiscent of the metagenomics sample origin. Bacterial taxa
had distinct metabolic profiles across classes and their complete metabolic pathways were mainly related to
carbohydrate and amino acid metabolism. Dietary changes affected the community composition, diversity
and potential virulence. Yet, predicted enzymes related to complete metabolic pathways remained present,

albeit encoded by different microbes.

The findings of this study provide a global insight into the phylogenetic relationships and the metabolic
potential of a rich yet understudied bacterial community (since studies typically focus on the rumen) and
suggest that it can provide valuable services to the host. However, unlike the examples of invertebrate
symbiosis, the members of this community are not irreplaceable. In line with previous findings, we tentatively
confirm the hypothesis that symbionts of complex bacterial communities of mammals are expendable if there
are substitutes that can perform the same task; i.e. seasonal dietary (and potentially other) changes can lead
to a loss of diversity, which is likely countered by environmental microbes that can perform similar tasks for
the host.
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2.2 Contribution to (or continuation of) already ongoing projects in MEDIS
Since September 2019 | have been involved in:

1) A 16S metagenomic study that was carried out in young bulls in French cattle farms with the purpose of
comparing the rectal microbial communities (collected feces) of animals that do or do not carry EHEC
0157:H7. My contribution to this project was related to the statistical analyses and specifically the differential

representation of bacterial OTUs between groups of animals with and without EHEC (Bibbal et al. 2022).

2) In 2016, the MEDIS group in collaboration with UMR IRSD Toulouse performed an artificial infection
experiment during which a rifampicin resistant 0157:H7 strain (originally isolated from a cattle farm) was
administered to five young Holstein cows; five other cows of the same age and race acted as a control
(NaCl administration). The experiment lasted three weeks, during which STEC-shedding was monitored
(STEC was enumerated by culture on selective media) and feces were collected before and after the
administration on day one, seven, fifteen and twenty (50 fecal samples in total). The advantage of this type
of experiment is that it minimizes host variation which can often mask differences between treatment
groups. | performed the bioinformatic and statistical analyses which identified various bacterial taxa with a
significant preference towards STEC shedders or non-shedders: members of Ruminococcaceae and
unclassified Clostridiales taxa were significantly reduced and members of Christensenellaceae and
Lachnospiraceae families were significantly increased in STEC shedders compared to the control group,
and these patterns were not present in the animals before the administration (manuscript in preparation;
Bibbal et al.,). | further plan to continue the above project by performing shotgun metagenomic sequencing
on these samples, which will allow the functional characterization of the rectal microbial communities of

dairy cows with and without STEC.

3 ) A meta-analysis led by ex-PhD student Valentin Ageorges investigated the phylogenetic distribution of
the antigen 43 (Ag43) protein domains in all known complete Escherichia genomes. | have contributed to
the bioinformatic and statistical analysis and the writing of the manuscript. The manuscript will be submitted
by the end of 2022 (Ageorges et al.,)

52



2.3 Collaborations
France:

Dr. Anais Bompard is a young CRCN who was recruited in 2019 and joined the EPIA Unit in the INRAE
center in Theix. Her skills in ecological modeling allow the building of dynamic (e.g. Generalized Lotka—
Volterra) models of the ecological network that can be used to make predictions about the impact of
perturbations and potential probiotic (or other types of) treatments. Therefore, her expertise complements
mine perfectly in data analyses of metagenomic samples as my statistical skills focus on the identification

and evaluation of statically significant contrasts and patterns while hers on prediction.

Dr. Celine Delbés (project TANDEM) is spearheading a joint project (TANDEM) that aims to assess the
impact of changes in agricultural practices associated with the transition to agroecology on the functioning
of the dairy system through a multidisciplinary approach focused on distinct (but intertwined) microbial
compartments. This ambitious project is bringing together an interdisciplinary consortium of experts in
different ecosystems to study holobionts relevant for the dairy system. The project aims to understand the
overall functioning of grass-fed dairy farming systems, and the role of microbes in the meat and dairy

production.
The overarching goals of this project are to:

1 Characterize the flow (nature, origin, intensity, and direction) of microorganisms (commensal and
pathogenic) and genes (AMR, virulence, biomarkers) at different points and throughout the dairy
system. Using global (shotgun) and targeted (qPCR) approaches, test the hypothesis of a
« temporally oriented » causal chain that would connect the different compartments of the system
via structural (strains) and/or functional (genes) microbial markers.

2 Evaluate the impact of changes in practices associated with an agroecological approach on the
microbial communities (complexity, stability or resilience), and the change of flow in the system.
The impact of these changes in the practices of the structure of microbiota will be assessed using a
metabarcoding-type approach, which will be supplemented by an approach targeting the genes of

interest (see above). Biotic and abiotic (physicochemical, biochemical) factors will be examined.

| will use my expertise in comparative metagenomics and multivariate statistics to identify and characterize
the pathobiome and resistome (virulence and antimicrobial resistance genes) that are present in animal
feces. Furthermore, | will use my expertise to identify significant contrasts between treatments, seasonal

variation among collection dates and variation across animals and their compartments.

Dr. Delphine Bibbal & Dr Frédéric Auvray (ENVT-IRSD) have been working with DR Evelyne Forano for
several years on projects related to STEC carriage by cattle. Our collaboration started with my involvement
in an article that focused on the identification of factors related to STEC carriage in commercial farms in
France (Bibbal et al. 2022). We intend to continue this collaboration by sequencing the 50 aforementioned
fecal samples of the artificial infection experiment (see above). In addition, we submitted a proposal last
year (as part of a joint submission involving multiple labs spearheaded by Dr. Sabrina Raynaud; INSTITUT
CARNOT FRANCE FUTUR ELEVAGE (F2E) AAP 2021), which unfortunately was not funded and we
resubmitted it this year (2022).
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International:

The Fecobiome Initiative: Along with several other world renowned experts on cattle microbiome research,
last year (2021) we started the fecobiome initiative. This international initiative aims at promoting research
related to the cattle intestinal microbiota and at facilitating collaboration on relevant research projects by
disseminating research results and increasing the public availability of resources. The overarching goals of
this initiative are to ultimately help mitigate foodborne and animal pathogens that threaten livestock and
human health, reduce the emergence and spread of antimicrobial resistance in cattle and their proximate
environment, and potentially improve the welfare and nutrition of animals. In practice, the fecobiome initiative
will exponentially increase the availability of samples, cultured microbial strains, and metagenomic data from
other countries and will allow for relevant comparisons that can permit the evaluation of geographic location,
diets, animal husbandry practices, temperature, season, animal race, etc. | started the discussion for the
creation of this initiative through mail exchanges with Frank Moller Aarestrup at DTU (Denmark), Jo Ann Van
Kessel at USDA (US), Garett Suen at Univerity of Wisconsin (US), George Tsiamis at the University of Patras
and Professor Sharon Huws at the Queens University in Belfast (Ireland). This led to a perspective paper
that we published last year (Sapountzis et al. 2021) and at the moment we are 17 researchers from eleven
countries involved (fecobiome.com). Within its framework, | plan to start an ambitious cross-country program
that will examine the genomic potential of thousands of microbial isolates coming from cattle farms across

the world (see below).

Professor Frank Moller Aarestrup is the director of the Genomic Epidemiology group at the National
Food Institute in Denmark. His group has collected hundreds of cattle fecal samples and isolated
thousands of Escherichia strains from farms across Europe (primarily Denmark, but also France, Germany
and the Netherlands). | met with him in August 2020 and he has agreed to collaborate as he is interested in
the fecal microbiomes of cattle. He has already offered to finance shotgun metagenomic sequencing of
fecal samples and to share available resources that include collected samples, metagenomic data, and

microbial isolates from animal farms.

Dr. Serafino Teseo and Associate Professor Ajai Vyas: | met Associate Professor Ajai Vyas through an
old collaborator (Serafino Teseo) who was at the time a postdoctoral researcher in the Ajai Vyas group.
They have an interest in research related to houseflies and blowflies that may carry STEC and other DEC
and they have financed the shotgun metagenomic sequencing of thirty samples coming from blowflies and
co-financed the cattle fecal samples (collected in our experimental farm in Theix; ca. 70% of the cost was
covered by them). In return, Dr. Serafino Teseo came to Clermont-Ferrand for one month (March/April of

2022) as part of his training in NGS and comparative genomic analyses.

For our current collaborative project with Dr. Teseo, we have used shotgun metagenomic approaches to
characterize the microbes present in the blowflies' guts (Neomyia cornicina) collected in a cattle farm in
Auvergne. The objective is to compare them to metagenomic data coming from cattle feces collected from
the same farm to identify microbes that may be able to survive, transmit and proliferate in flies and the
cattle GIT. Following the identification of these taxa we will focus on identifying genes (metabolic or other)
that may allow these microbes to survive in multiple niches and may or may not be specific to the blowflies

guts and the cattle feces.
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Dr. Jo Ann Van Kessel is a research scientist in the Environmental Microbial & Food Safety Lab at the
USDA. She and her team have had an interest in cattle rectal microbiota as a means to prevent pathogenic
EHEC O157:H7 carriage (Salaheen et al. 2018; 2019). Even though they are not working anymore on
STEC, they still have resources (data, bacterial isolates) that could be relevant to us and that they have
agreed to share with us (personal communication). We will mainly collaborate through the Fecobiome
initiative.

Dr. Philipp Engel is an Associate Professor in the Department of Fundamental Microbiology at the
University of Lausanne. He and his team have significant expertise in bacterial comparative genomics. We

are currently discussing the possibility of submitting a bilateral Swiss-French ANR grant.

Professor Stefano Morabito is the director of the Department of Veterinary Public Health and Food Safety
of the Istituto Superiore di Sanita in Rome, ltaly. | met director Stefano Morabito when he visited MEDIS
and he has agreed to give us access to the institute’s resources and share expertise regarding zoonotic

diseases. | aim to collaborate with him in the preparation of a Horizon grant (within the next 5 years).

Professor Sharon Huws coordinates the global 'Rumen Microbial Genomics' network and is possibly the
most renowned expert in rumen microbiota. She contributed to the writing of the Fecobiome initiative
opinion paper and she has committed to help by contributing a substantial number of microbial isolates that

will help kickstart a joint proposal for our initiative.

Associate Professor Garett Suen: | have been in contact with Associate Professor Garett Suen at the
Department of Bacteriology, at the University of Wisconsin-Madison since early 2020. Dr. Garett Suen is
primarily interested in understanding i) the ecology and evolution of ruminal communities of cattle and how
they may affect milk production, and ii) how rumen microbiota becomes established in developing calves,
and in particular, how diet influences microbial composition. He and his team are also interested in the
transmission of zoonotic pathogens in cattle farms and their survivability in pens, as well as their genome
changes regarding antibiotic resistance genes. Dr. Garett Suen is involved in the fecobiome initiative, but
we are also discussing a joint project, during which we will artificially induce rumen acidosis in lactating
dairy cows to identify biomarkers (present in the mouth and fecal microbiota) that will permit the
identification of early signs of rumen acidosis. This experiment would involve me, Garret and his PhD
student (Joe Skarlupka) who would come for a few weeks to visit and members of the Lallemand research
team that is part of MEDIS (https://www6.clermont.inrae.fr/medis/RECHERCHE/Les-projets-et-
partenariat/Accueil-de-personnel-permanent-issu-de-societes-privees/SOCIETE-LALLEMAND). My primary
interest in this experiment is the emergence of acid-resistant virulence pathotypes and the changes in the
occurrence and frequency of these pathotypes to animals that were affected by or resistant to rumen

acidosis.

Associate Professor Eduardo Codo: | contacted Associate Professor Eduardo Codo in the summer of
2021 as he had performed an experiment during which he administered a STEC strain to young cattle.
Even though Eduardo had no longer samples from the artificial inoculation experiment, he has been
working with various bacterial and other pathogens and we currently collaborate on a new project that will
examine the impact of Cryptosporidium parvum infection in young cattle. During the course of the
experiment, Eduardo and his team administered C. parvum to young cattle and collected rumen, fecal,

blood and other samples and at the moment we are five labs involved, each one examining the impact of
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the C. parvum introduction to the biology of the animals. Using my expertise, | have examined the changes
in bacterial pathogenic gene diversity as a result of the C. parvum introduction, reconstruct and examine
MAGs coming from the data and examined how the artificial inoculation affected the entire community
structure and composition. Preliminary results show that C. parvum infection causes a notable increase in

Clostridium pathotypes (manuscript in preparation).

Professor Christian Menge: Professor Menge is the head of the institute of molecular pathogenesis at the
Friedrich Loeffler Institute. Professor Menge is interested in the emergence and pathogenicity of virulent
Escherichia (and other) pathotypes in livestock. A few years ago, he and his collaborators performed a
large-scale inoculation experiment using a cocktail of different Escherichia pathogenic/zoonotic strains. We
discussed the possibility of performing shotgun metagenomic sequences and comparative metaproteomic
work in fecal samples from the artificially inoculated animals. In addition, we are currently preparing a joint
DFG-ANR grant that we will submit in 2023 and will examine biotic and abiotic factors affecting the

transmission of microbial strains in cattle farms.
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2.4 Supervision of undergraduate students

Alice Leboucher (2021): Using an experimental farm in Theix, which is part of the INRAE facilities, fecal
samples were collected across different seasons to examine changes in the microbiota as a result of
seasonal and dietary changes. The purpose of these collections helped the initial project that | started when |
arrived at the unit (2.1; Teseo et al., Microbiome under review), but also allowed for the collection of diverse
microbial isolates (cultivated under aerobic conditions). Alice's internship aimed to establish a pipeline to
quickly and efficiently isolate and characterize (using 16S rDNA) fecal strains. Using fecal material from three
seasons (summer 2020, winter 2021, spring 2021), cultivable bacteria were isolated, grown in class-specific
media (i.e. Enterobacteriae or non-Enterobacteriae specific) and 130 isolates were characterized to the level
of species using 16S rDNA Sanger sequencing. The pipeline appears to be working successfully and all

identified isolates (ca twelve genera) were part of the Proteobacteria and Firmicutes phyla.

Lucie Levet (2022): Lucie's internship partly continued Alice's project from last year but additionally
examined an entirely new and understudied domain: the characterization of virulence genes of
zoonotic/pathogenic bacteria in cattle feces using PCR based approaches in total DNA from fecal samples.
Lucie's internship is divided into three parts: 1) evaluate known PCR primers that can target all known DEC,
Campylobacter and Listeria pathotypes using previously characterized pathogenic isolates as control and
DNA extracted from cow feces (that contains these virulence genes; verified by shotgun metagenomic
sequencing), 2) design and evaluate new PCR primers based on the results of the first part to complement
and (if necessary improve) the diagnostic potential of the primers and 3) examine the feasibility of all PCR
primer pairs in quantitative PCR. Lucie's internship will help establish a pipeline for the quick identification
and characterization of fecal (or other) DNA samples and microbial isolates that may carry virulence genes.
Such a pipeline can provide a quick and cost-effective approach, especially for large projects during which
we may need to examine hundreds or even thousands of samples for the presence of potential zoonotic
pathotypes.
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3. Perspectives (2023-...)

3.1 Identifying the network of interactions between microbiome members
Following the identification of putative symbionts in the cow lower intestine | plan to focus on the microbial
interactions between members of the community and potential zoonotic/pathogenic bacteria that are

occasionally present.

To identify these interactions and consequently potential antagonists of zoonotic and other pathogens in the
cattle intestine, | plan to re-use the data from the functional characterization of the microbiome of feces
(Teseo et al., in review) and the datasets from the artificial inoculation experiment of collaborator Christian
Menge. Using the data from the artificial inoculation experiment, | will initially examine the cooccurrence and
mutual exclusion of bacterial MAGs using standard methods (i.e. Spearman correlation; Quinn et al. 2017)
and then | will enlist the help of collaborator Anais Bompard to develop Generalized Lotka-Volterra models
(GLV) to describe the ecological interactions structuring the microbiome with and without the focal
Escherichia pathotypes. Analytic and numeric explorations of this model will help evaluate the best levers of
control of pathotypes within the microbial network. These results will help determine the relevant species to
take into account and investigate the impact of our levers of control on ecosystem functions and interactions
with the host. Following the predictions of this first part, | will then examine the cooccurrence of the identified
MAGs with pathotypes in field samples (i.e. samples that were collected from various farms; dataset from
Teseo et al., Microbiome submitted) and evaluate whether the identified mutual exclusion patterns hold. The
third part of the bioinformatic analysis will examine the microbial metabolism of the identified antagonists and

pathotypes.

Following the in-silico predictions and using gqPCR and FISH microscopy, | plan to identify the site(s) in the
rectum where potential bacterial interactions may take place. To achieve that | aim to use the intestines of
young, slaughtered bulls from French slaughterhouses in the area of Auvergne. This project is still in
development as | am currently discussing with stakeholders under what conditions we would be able to
access these samples. If successful, this next round of experiments will allow us to confirm the previous
findings and narrow down the list of potential defensive DEC antagonists. Subsequently, this will pave the
way for functional in vitro competition experiments in mixed in vitro cultures. Facilities for in vitro cultures
are already in place in MEDIS (biolevel safety 3 laboratories). The cultures will be used to perform

competition assays that will examine the hypotheses formulated from the metagenomics part.

Having identified defensive symbionts that can inhibit STEC, their tissue localization and the primary and
secondary metabolites they can produce, we should be able to pinpoint the key metabolites that have
important roles in the interactions (i.e. competition) between the defensive symbionts and STEC. One such
metabolite (the amino acid aspartate) has already been identified as a key metabolite that favors STEC
colonization (Bertin et al. 2018). For this part, will use the in vitro mixed cultures mimicking the conditions of
the cattle lower GIT, which we would have established in the previous part. Using a cutting-edge method that
combines isotope probing and —omics approaches (meta-Stable Isotope Probing; (von Bergen et al. 2013),
we could use labeled (e.g. 13C, 15N) substrates (e.g. aspartate and other potential key metabolites identified
above), which would be added to mixed cultures. This project will be facilitated by the previously collected

bacterial isolates and the international network of collaborators | will have created by then. The metabolites
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would be catabolized and integrated into nucleic and amino acids by the bacteria. Then, we would extract
DNA and proteins and those labeled with stable isotopes could be separated using methods similar to
isopycnic centrifugation, which would allow us to acquire metagenomes/metaproteomes of only the
organisms actively catabolizing the substrates of interest and their related metabolic products. This program
would bring quantitative insights about: i) the efficiency of the defensive symbionts in outcompeting STEC in
the presence of different key metabolites and the impact of these metabolites; and ii) the identification of the
modes of action (i.e. better adapted metabolic pathways, secondary metabolites) used by the defensive
symbionts. | have already explored the possibility of a collaboration with Professor von Bergen (UFZ,
Germany), who pioneered this method, to evaluate its feasibility. /In vitro cultures would be incubated in
MEDIS, while the DNA and protein extraction, as well as the sequencing, would take place in his facilities.
Alternatively (if this approach proves to be more troublesome than expected), | plan to use a local platform
(DR Michel Hebraud at MEDIS is responsible for the proteomics part) which will identify and characterize
proteins and metabolites: PFEM https://www6.ara.inrae.fr/medis/UMR-MEDIiS/Expertises-et-competences-
techniques/PFEM-Platform).
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3.2 Horizontal Transmission of microbes between cattle and insect vectors
Another direction that | plan to take my research is towards the characterization of the microbial flow from

and to farm animals (which also includes potential bacterial pathogens). | will focus on:
- characterizing the microbial flow between farm animals and unexplored animal vectors and

- identifying the proximate and evolutionary mechanism that aid the dissemination, survivability, and

ultimately adaptation of microbes in new niches.

One of these vectors, which | recently started working on in a project with collaborator S. Teseo, is the
common blowflies (Neomiya species), which are almost always present in cattle pens (when temperatures >
15-20C). The lifestyle of these flies, their wide distribution and genome sequence (the genome of Musca
domestica has already been sequenced (Scott et al. 2014) suggest that are capable of harboring a high
bacterial diversity (Bahrndorff et al. 2017; Gupta et al. 2012; Scott et al. 2014) , which includes several
animal and zoonotic pathogens like the enterohaemorrhagic E. coli (Alam and Zurek 2004; Wasala et al.
2013; Puri-Giri et al. 2017; Pava-Ripoll et al. 2015). Because of their vector potential, houseflies and
blowflies are considered the most important non-biting pest (West 1951). Therefore, research towards this
direction can provide insights about how to prevent the flies from acquiring pathogens and potentially limit

pathogen transmission among and within farms.

Following the characterization of the microbial flow, | plan to ask for the funding of a follow-up project that
will: 1) allow me to establish blowflies in the lab and use a model system to examine the microbial flow in
targeted in vitro experiments, 2) cover the genome sequencing of the blowflies (only the Musca domestica
genome has been sequenced and Musca flies are not the primary vector in French farms), 3) set up a large
exploratory experiment in the field that will integrate macroecological, microbiological, genomic and

metagenomic aspects to evaluate the potential of the microbial flow spread in the environment.
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3.3 Explorative experimental evolution approaches
Using experimental evolution approaches, | plan to dissect the mechanisms that are responsible for

genomic adaptations of:

i) key members of the gut microbiota to retain beneficial interactions within the ruminant hosts and

complete the nutrition or increase the productivity of the host or compete with invading pathogens, and
ii) pathogenic DEC towards the evolution of higher (or lower) virulence fraits.

The advantage of using such approaches is that by inducing genomic changes through artificial selection
pressure in vitro, we can link internal (host) or external factors (diet, environment) to specific evolutionary
mechanisms shaping bacterial genomes. For the DEC-microbiota interactions, the relevant selection
pressure would be the bacterial competition between identified defensive symbionts and DEC, and
therefore, | plan to use artificially constructed bacterial communities that would (or not; control experiments)
be challenged with DEC. Furthermore, | would use different combinations of substrates to grow these
bacterial communities to increase/decrease the pressure toward DEC (e.g. aspartate and other metabolites
that will be identified by the previously proposed projects). For this project, | plan to use mixed in vitro
cultures and potentially blowflies/houseflies as a bioreactor if by that time it is fairly straightforward to create
wingless flies (possibly using CRISPR). The idea behind using the blowflies as a bioreactor is that the big
microbial diversity they harbor and the increased tolerance as a result of their scavenging lifestyle suggests
that competition among different bacterial species must be commonplace, and these flies would thus be an
excellent model for studying cooperation and conflict within diverse bacterial communities (and relevant

mechanisms) that can favor or inhibit pathogenic DEC.

This is the least developed plan and it will not start soon as it requires significant insight into the bacterial

communities' interactions, but it is also the highest risk/most rewarding part of my proposed research.
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