Universiteit

w4 Leiden
The Netherlands

Mechanisms and consequences of horizontal gene transfer
in cell wall-deficient cells of Kitasatospora viridifaciens
Kapteijn, R.

Citation

Kapteijn, R. (2024, January 31). Mechanisms and consequences of horizontal
gene transfer in cell wall-deficient cells of Kitasatospora viridifaciens.
Retrieved from https://hdl.handle.net/1887/3715515

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3715515

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3715515




References




References

10.

11.

12.

13.

14.

15.

16.

194

Silhavy, T. J., Kahne, D. & Walker, S. The bacterial cell envelope. Cold Spring Harb
Perspect Biol 2, 2000414 (2010).

Rajagopal, M. & Walker, S. Envelope structures of Gram-positive bacteria. Curr Top
Microbiol Immunol 404, 1-44 (2017).

Koch, A. L. The exocytoskeleton. ] Mol Microbiol Biotechnol 11, 115-125 (2006).
Green, D. W. The bacterial cell wall as a source of antibacterial targets. Expert Opin
Ther Targets 6, 1-19 (2002).

Kohanski, M. A., Dwyer, D. J. & Collins, J. ]. How antibiotics kill bacteria: from targets
to networks. Nat Rev Microbiol 8, 423-435 (2010).

Barka, E. A. et al. Taxonomy, Physiology, and Natural Products of Actinobacteria.
Microbiol Mol Biol Rev 80, 1-43 (2016).

van Bergeijk, D. A., Terlouw, B. R., Medema, M. H. & van Wezel, G. P. Ecology and
genomics of Actinobacteria: new concepts for natural product discovery. Nat Rev
Microbiol 18, 546-558 (2020).

van der Meij, A., Worsley, S. E, Hutchings, M. I. & van Wezel, G. P. Chemical ecology
of antibiotic production by actinomycetes. FEMS Microbiol Rev 41, 392-416 (2017).
Flardh, K. & Buttner, M. J. Streptomyces morphogenetics: dissecting differentiation in
a filamentous bacterium. Nat Rev Microbiol 7, 36-49 (2009).

Jakimowicz, D. & van Wezel, G. P. Cell division and DNA segregation in Streptomyces:
how to build a septum in the middle of nowhere? Mol Microbiol 85, 393-404 (2012).
Manteca, A., Fernandez, M. & Sanchez, ]. A death round affecting a young
compartmentalized mycelium precedes aerial mycelium dismantling in confluent
surface cultures of Streptomyces antibioticus. Microbiology (Reading) 151, 3689-3697
(2005).

Manteca, A., Mader, U.,, Connolly, B. A. & Sanchez, J. A proteomic analysis of
Streptomyces coelicolor programmed cell death. Proteomics 6, 6008-6022 (2006).
Rigali, S., Titgemeyer, E, Barends, S., Mulder, S., Thomae, A. W., Hopwood, D. A. &
van Wezel, G. P. Feast or famine: the global regulator DasR links nutrient stress to
antibiotic production by Streptomyces. EMBO Rep 9, 670-675 (2008).

Tenconi, E., Traxler, M. E, Hoebreck, C., van Wezel, G. P. & Rigali, S. Production of
Prodiginines Is Part of a Programmed Cell Death Process in Streptomyces coelicolor.
Front Microbiol 9, 1742 (2018).

Ramijan, K. et al. Stress-induced formation of cell wall-deficient cells in filamentous
actinomycetes. Nat Commun 9, 5164 (2018).

Innes, C. M. & Allan, E. J. Induction, growth and antibiotic production of Streptomyces
viridifaciens L-form bacteria. ] Appl Microbiol 90, 301-308 (2001).



References

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Dell’Era, S., Buchrieser, C., Couve, E., Schnell, B., Briers, Y., Schuppler, M. & Loessner,
M. J. Listeria monocytogenes L-forms respond to cell wall deficiency by modifying
gene expression and the mode of division. Mol Microbiol 73, 306-322 (2009).

Allan, E. J., Hoischen, C. & Gumpert, J. Bacterial L-forms. Adv Appl Microbiol 68,
1-39 (2009).

Ongenae, V., Mabrouk, A. S., Crooijmans, M., Rozen, D., Briegel, A. & Claessen, D.
Reversible bacteriophage resistance by shedding the bacterial cell wall. Open Biol 12,
210379 (2022).

Wohlfarth, J. C. et al. L-form conversion in Gram-positive bacteria enables escape
from phage infection. Nat Microbiol 8, 387-399 (2023).

Mickiewicz, K. M. et al. Possible role of L-form switching in recurrent urinary tract
infection. Nat Commun 10, 4379 (2019).

Woo, P. C, To, A. P, Lau, S. K. & Yuen, K. Y. Facilitation of horizontal transfer of
antimicrobial resistance by transformation of antibiotic-induced cell-wall-deficient
bacteria. Med Hypotheses 61, 503-508 (2003).

Keeling, P. J. & Palmer, J. D. Horizontal gene transfer in eukaryotic evolution. Nat Rev
Genet 9, 605-618 (2008).

Perron, G. G., Whyte, L., Turnbaugh, P. J., Goordial, J., Hanage, W. P.,, Dantas, G.
& Desai, M. M. Functional characterization of bacteria isolated from ancient arctic
soil exposes diverse resistance mechanisms to modern antibiotics. PLoS One 10,
0069533 (2015).

Bhullar, K. et al. Antibiotic resistance is prevalent in an isolated cave microbiome.
PLoS One 7, €34953 (2012).

O'Neill, J. Tackling drug-resistant infections globally: final report and
recommendations. In: The Review on Antimicrobial Resistance. Government of the
United Kingdom, Wellcome Trust (2016).

Green, E. R. & Mecsas, J. Bacterial Secretion Systems: An Overview. Microbiol Spectr
4, VMBF-0012-2015 (2016).

Blokesch, M. Natural competence for transformation. Curr Biol 26, R1126-R1130
(2016).

Chen, 1., Christie, P. J. & Dubnau, D. The ins and outs of DNA transfer in bacteria.
Science 310, 1456-1460 (2005).

Nett, M., Ikeda, H. & Moore, B. S. Genomic basis for natural product biosynthetic
diversity in the actinomycetes. Nat Prod Rep 26, 1362-1384 (2009).

Lee, N., Kim, W,, Hwang, S., Lee, Y., Cho, S., Palsson, B. & Cho, B. K. Thirty complete
Streptomyces genome sequences for mining novel secondary metabolite biosynthetic
gene clusters. Sci Data 7, 55 (2020).

Bérdy, J. Bioactive microbial metabolites. ] Antibiot 58, 1-26 (2005).

195




References

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

196

Labeda,D.P. et al. Phylogenetic study of the species within the family Streptomycetaceae.
Antonie Van Leeuwenhoek 101, 73-104 (2012).

Takahashi, Y. Genus Kitasatospora, taxonomic features and diversity of secondary
metabolites. ] Antibiot 70, 506-513 (2017).

Malik, A., Kim, Y. R. & Kim, S. B. Genome Mining of the Genus Streptacidiphilus for
Biosynthetic and Biodegradation Potential. Genes (Basel) 11, 1166 (2020).

Girard, G., Willemse, J., Zhu, H., Claessen, D., Bukarasam, K., Goodfellow, M. & van
Wezel, G. P. Analysis of novel kitasatosporae reveals significant evolutionary changes
in conserved developmental genes between Kitasatospora and Streptomyces. Antonie
Van Leeuwenhoek 106, 365-380 (2014).

Cheng, K., Rong, X., Pinto-Tomas, A. A., Fernandez-Villalobos, M., Murillo-Cruz, C.
& Huang, Y. Population genetic analysis of Streptomyces albidoflavus reveals habitat
barriers to homologous recombination in the diversification of streptomycetes. Appl
Environ Microbiol 81, 966-975 (2015).

Guerrero-Garzon, J. E et al. Streptomyces spp. From the Marine Sponge Antho
dichotoma: Analyses of Secondary Metabolite Biosynthesis Gene Clusters and Some
of Their Products. Front Microbiol 11, 437 (2020).

Ivanova, V., Oriol, M., Montes, M. J., Garcia, A. & Guinea, J. Secondary metabolites
from a Streptomyces strain isolated from Livingston Island, Antarctica. Z Naturforsch
C 56, 1-5 (2001).

Rodriguez-Fonseca, M. E, Ruiz-Balaguera, S., Valero, M. E, Sanchez-Suarez, J., Coy-
Barrera, E. & Diaz, L. E. Freshwater-Derived Streptomyces: Prospective Polyvinyl
Chloride (PVC) Biodegraders. Sci World J 2022, 6420003 (2022).
Mohammadipanah, F. & Wink, J. Actinobacteria from Arid and Desert Habitats:
Diversity and Biological Activity. Front Microbiol 6, 1541 (2016).

Kamjam, M., Nopnakorn, P.,, Zhang, L., Peng, E, Deng, Z. & Hong, K. Streptomyces
polaris sp. nov. and Streptomyces septentrionalis sp. nov., isolated from frozen soil.
Antonie Van Leeuwenhoek 112, 375-387 (2019).

Zhang, L., Ruan, C., Peng, E, Deng, Z. & Hong, K. Streptomyces arcticus sp. nov.,
isolated from frozen soil. Int ] Syst Evol Microbiol 66, 1482-1487 (2016).

Seipke, R. E, Kaltenpoth, M. & Hutchings, M. I. Streptomyces as symbionts: an
emerging and widespread theme? FEMS Microbiol Rev 36, 862-876 (2012).
Bulgarelli, D. et al. Revealing structure and assembly cues for Arabidopsis root-
inhabiting bacterial microbiota. Nature 488, 91-95 (2012).

Bonaldi, M., Chen, X., Kunova, A., Pizzatti, C., Saracchi, M. & Cortesi, P. Colonization
of lettuce rhizosphere and roots by tagged Streptomyces. Front Microbiol 6, 25 (2015).
Kroiss, J. et al. Symbiotic streptomycetes provide antibiotic combination prophylaxis
for wasp offspring. Nat Chem Biol 6, 261-263 (2010).



References

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Umezawa, H. et al. Production and Isolation of a New Antibiotic, Kanamycin. J
Antibiot (Tokyo) 10, 181-188 (1957).

Wang, J. et al. Platensimycin is a selective FabF inhibitor with potent antibiotic
properties. Nature 441, 358-361 (2006).

Burg, R. W. et al. Avermectins, new family of potent anthelmintic agents: producing
organism and fermentation. Antimicrob Agents Chemother 15, 361-367 (1979).
Barbuto Ferraiuolo, S., Cammarota, M., Schiraldi, C. & Restaino, O. E Streptomycetes
as platform for biotechnological production processes of drugs. Appl Microbiol
Biotechnol 105, 551-568 (2021).

Sarmiento-Tovar, A. A., Silva, L., Sanchez-Sudrez, ]. & Diaz, L. Streptomyces-Derived
Bioactive Pigments: Ecofriendly Source of Bioactive Compounds. Coatings 12, 1858
(2022).

Del Carratore, E, Hanko, E. K., Breitling, R. & Takano, E. Biotechnological application
of Streptomyces for the production of clinical drugs and other bioactive molecules.
Curr Opin Biotechnol 77, 102762 (2022).

Briceno, G., Fuentes, M. S., Saez, J. M., Diez, M. C. & Benimeli, C. S. Streptomyces
genus as biotechnological tool for pesticide degradation in polluted systems. Crit Rev
Environ Sci Technol 48, 773-805 (2018).

Hopwood, D. A. The Leeuwenhoek lecture, 1987 - Towards an understanding of gene
switching in Streptomyces, the basis of sporulation and antibiotic production. Proc R
Soc Lond B Biol Sci 235, 121-138 (1988).

Waksman, S. A. & Henrici, A. T. The Nomenclature and Classification of the
Actinomycetes. ] Bacteriol 46, 337-341 (1943).

Feeney, M. A. et al. ActinoBase: tools and protocols for researchers working on
Streptomyces and other filamentous actinobacteria. Microb Genom 8, mgen000824
(2022).

Hopwood, D. A. Soil to genomics: the Streptomyces chromosome. Annu Rev Genet
40, 1-23 (2006).

Flardh, K. Growth polarity and cell division in Streptomyces. Curr Opin Microbiol 6,
564-571 (2003).

Schrempf, H. Recognition and degradation of chitin by streptomycetes. Antonie Van
Leeuwenhoek 79, 285-289 (2001).

Chater, K. E, Biro, S., Lee, K. J., Palmer, T. & Schrempf, H. The complex extracellular
biology of Streptomyces. FEMS Microbiol Rev 34, 171-198 (2010).

Chakraborty, S., Khopade, A., Kokare, C., Mahadik, K. & Chopade, B. Isolation and
characterization of novel a-amylase from marine Streptomyces sp. D1. ] Mol Catal B
Enzym 58, 17-23 (2009).

Hoang, K. C,, Lai, T. H,, Lin, C. S., Chen, Y. T. & Liau, C. Y. The chitinolytic activities
of Streptomyces sp. TH-11. Int ] Mol Sci 12, 56-65 (2011).

197




References

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

198

Claessen, D., Rozen, D. E., Kuipers, O. P,, Sogaard-Andersen, L. & van Wezel, G. P.
Bacterial solutions to multicellularity: a tale of biofilms, filaments and fruiting bodies.
Nat Rev Microbiol 12, 115-124 (2014).

Ruban-Osmialowska, B., Jakimowicz, D., Smulczyk-Krawczyszyn, A., Chater, K. F. &
Zakrzewska-Czerwinska, J. Replisome localization in vegetative and aerial hyphae of
Streptomyces coelicolor. ] Bacteriol 188, 7311-7316 (2006).

Li, Q.,, Chen, X,, Jiang, Y. & Jiang, C. Morphological Identification of Actinobacteria.
In: Actinobacteria - Basics and Biotechnological Applications (eds Dhanasekaran, D.,
Jiang, Y.), 59-86 (2016).

Blanco, G., Pereda, A., Mendez, C. & Salas, J. A. Cloning and disruption of a fragment
of Streptomyces halstedii DNA involved in the biosynthesis of a spore pigment. Gene
112, 59-65 (1992).

Chater, K. FE. & Chandra, G. The evolution of development in Streptomyces analysed
by genome comparisons. FEMS Microbiol Rev 30, 651-672 (2006).

Ruddick, S. M. & Williams, S. T. Studies on the ecology of actinomycetes in soil V.
Some factors influencing the dispersal and adsorption of spores in soil. Soil Biol
Biochem. 4, 93-103 (1972).

Becher,P.G.etal. Developmentally regulated volatiles geosmin and 2-methylisoborneol
attract a soil arthropod to Streptomyces bacteria promoting spore dispersal. Nat
Microbiol 5, 821-829 (2020).

Muok, A. R., Claessen, D. & Briegel, A. Microbial hitchhiking: how Streptomyces
spores are transported by motile soil bacteria. ISME ] 15, 2591-2600 (2021).
Schrempf, H., Koebsch, 1., Walter, S., Engelhardt, H. & Meschke, H. Extracellular
Streptomyces vesicles: amphorae for survival and defence. Microb Biotechnol 4, 286-
299 (2011).

Bentley, S. D. et al. Complete genome sequence of the model actinomycete Streptomyces
coelicolor A3(2). Nature 417, 141-147 (2002).

Rutledge, P. J. & Challis, G. L. Discovery of microbial natural products by activation of
silent biosynthetic gene clusters. Nat Rev Microbiol 13, 509-523 (2015).

Ultee, E., Ramijan, K., Dame, R. T., Briegel, A. & Claessen, D. Stress-induced adaptive
morphogenesis in bacteria. Adv Microb Physiol 74, 97-141 (2019).

Claessen, D. & Errington, J. Cell Wall Deficiency as a Coping Strategy for Stress.
Trends Microbiol 27, 1025-1033 (2019).

Razin, S., Yogev, D. & Naot, Y. Molecular biology and pathogenicity of mycoplasmas.
Microbiol Mol Biol Rev 62, 1094-1156 (1998).

Citti, C., Dordet-Frisoni, E., Nouvel, L. X., Kuo, C. H. & Baranowski, E. Horizontal
Gene Transfers in Mycoplasmas (Mollicutes). Curr Issues Mol Biol 29, 3-22 (2018).
Lemcke, R. & Collier, L. H. Klieneberger-Nobel, Emmy 1892-1985 - Obituary. ] Med
Microbiol 22, 183-185 (1986).



References

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Klieneberger, E. The natural occurrence of pleuropneumonia-like organisms in
apparent symbiosis with Streptobacillus moniliformis and other bacteria. J Pathol
Bacteriol 40, 93-105 (1935).

Dienes, L. & Bullivant, S. Morphology and Reproductive Processes of the L Forms
of Bacteria II. Comparative Study of L Forms and Mycoplasma with the Electron
Microscope. ] Bacteriol 95, 672-687 (1968).

Dienes, L. & Weinberger, H. J. The L forms of Bacteria. Bacteriol Rev 15, 245-288
(1951).

Roberts, D. M., Errington, J. & Kawai, Y. Characterization of the L-form switch in
the Gram-negative pathogen Streptobacillus moniliformis. FEMS Microbiol Lett 368,
fnab156 (2021).

Dienes, L. L Organisms of Klieneberger and Streptobacillus Moniliformis. ] Infect Dis
65, 24-42 (1939).

Gumpert, J. & Taubeneck, U. Characteristic properties and biological significance of
stable protoplast type L-forms. Experientia Suppl 46, 227-241 (1983).

Zhang, L., Ramijan, K., Carrion, V. ], van der Aart, L. T., Willemse, J., van Wezel, G. P.
& Claessen, D. An alternative and conserved cell wall enzyme that can substitute for
the lipid II synthase MurG. mBio 12, e03381-20 (2021).

Waterhouse, R. N, Allan, E. J., Amijee, E, Undrill, V. ]. & Glover, L. A. An investigation
of enumeration and DNA partitioning in Bacillus subtilis L-form bacteria. ] Appl
Bacteriol 77, 497-503 (1994).

Leaver, M., Dominguez-Cuevas, P.,, Coxhead, J. M., Daniel, R. A. & Errington, J. Life
without a wall or division machine in Bacillus subtilis. Nature 457, 849-853 (2009).
Studer, P, Staubli, T., Wieser, N., Wolf, P., Schuppler, M. & Loessner, M. J. Proliferation
of Listeria monocytogenes L-form cells by formation of internal and external vesicles.
Nat Commun 7, 13631 (2016).

Wu, L. ], Lee, S., Park, S., Eland, L. E., Wipat, A., Holden, S. & Errington, J. Geometric
principles underlying the proliferation of a model cell system. Nat Commun 11, 4149
(2020).

Green, M. T., Heidger, P. M., Jr. & Domingue, G. Proposed reproductive cycle for a
relatively stable L-phase variant of Streptococcus faecalis. Infect Immun 10, 915-927
(1974).

Oparka, K. J., Wright, K. M., Murant, E. A. & Allan, E. J. Fluid-phase endocytosis - do
plants need it? ] Exp Bot 44, 247-255 (1993).

Briers, Y., Walde, P, Schuppler, M. & Loessner, M. J. How did bacterial ancestors
reproduce? Lessons from L-form cells and giant lipid vesicles: multiplication
similarities between lipid vesicles and L-form bacteria. Bioessays 34, 1078-1084
(2012).

199




References

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

200

Errington, J., Mickiewicz, K., Kawai, Y. & Wu, L. J. L-form bacteria, chronic diseases
and the origins of life. Philos Trans R Soc Lond B Biol Sci 371, 20150494 (2016).
Mercier, R., Kawai, Y. & Errington, J. General principles for the formation and
proliferation of a wall-free (L-form) state in bacteria. Elife 3, €04629 (2014).
Barrows, J. M. & Goley, E. D. FtsZ dynamics in bacterial division: What, how, and
why? Curr Opin Cell Biol 68, 163-172 (2021).

Vega, D. E. & Margolin, W. Direct Interaction between the Two Z Ring Membrane
Anchors FtsA and ZipA. ] Bacteriol 201, e00579-18 (2019).

Whitley, K. D. et al. FtsZ treadmilling is essential for Z-ring condensation and septal
constriction initiation in Bacillus subtilis cell division. Nat Commun 12, 2448 (2021).
Yang, X. X,, Lyu, Z. X., Miguel, A., McQuillen, R., Huang, K. C. & Xiao, ]. GTPase
activity-coupled treadmilling of the bacterial tubulin FtsZ organizes septal cell wall
synthesis. Science 355, 744-747 (2017).

Bisson-Filho, A. W. et al. Treadmilling by FtsZ filaments drives peptidoglycan
synthesis and bacterial cell division. Science 355, 739-743 (2017).

Chen, I. A. Cell division: breaking up is easy to do. Curr Biol 19, R327-328 (2009).
Mercier, R., Dominguez-Cuevas, P. & Errington, J. Crucial role for membrane fluidity
in proliferation of primitive cells. Cell Rep 1, 417-423 (2012).

Mercier, R., Kawai, Y. & Errington, J. Excess membrane synthesis drives a primitive
mode of cell proliferation. Cell 152, 997-1007 (2013).

Gumpert, J. Growth characteristics and ultrastructure of protoplast type L-forms
from streptomycetes. Z Allg Mikrobiol 22, 617-627 (1982).

Onoda, T., Enokizono, J., Kaya, H., Oshima, A., Freestone, P. & Norris, V. Effects of
calcium and calcium chelators on growth and morphology of Escherichia coli L-form
NC-7. ] Bacteriol 182, 1419-1422 (2000).

Kawai, Y., Mercier, R., Wu, L. J., Dominguez-Cuevas, P, Oshima, T. & Errington, J.
Cell growth of wall-free L-form bacteria is limited by oxidative damage. Curr Biol 25,
1613-1618 (2015).

Imlay, J. A. The molecular mechanisms and physiological consequences of oxidative
stress: lessons from a model bacterium. Nat Rev Microbiol 11, 443-454 (2013).

Allan, E. J. Induction and cultivation of a stable L-Form of Bacillus subtilis. ] Appl
Bacteriol 70, 339-343 (1991).

Dominguez-Cuevas, P, Mercier, R., Leaver, M., Kawai, Y. & Errington, J. The rod to
L-form transition of Bacillus subtilis is limited by a requirement for the protoplast to
escape from the cell wall sacculus. Mol Microbiol 83, 52-66 (2012).

Paton, A. M. & Innes, C. M. J. Methods for the Establishment of Intracellular
Associations of L-Forms with Higher-Plants. ] Appl Bacteriol 71, 59-64 (1991).



References

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Germano, F, Testi, D., Campagnolo, L., Scimeca, M. & Arcuri, C. Cell-Wall-Deficient
Bacteria in Oral Biofilm: Association with Periodontitis. Dent Oral Biol Craniofacial
Res, 1-14 (2020).

Kawai, Y., Mickiewicz, K. & Errington, J. Lysozyme Counteracts beta-Lactam
Antibiotics by Promoting the Emergence of L-Form Bacteria. Cell 172, 1038-1049
€1010 (2018).

Aloysius, S. K. D. & Paton, A. M. Artificially induced symbiotic associations of L-
form bacteria and plants. ] Appl Bacteriol 56, 465-477 (1984).

Ferguson, C. M. J., Booth, N. A. & Allan, E. J. An ELISA for the detection of Bacillus
subtilis L-form bacteria confirms their symbiosis in strawberry. Lett Appl Microbiol
31, 390-394 (2000).

Onwuamaegbu, M. E., Belcher, R. A. & Soare, C. Cell wall-deficient bacteria as a
cause of infections: a review of the clinical significance. ] Int Med Res 33, 1-20 (2005).
Beiko, R. G., Harlow, T. J. & Ragan, M. A. Highways of gene sharing in prokaryotes.
Proc Natl Acad Sci U S A 102, 14332-14337 (2005).

Ricard, G. et al. Horizontal gene transfer from Bacteria to rumen Ciliates indicates
adaptation to their anaerobic, carbohydrates-rich environment. BMC Genomics 7, 22
(2006).

Zhong, X. Functions and biosynthesis of a tip-associated glycan in Streptomyces. PhD
Thesis Leiden University (2023).

Liman, R., Facey, P. D., van Keulen, G., Dyson, P. ]. & Del Sol, R. A laterally acquired
galactose oxidase-like gene is required for aerial development during osmotic stress
in Streptomyces coelicolor. PLoS One 8, 54112 (2013).

Carr, V. R., Shkoporov, A., Hill, C., Mullany, P. & Moyes, D. L. Probing the Mobilome:
Discoveries in the Dynamic Microbiome. Trends Microbiol 29, 158-170 (2021).
Frost, L. S., Leplae, R., Summers, A. O. & Toussaint, A. Mobile genetic elements: the
agents of open source evolution. Nat Rev Microbiol 3, 722-732 (2005).

Redfield, R. ]. Genes for breakfast: the have-your-cake-and-eat-it-too of bacterial
transformation. ] Hered 84, 400-404 (1993).

Finkel, S. E. & Kolter, R. DNA as a nutrient: novel role for bacterial competence gene
homologs. ] Bacteriol 183, 6288-6293 (2001).

Frazao, N., Sousa, A., Lassig, M. & Gordo, I. Horizontal gene transfer overrides
mutation in Escherichia coli colonizing the mammalian gut. Proc Natl Acad Sci U S A
116, 17906-17915 (2019).

Deng, Y. et al. Horizontal gene transfer contributes to virulence and antibiotic
resistance of Vibrio harveyi 345 based on complete genome sequence analysis. BMC
Genomics 20, 761 (2019).

201




References

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

202

Ellabaan, M. M. H., Munck, C., Porse, A., Imamovic, L. & Sommer, M. O. A.
Forecasting the dissemination of antibiotic resistance genes across bacterial genomes.
Nat Commun 12, 2435 (2021).

Arnold, B. ], Huang, I. T. & Hanage, W. P. Horizontal gene transfer and adaptive
evolution in bacteria. Nat Rev Microbiol 20, 206-218 (2022).

Baharoglu, Z., Garriss, G. & Mazel, D. Multiple Pathways of Genome Plasticity Leading
to Development of Antibiotic Resistance. Antibiotics (Basel) 2, 288-315 (2013).
Chen, I. & Dubnau, D. DNA uptake during bacterial transformation. Nat Rev
Microbiol 2, 241-249 (2004).

Sun, D. Two different routes for double-stranded DNA transfer in natural and
artificial transformation of Escherichia coli. Biochem Biophys Res Commun 471, 213-
218 (2016).

Johnston, C.,Martin, B., Fichant, G., Polard, P. & Claverys, J. P. Bacterial transformation:
distribution, shared mechanisms and divergent control. Nat Rev Microbiol 12, 181-
196 (2014).

Hofreuter, D., Odenbreit, S. & Haas, R. Natural transformation competence in
Helicobacter pylori is mediated by the basic components of a type IV secretion system.
Mol Microbiol 41, 379-391 (2001).

Mortier-Barriere, I. et al. A key presynaptic role in transformation for a widespread
bacterial protein: DprA conveys incoming ssDNA to RecA. Cell 130, 824-836 (2007).
Graf, F. E,, Palm, M., Warringer, ]J. & Farewell, A. Inhibiting conjugation as a tool in
the fight against antibiotic resistance. Drug Dev Res 80, 19-23 (2019).

Lawley, T. D., Klimke, W. A., Gubbins, M. J. & Frost, L. S. F factor conjugation is a true
type IV secretion system. FEMS Microbiol Lett 224, 1-15 (2003).

Clarke, M., Maddera, L., Harris, R. L. & Silverman, P. M. F-pili dynamics by live-cell
imaging. Proc Natl Acad Sci U S A 105, 17978-17981 (2008).

Grohmann, E., Muth, G. & Espinosa, M. Conjugative plasmid transfer in gram-
positive bacteria. Microbiol Mol Biol Rev 67, 277-301 (2003).

Possoz, C., Ribard, C., Gagnat, J., Pernodet, J. L. & Guérineau, M. The integrative
element pSAM2 from Streptomyces: kinetics and mode of conjugal transfer. Mol
Microbiol 42, 159-166 (2001).

Vogelmann, J. et al. Conjugal plasmid transfer in Streptomyces resembles bacterial
chromosome segregation by FtsK/SpoIIIE. EMBO ] 30, 2246-2254 (2011).

Kieser, T., Hopwood, D. A., Wright, H. M. & Thompson, C. J. pIJ101, a multi-copy
broad host-range Streptomyces plasmid: functional analysis and development of DNA
cloning vectors. Mol Gen Genet 185, 223-228 (1982).

Thoma, L., Dobrowinski, H., Finger, C., Guezguez, J., Linke, D., Sepulveda, E. &
Muth, G. A Multiprotein DNA Translocation Complex Directs Intramycelial Plasmid
Spreading during Streptomyces Conjugation. mBio 6, €02559-02514 (2015).



References

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Thoma, L., Vollmer, B. & Muth, G. Fluorescence microscopy of Streptomyces
conjugation suggests DNA-transfer at the lateral walls and reveals the spreading of
the plasmid in the recipient mycelium. Environ Microbiol 18, 598-608 (2016).
Chiang, Y. N., Penades, J. R. & Chen, J. Genetic transduction by phages and
chromosomal islands: The new and noncanonical. PLoS Pathog 15, 1007878 (2019).
Borodovich, T., Shkoporov, A. N., Ross, R. P. & Hill, C. Phage-mediated horizontal
gene transfer and its implications for the human gut microbiome. Gastroenterol Rep
(Oxf) 10, goac012 (2022).

Penades, J. R., Chen, J., Quiles-Puchalt, N., Carpena, N. & Novick, R. P. Bacteriophage-
mediated spread of bacterial virulence genes. Curr Opin Microbiol 23,171-178 (2015).
Soler, N. & Forterre, P. Vesiduction: the fourth way of HGT. Environ Microbiol 22,
2457-2460 (2020).

Gill, S., Catchpole, R. & Forterre, P. Extracellular membrane vesicles in the three
domains of life and beyond. FEMS Microbiol Rev 43, 273-303 (2019).

Lee, . et al. Staphylococcus aureus extracellular vesicles carry biologically active beta-
lactamase. Antimicrob Agents Chemother 57, 2589-2595 (2013).

Yaron, S., Kolling, G. L., Simon, L. & Matthews, K. R. Vesicle-mediated transfer of
virulence genes from Escherichia coli O157:H7 to other enteric bacteria. Appl Environ
Microbiol 66, 4414-4420 (2000).

Rumbo, C. et al. Horizontal transfer of the OXA-24 carbapenemase gene via outer
membrane vesicles: a new mechanism of dissemination of carbapenem resistance
genes in Acinetobacter baumannii. Antimicrob Agents Chemother 55, 3084-3090
(2011).

Bielaszewska, M., Daniel, O., Karch, H. & Mellmann, A. Dissemination of the
blaCTX-M-15 gene among Enterobacteriaceae via outer membrane vesicles. |
Antimicrob Chemother 75, 2442-2451 (2020).

Kulkarni, H. M., Nagaraj, R. & Jagannadham, M. V. Protective role of E. coli outer
membrane vesicles against antibiotics. Microbiol Res 181, 1-7 (2015).

Lang, A. S., Zhaxybayeva, O. & Beatty, . T. Gene transfer agents: phage-like elements
of genetic exchange. Nat Rev Microbiol 10, 472-482 (2012).

Marrs, B. Genetic recombination in Rhodopseudomonas capsulata. Proc Natl Acad Sci
USA71,971-973 (1974).

McDaniel, L. D., Young, E., Delaney, J., Ruhnau, E, Ritchie, K. B. & Paul, J. H. High
frequency of horizontal gene transfer in the oceans. Science 330, 50 (2010).

Dubey, G. P. & Ben-Yehuda, S. Intercellular nanotubes mediate bacterial
communication. Cell 144, 590-600 (2011).

Pospisil, J. et al. Bacterial nanotubes as a manifestation of cell death. Nat Commun
11, 4963 (2020).

203




References

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.
169.

170.

171.

172.

173.

204

Halary, S., Leigh, J. W,, Cheaib, B., Lopez, P. & Bapteste, E. Network analyses structure
genetic diversity in independent genetic worlds. Proc Natl Acad Sci U S A 107, 127-
132 (2010).

Kloesges, T., Popa, O., Martin, W. & Dagan, T. Networks of gene sharing among
329 proteobacterial genomes reveal differences in lateral gene transfer frequency at
different phylogenetic depths. Mol Biol Evol 28, 1057-1074 (2011).

Cabezon, E., Ripoll-Rozada, J., Pena, A., de la Cruz, F. & Arechaga, I. Towards an
integrated model of bacterial conjugation. FEMS Microbiol Rev 39, 81-95 (2015).
Carattoli, A. Resistance plasmid families in Enterobacteriaceae. Antimicrob Agents
Chemother 53, 2227-2238 (2009).

Liu, Y. Y. et al. Emergence of plasmid-mediated colistin resistance mechanism MCR-1
in animals and human beings in China: a microbiological and molecular biological
study. Lancet Infect Dis 16, 161-168 (2016).

von Wintersdorff, C. J. et al. Dissemination of Antimicrobial Resistance in Microbial
Ecosystems through Horizontal Gene Transfer. Front Microbiol 7, 173 (2016).
Lerminiaux, N. A. & Cameron, A. D. S. Horizontal transfer of antibiotic resistance
genes in clinical environments. Can ] Microbiol 65, 34-44 (2019).

Serensen, S. J., Bailey, M., Hansen, L. H., Kroer, N. & Wuertz, S. Studying plasmid
horizontal transfer in situ: a critical review. Nat Rev Microbiol 3, 700-710 (2005).
Normander, B., Christensen, B. B., Molin, S. & Kroer, N. Effect of bacterial distribution
and activity on conjugal gene transfer on the phylloplane of the bush bean (Phaseolus
vulgaris). Appl Environ Microbiol 64, 1902-1909 (1998).

Molbak, L., Licht, T. R., Kvist, T., Kroer, N. & Andersen, S. R. Plasmid transfer from
Pseudomonas putida to the indigenous bacteria on alfalfa sprouts: characterization,
direct quantification, and in situ location of transconjugant cells. Appl Environ
Microbiol 69, 5536-5542 (2003).

Donlan, R. M. Biofilms: Microbial life on surfaces. Emerg Infect Dis 8, 881-890 (2002).
Whitchurch, C. B., Tolker-Nielsen, T., Ragas, P. C. & Mattick, J. S. Extracellular DNA
required for bacterial biofilm formation. Science 295, 1487 (2002).

Kragh, K. N., Tolker-Nijelsen, T. & Lichtenberg, M. The non-attached biofilm
aggregate. Commun Biol 6, 898 (2023).

Madsen, J. S., Burmolle, M., Hansen, L. H. & Sorensen, S. J. The interconnection
between biofilm formation and horizontal gene transfer. FEMS Immunol Med
Microbiol 65, 183-195 (2012).

Hausner, M. & Wuertz, S. High rates of conjugation in bacterial biofilms as determined
by quantitative in situ analysis. Appl Environ Microbiol 65, 3710-3713 (1999).

Riffat, R. & Husnain, T. Fundamentals of Wastewater Treatment and Engineering,
Second edn. CRC Press (2022).



References

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Rizzo, L. et al. Urban wastewater treatment plants as hotspots for antibiotic resistant
bacteria and genes spread into the environment: a review. Sci Total Environ 447, 345-
360 (2013).

Mancini, P, Fertels, S., Nave, D. & Gealt, M. A. Mobilization of plasmid pHSV106
from Escherichia coli HB101 in a laboratory-scale waste treatment facility. Appl
Environ Microbiol 53, 665-671 (1987).

Cesar, S. et al. Bacterial Evolution in High-Osmolarity Environments. mBio 11,
€01191-20 (2020).

Bremer, E. & Kramer, R. Responses of Microorganisms to Osmotic Stress. Annu Rev
Microbiol 73, 313-334 (2019).

Sleator, R. D. & Hill, C. Bacterial osmoadaptation: the role of osmolytes in bacterial
stress and virulence. FEMS Microbiol Rev 26, 49-71 (2002).

Bhowmick, S., Shenouda, M. L. & Tschowri, N. Osmotic stress responses and the
biology of the second messenger c-di-AMP in Streptomyces. Microlife 4, uqad020
(2023).

Fuchino, K., Flardh, K., Dyson, P. & Ausmees, N. Cell-biological studies of osmotic
shock response in Streptomyces spp. ] Bacteriol 199, €00465-00416 (2017).

Frojd, M. J. & Flardh, K. Extrusion of extracellular membrane vesicles from hyphal
tips of Streptomyces venezuelae coupled to cell-wall stress. Microbiology (Reading)
165, 1295-1305 (2019).

Aertsen, A. & Michiels, C. W. Diversify or die: generation of diversity in response to
stress. Crit Rev Microbiol 31, 69-78 (2005).

Matic, I., Taddei, E & Radman, M. Survival versus maintenance of genetic stability: a
conflict of priorities during stress. Res Microbiol 155, 337-341 (2004).

Spratt, M. R. & Lane, K. Navigating Environmental Transitions: the Role of Phenotypic
Variation in Bacterial Responses. mBio 13, 0221222 (2022).

Baltz, R. H. & Matsushima, P. Protoplast Fusion in Streptomyces - Conditions for
Efficient Genetic-Recombination and Cell Regeneration. ] Gen Microbiol 127, 137-
146 (1981).

Okanishi, M., Suzuki, K. & Umezawa, H. Formation and reversion of Streptomycete
protoplasts: cultural condition and morphological study. ] Gen Microbiol 80, 389-400
(1974).

Ackermann, M. A functional perspective on phenotypic heterogeneity in
microorganisms. Nat Rev Microbiol 13, 497-508 (2015).

Dharmalingam, K. & Cullum, J. Genetic instability in Streptomyces. J Biosciences 21,
433-444 (1996).

Leblond, P. & Decaris, B. New insights into the genetic instability of Streptomyces.
FEMS Microbiol Lett 123, 225-232 (1994).

205




References

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

206

Altenbuchner, J. & Cullum, J. DNA amplification and an unstable arginine gene in
Streptomyces lividans 66. Mol Gen Genet 195, 134-138 (1984).

Zhang, Z. et al. Antibiotic production in Streptomyces is organized by a division of
labour through terminal genomic differentiation. Sci Adv 6, eaay5781 (2020).
Perez-Redondo, R., Rodriguez-Garcia, A., Botas, A., Santamarta, 1., Martin, J. F &
Liras, P. ArgR of Streptomyces coelicolor is a versatile regulator. PLoS One 7, €32697
(2012).

Mingyar, E., Sevcikova, B., Rezuchova, B., Homerova, D., Novakova, R. & Kormanec,
J. The sigma(F)-specific anti-sigma factor RsfA is one of the protein kinases that
phosphorylates the pleiotropic anti-anti-sigma factor BIdG in Streptomyces coelicolor
A3(2). Gene 538, 280-287 (2014).

Bourque, G. et al. Ten things you should know about transposable elements. Genome
Biol 19, 199 (2018).

Fueyo, R., Judd, J., Feschotte, C. & Wysocka, J. Roles of transposable elements in the
regulation of mammalian transcription. Nat Rev Mol Cell Biol 23, 481-497 (2022).
Darmon, E. & Leach, D. R. Bacterial genome instability. Microbiol Mol Biol Rev 78,
1-39 (2014).

Gray, Y. H. M. It takes two transposons to tango - transposable-element-mediated
chromosomal rearrangements. Trends Genet 16, 461-468 (2000).

Ramijan, A. K., Zhang, Z., van Wezel, G. P. & Claessen, D. Genome rearrangements
and megaplasmid loss in the filamentous bacterium Kitasatospora viridifaciens are
associated with protoplast formation and regeneration. Antonie Van Leeuwenhoek
113, 825-837 (2020).

Lambowitz, A. M. & Zimmerly, S. Mobile group II introns. Annu Rev Genet 38, 1-35
(2004).

Siguier, P, Gourbeyre, E. & Chandler, M. Bacterial insertion sequences: their genomic
impact and diversity. FEMS Microbiology Reviews 38, 865-891 (2014).

Sheppard, S. K., Guttman, D. S. & Fitzgerald, ]. R. Population genomics of bacterial
host adaptation. Nat Rev Genet 19, 549-565 (2018).

Leblond, P, Demuyter, P., Moutier, L., Laakel, M., Decaris, B. & Simonet, J.
M. Hypervariability, a new phenomenon of genetic instability, related to DNA
amplification in Streptomyces ambofaciens. ] Bacteriol 171, 419-423 (1989).
Redenbach, M. et al. The Streptomyces lividans 66 chromosome contains a 1 MB
deletogenic region flanked by two amplifiable regions. Mol Gen Genet 241, 255-262
(1993).

Volff, J. N. & Altenbuchner, J. Genetic instability of the Streptomyces chromosome.
Mol Microbiol 27, 239-246 (1998).



References

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

Betzler, M., Dyson, P. & Schrempf, H. Relationship of an unstable argG gene to a
5.7-kilobase amplifiable DNA sequence in Streptomyces lividans 66. ] Bacteriol 169,
4804-4810 (1987).

Fishman, S. E. & Hershberger, C. L. Amplified DNA in Streptomyces fradiae. ] Bacteriol
155, 459-466 (1983).

Hasegawa, M., Hintermann, G., Simonet, J. M., Crameri, R, Piret, ]. & Hutter, R.
Certain chromosomal regions in Streptomyces glaucescens tend to carry amplifications
and deletions. Mol Gen Genet 200, 375-384 (1985).

Birch, A., Hausler, A., Ruttener, C. & Hutter, R. Chromosomal deletion and
rearrangement in Streptomyces glaucescens. ] Bacteriol 173, 3531-3538 (1991).

Lin, Y. S., Kieser, H. M., Hopwood, D. A. & Chen, C. W. The chromosomal DNA of
Streptomyces lividans 66 is linear. Mol Microbiol 10, 923-933 (1993).

Kameoka, D. et al. Analysis of fusion junctions of circularized chromosomes in
Streptomyces griseus. ] Bacteriol 181, 5711-5717 (1999).

Chen, C. W, Huang, C. H,, Lee, H. H., Tsai, H. H. & Kirby, R. Once the circle has
been broken: dynamics and evolution of Streptomyces chromosomes. Trends Genet
18, 522-529 (2002).

Lin, Y. S. & Chen, C. W. Instability of artificially circularized chromosomes of
Streptomyces lividans. Mol Microbiol 26, 709-719 (1997).

Volff, J. N., Viell, P. & Altenbuchner, J. Artificial circularization of the chromosome
with concomitant deletion of its terminal inverted repeats enhances genetic instability
and genome rearrangement in Streptomyces lividans. Mol Gen Genet 253, 753-760
(1997).

Negi, P, Rai, A. N. & Suprasanna, P. Moving through the Stressed Genome: Emerging
Regulatory Roles for Transposons in Plant Stress Response. Front Plant Sci 7, 1448
(2016).

Vandecraen, J., Chandler, M., Aertsen, A. & Van Houdt, R. The impact of insertion
sequences on bacterial genome plasticity and adaptability. Crit Rev Microbiol 43, 709-
730 (2017).

Hoff, G., Bertrand, C., Piotrowski, E., Thibessard, A. & Leblond, P. Genome plasticity
is governed by double strand break DNA repair in Streptomyces. Sci Rep 8, 5272
(2018).

Hopwood, D. A., Wright, H. M., Bibb, M. J. & Cohen, S. N. Genetic recombination
through protoplast fusion in Streptomyces. Nature 268, 171-174 (1977).

Baltz, R. H. Genetic Recombination in Streptomyces fradiae by Protoplast Fusion and
Cell Regeneration. ] Gen Microbiol 107, 93-102 (1978).

DeCastro-Costa, M. R. & Landman, O. E. Inhibitory protein controls the reversion of
protoplasts and L forms of Bacillus subtilis to the walled state. ] Bacteriol 129, 678-689
(1977).

207




References

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

208

Muraille, E. Diversity Generator Mechanisms Are Essential Components of Biological
Systems: The Two Queen Hypothesis. Front Microbiol 9, 223 (2018).

Ramijan, K., van Wezel, G. P. & Claessen, D. Genome sequence of the filamentous
actinomycete Kitasatospora viridifaciens. Genome Announcements 5, €01560-01516
(2017).

Stuttard, C. Temperate phages of Streptomyces venezuelae: lysogeny and host specificity
shown by phages SV1 and SV2. ] Gen Microbiol 128, 115-121 (1982).

Kieser, T., Bibb, M. J., Buttner, M. J., Chater, K. E & Hopwood, D. A. Practical
Streptomyces genetics. The John Innes Foundation (2000).

Hopwood, D. A. & Wright, H. M. Bacterial protoplast fusion: recombination in fused
protoplasts of Streptomyces coelicolor. Mol Gen Genet 162, 307-317 (1978).

Tatusova, T. et al. NCBI prokaryotic genome annotation pipeline. Nucleic Acids Res
44, 6614-6624 (2016).

Danecek, P. et al. The variant call format and VCFtools. Bioinformatics 27, 2156-2158
(2011).

Mareuil, F.,, Doppelt-Azeroual, O. & Ménager, H. A public Galaxy platform at Pasteur
used as an execution engine for web services. F1000Research (2017).

Darling, A. C., Mau, B, Blattner, F. R. & Perna, N. T. Mauve: multiple alignment
of conserved genomic sequence with rearrangements. Genome Res 14, 1394-1403
(2004).

Saier, M. H. A functional-phylogenetic classification system for transmembrane
solute transporters. Microbiol Mol Biol Rev 64, 354-411 (2000).

Ellison, C. K., Dalia, T. N., Vidal Ceballos, A., Wang, J. C., Biais, N., Brun, Y. V. &
Dalia, A. B. Retraction of DNA-bound type IV competence pili initiates DNA uptake
during natural transformation in Vibrio cholerae. Nature Microbiology 3, 773-780
(2018).

Lam, T, Ellison, C. K., Eddington, D. T., Brun, Y. V,, Dalia, A. B. & Morrison, D.
A. Competence pili in Streptococcus pneumoniae are highly dynamic structures that
retract to promote DNA uptake. Mol Microbiol 116, 381-396 (2021).

Stiilke, J., Eilers, H. & Schmidl, S. R. Mycoplasma and spiroplasma. In: Encyclopedia
of Microbiology (ed Schaechter, M.). Third edn. Elsevier (2009).

Shitut, S. et al. Generating Heterokaryotic Cells via Bacterial Cell-Cell Fusion.
Microbiol Spectr, €0169322 (2022).

Roberts, J. & Park, J. S. Mfd, the bacterial transcription repair coupling factor:
translocation, repair and termination. Curr Opin Microbiol 7, 120-125 (2004).
Kruger, N. J. & Stingl, K. Two steps away from novelty - principles of bacterial DNA
uptake. Mol Microbiol 80, 860-867 (2011).



References

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

Gilbreath, J. J., Cody, W. L., Merrell, D. S. & Hendrixson, D. R. Change is good:
varjations in common biological mechanisms in the epsilonproteobacterial genera
Campylobacter and Helicobacter. Microbiol Mol Biol Rev 75, 84-132 (2011).

Inamine, G. S. & Dubnau, D. ComEA, a Bacillus subtilis integral membrane protein
required for genetic transformation, is needed for both DNA binding and transport.
] Bacteriol 177, 3045-3051 (1995).

Friedrich, A., Hartsch, T. & Averhoft, B. Natural transformation in mesophilic and
thermophilic bacteria: identification and characterization of novel, closely related
competence genes in Acinetobacter sp. strain BD413 and Thermus thermophilus
HB27. Appl Environ Microb 67, 3140-3148 (2001).

Hamoen, L. W., Venema, G. & Kuipers, O. P. Controlling competence in Bacillus
subtilis: shared use of regulators. Microbiology 149, 9-17 (2003).

Dubnau, D. Genetic competence in Bacillus subtilis. Microbiol. Rev. 55, 395-424
(1991).

Lenaz, G. Lipid fluidity and membrane protein dynamics. Biosci Rep 7, 823-837
(1987).

Lande, M. B., Donovan, J. M. & Zeidel, M. L. The relationship between membrane
fluidity and permeabilities to water, solutes, ammonia, and protons. ] Gen Physiol
106, 67-84 (1995).

Chapman, D. Phase transitions and fluidity characteristics of lipids and cell
membranes. Q Rev Biophys 8, 185-235 (1975).

Scheinpflug, K., Krylova, O. & Strahl, H. Measurement of cell membrane fluidity by
Laurdan GP: fluorescence spectroscopy and microscopy. Methods Mol Biol 1520, 159-
174 (2017).

Kitano, K., Nozaki, Y. & Imada, A. Strain Improvement of a Carbapenem Antibiotic
Producer, Streptomyces griseus subsp. cryophilus C-19393, by Protoplast Fusion. Agric
Biol Chem 49, 685-692 (1985).

Zhang, Y. X, Perry, K., Vinci, V. A., Powell, K., Stemmer, W. P. C. & del Cardayré, S.
B. Genome shuflling leads to rapid phenotypic improvement in bacteria. Nature 415,
644-646 (2002).

Schaeffer, P, Cami, B. & Hotchkiss, R. D. Fusion of bacterial protoplasts. Proc Natl
Acad Sci US A 73, 2151-2155 (1976).

Willemse, J., Borst, J. W., de Waal, E., Bisseling, T. & van Wezel, G. P. Positive control
of cell division: FtsZ is recruited by SsgB during sporulation of Streptomyces. Genes
Dev 25, 89-99 (2011).

Keijser, B. J. E, Noens, E. E. E., Kraal, B., Koerten, H. K. & van Wezel, G. P. The
Streptomyces coelicolor ssgB gene is required for early stages of sporulation. FEMS
Microbiol Lett 225, 59-67 (2003).

209




References

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

210

Okshevsky, M., Regina, V. R. & Meyer, R. L. Extracellular DNA as a target for biofilm
control. Curr Opin Biotechnol 33, 73-80 (2015).

Xu, H., Chater, K. E, Deng, Z. & Tao, M. A cellulose synthase-like protein involved in
hyphal tip growth and morphological differentiation in Streptomyces. ] Bacteriol 190,
4971-4978 (2008).

Ultee, E., van der Aart, L. T., van Dissel, D., Diebolder, C. A., van Wezel, G. P, Claessen,
D. & Briegel, A. Teichoic acids anchor distinct cell wall lamellae in an apically growing
bacterium. Commun Biol 3, 314 (2020).

Zhong, X., Zhang, L., van Wezel, G. P, Vijgenboom, E. & Claessen, D. Role for a
Iytic polysaccharide monooxygenase in cell wall remodelling. mBio 13, e00456-00422
(2022).

Chaplin, A. K. et al. GIxA is a new structural member of the radical copper oxidase
family and is required for glycan deposition at hyphal tips and morphogenesis of
Streptomyces lividans. Biochem ] 469, 433-444 (2015).

van Dissel, D., Willemse, J., Zacchetti, B., Claessen, D., Pier, G. & van Wezel, G. P.
Production of poly-B-1,6-N-acetylglucosamine by MatAB is required for hyphal
aggregation and hydrophilic surface adhesion by Streptomyces. Microb Cell 5, 269-
279 (2018).

Bergé, M., Moscoso, M., Prudhomme, M., Martin, B. & Claverys, J. P. Uptake of
transforming DNA in Gram-positive bacteria: a view from Streptococcus pneumoniae.
Mol Microbiol 45, 411-421 (2002).

Seitz, P. & Blokesch, M. DNA-uptake machinery of naturally competent Vibrio
cholerae. Proc Natl Acad Sci U S A 110, 17987-17992 (2013).

Staubli, T. A novel mode of reproduction in Listeria monocytogenes L-forms. PhD
Thesis ETH Zurich, 3. Manuscript 1. 43-68 (2014).

Budker, V,, Budker, T., Zhang, G., Subbotin, V., Loomis, A. & Wolff, J. A. Hypothesis:
naked plasmid DNA is taken up by cells in vivo by a receptor-mediated process. ]
Gene Med 2, 76-88 (2000).

Wolft, J. A., Malone, R. W., Williams, P., Chong, W., Acsadi, G., Jani, A. & Felgner,
P. L. Direct gene transfer into mouse muscle in vivo. Science 247, 1465-1468 (1990).
Thottacherry, J. J., Sathe, M., Prabhakara, C. & Mayor, S. Spoiled for choice: diverse
endocytic pathways function at the cell surface. Annu Rev Cell Dev Biol 35, 55-84
(2019).

Han, J. et al. Conditions and mutations affecting Staphylococcus aureus L-form
formation. Microbiology 161, 57-66 (2015).

Petrovic Fabijan, A., Martinez-Martin, D., Venturini, C., Mickiewicz, K., Flores-
Rodriguez, N., Errington, J. & Iredell, J. L-Form Switching in Escherichia coli as a
Common beta-Lactam Resistance Mechanism. Microbiol Spectr 10, 0241922 (2022).



References

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

Thoma, L., Vollmer, B., Oesterhelt, F. & Muth, G. Live-cell imaging of Streptomyces
conjugation. Int ] Med Microbiol 309, 338-343 (2019).

Schrempf, H. & Merling, P. Extracellular Streptomyces lividans vesicles: composition,
biogenesis and antimicrobial activity. Microb Biotechnol 8, 644-658 (2015).
Faddetta, T., Vassallo, A., Del Duca, S., Gallo, G., Fani, R. & Puglia, A. M. Unravelling
the DNA sequences carried by Streptomyces coelicolor membrane vesicles. Sci Rep 12,
16651 (2022).

Markova, N., Slavchev, G., Michailova, L. & Jourdanova, M. Survival of Escherichia
coli under lethal heat stress by L-form conversion. Int ] Biol Sci 6, 303-315 (2010).
Mahony, D. E. & Moore, T. I. Stable L-Forms of Clostridium perfringens and their
growth on glass surfaces. Can ] Microbiol 22, 953-959 (1976).

Jass, J., Phillips, L. E., Allan, E. J., Costerton, ]J. W. & Lappin-Scott, H. M. Growth and
adhesion of Enterococcus faecium L-forms. FEMS Microbiol Lett 115, 157-162 (1994).
Dannenberg, N., Carrion Bravo, V. J., Weijers, T., Spaink, H. P,, Ottenhoff, T. H. M.,
Briegel, A. & Claessen, D. Mycobacteria form viable cell wall-deficient cells that are
undetectable by conventional diagnostics. Preprint at bioRxiv, 516772 (2022).
Michailova, L., Kussovsky, V., Radoucheva, T., Jordanova, M. & Markova, N.
Persistence of Staphylococcus aureus L-form during experimental lung infection in
rats. FEMS Microbiol Lett 268, 88-97 (2007).

Yanisch-Perron, C., Vieira, ]. & Messing, J. Improved M13 phage cloning vectors and
host strains: nucleotide sequences of the M13mp18 and pUC19 vectors. Gene 33,
103-119 (1985).

MacNeil, D. J., Gewain, K. M., Ruby, C. L., Dezeny, G., Gibbons, P. H. & MacNeil,
T. Analysis of Streptomyces avermitilis genes required for avermectin biosynthesis
utilizing a novel integration vector. Gene 111, 61-68 (1992).

Gregory, M. A., Till, R. & Smith, M. C. M. Integration site for Streptomyces phage
phiBT1 and development of site-specific integrating vectors. ] Bacteriol 185, 5320-
5323 (2003).

Wu, C. et al. Lugdunomycin, an angucycline-derived molecule with unprecedented
chemical architecture. Angew Chem Int Ed 58, 2809-2814 (2019).

Zacchetti, B., Willemse, J., Recter, B., van Dissel, D., van Wezel, G. P., Wosten, H. A.
B. & Claessen, D. Aggregation of germlings is a major contributing factor towards
mycelial heterogeneity of Streptomyces. Sci Rep 6, 27045 (2016).

van der Meij, A. Msc. Thesis: Expanding the genetic toolbox for L-forms. Leiden
University (2014).

Zacchetti, B., Smits, P. & Claessen, D. Dynamics of pellet fragmentation and
aggregation in liquid-grown cultures of Streptomyces lividans. Front Microbiol 9, 943
(2018).

211




References

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

212

Kapteijn, R. et al. Endocytosis-like DNA uptake by cell wall-deficient bacteria. Nat
Commun 13, 5524 (2022).

Combes, P, Till, R., Bee, S. & Smith, M. C. M. The streptomyces genome contains
multiple pseudo-attB sites for the ¢C31-encoded site-specific recombination system.
] Bacteriol 184, 5746-5752 (2002).

Vischer, N. Using Image] to show “Generalized Polarization” (GP). https://sils.fnwi.
uva.nl/bcb/objectj/examples/CalculateGP/MD/gp.html (2016).

Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat
Methods 9, 676-682 (2012).

Wolfgang, M., van Putten, J. P. M., Hayes, S. E. & Koomey, M. The comP locus of
Neisseria gonorrhoeae encodes a type IV prepilin that is dispensable for pilus biogenesis
but essential for natural transformation. Mol Microbiol 31, 1345-1357 (1999).
Bierman, M., Logan, R., O’Brien, K., Seno, E. T., Rao, R. N. & Schoner, B. E. Plasmid
cloning vectors for the conjugal transfer of DNA from Escherichia coli to Streptomyces
spp. Gene 116, 43-49 (1992).

Bernardino de la Serna, J., Schutz, G. J., Eggeling, C. & Cebecauer, M. There Is No
Simple Model of the Plasma Membrane Organization. Front Cell Dev Biol 4, 106
(2016).

Harayama, T. & Riezman, H. Understanding the diversity of membrane lipid
composition. Nat Rev Mol Cell Biol 19, 281-296 (2018).

Yang, N. J. & Hinner, M. ]. Getting across the cell membrane: an overview for small
molecules, peptides, and proteins. Methods Mol Biol 1266, 29-53 (2015).

Cooper, G. M. Chapter 12. The Cell Surface. In: The Cell: A Molecular Approach.
Second edn. Sinauer Associates (2000).

Cossart, P. & Helenius, A. Endocytosis of viruses and bacteria. Cold Spring Harb
Perspect Biol 6, 2016972 (2014).

Grant, B. D. & Donaldson, ]. G. Pathways and mechanisms of endocytic recycling.
Nat Rev Mol Cell Biol 10, 597-608 (2009).

Cullen, P.J. & Steinberg, F. To degrade or not to degrade: mechanisms and significance
of endocytic recycling. Nat Rev Mol Cell Biol 19, 679-696 (2018).

Kumari, S., Swetha, M. G. & Mayor, S. Endocytosis unplugged: multiple ways to enter
the cell. Cell Res 20, 256-275 (2010).

Komeili, A, Li, Z., Newman, D. K. & Jensen, G. J. Magnetosomes are cell membrane
invaginations organized by the actin-like protein MamK. Science 311, 242-245 (2006).
Shiratori, T., Suzuki, S., Kakizawa, Y. & Ishida, K. I. Phagocytosis-like cell engulfment
by a planctomycete bacterium. Nat Commun 10, 5529 (2019).

Griffing, L. R. FRET analysis of transmembrane flipping of FM4-64 in plant cells: is
FM4-64 a robust marker for endocytosis? ] Microsc 231, 291-298 (2008).



References

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

Jelinkovd, A., Malinska, K. & Petrasek, J. Using FM dyes to study endomembranes
and their dynamics in plants and cell suspensions. In: Methods in Molecular Biology
(eds Cvrckova, E, Zarsky, V.). Second edn (2019).

Elkin, S. R., Lakoduk, A. M. & Schmid, S. L. Endocytic pathways and endosomal
trafficking: a primer. Wien Med Wochenschr 166, 196-204 (2016).

Araki, N., Johnson, M. T. & Swanson, J. A. A role for phosphoinositide 3-kinase in the
completion of macropinocytosis and phagocytosis by macrophages. J Cell Biol 135,
1249-1260 (1996).

Li, L., Wan, T., Wan, M., Liu, B., Cheng, R. & Zhang, R. The effect of the size of
fluorescent dextran on its endocytic pathway. Cell Biol Int 39, 531-539 (2015).
Lenarcic, R. et al. Localisation of DivIVA by targeting to negatively curved membranes.
EMBO ] 28, 2272-2282 (2009).

Cullis, P. R. & Hope, M. J. Lipid nanoparticle systems for enabling gene therapies. Mol
Ther 25, 1467-1475 (2017).

Lichstein, H. C. & Soule, M. H. Studies of the effect of sodium azide on microbic
growth and respiration. ] Bacteriol 47, 221-230 (1944).

Sato, K., Nagai, ]., Mitsui, N., Ryoko, Y. & Takano, M. Effects of endocytosis inhibitors
on internalization of human IgG by Caco-2 human intestinal epithelial cells. Life Sci
85, 800-807 (2009).

Hoffmann, J. & Mendgen, K. Endocytosis and membrane turnover in the germ tube
of Uromyces fabae. Fungal Genetics and Biology 24, 77-85 (1998).

Shimoni, E. & Muller, M. On optimizing high-pressure freezing: from heat transfer
theory to a new microbiopsy device. ] Microsc 192, 236-247 (1998).

Studer, D., Michel, M. & Miiller, M. High pressure freezing comes of age. Scanning
Microsc Suppl 3, 253-268 (1989).

Heiligenstein, X. et al. HPM live y for a full CLEM workflow. Method Cell Biol 162,
115-149 (2021).

Vidavsky, N., Akiva, A., Kaplan-Ashiri, ., Rechav, K., Addadi, L., Weiner, S. &
Schertel, A. Cryo-FIB-SEM serial milling and block face imaging: Large volume
structural analysis of biological tissues preserved close to their native state. J Struct
Biol 196, 487-495 (2016).

Spehner, D. et al. Cryo-FIB-SEM as a promising tool for localizing proteins in 3D. ]
Struct Biol 211, 107528 (2020).

Bendezu, F. O. & de Boer, P. A. Conditional lethality, division defects, membrane
involution, and endocytosis in mre and mrd shape mutants of Escherichia coli. |
Bacteriol 190, 1792-1811 (2008).

Takahashi, S., Mizuma, M., Kami, S. & Nishida, H. Species-dependent protoplast
enlargement involves different types of vacuole generation in bacteria. Sci Rep 10,
8832 (2020).

213




References

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

214

Nishida, H. Factors that affect the enlargement of bacterial protoplasts and
spheroplasts. Int ] Mol Sci 21, 7131 (2020).

Varkouhi, A. K., Scholte, M., Storm, G. & Haisma, H. J. Endosomal escape pathways
for delivery of biologicals. ] Control Release 151, 220-228 (2011).

Patel, S., Kim, J., Herrera, M., Mukherjee, A., Kabanov, A. V. & Sahay, G. Brief update
on endocytosis of nanomedicines. Adv Drug Del Rev 144, 90-111 (2019).

Behr, J.-P. The proton sponge: a trick to enter cells the viruses did not exploit. Chimia
51, 34-36 (1997).

Ciftci, K. & Levy, R. J. Enhanced plasmid DNA transfection with lysosomotropic
agents in cultured fibroblasts. Int ] Pharm 218, 81-92 (2001).

Forgac, M. Vacuolar ATPases: rotary proton pumps in physiology and pathophysiology.
Nat Rev Mol Cell Biol 8,917-929 (2007).

Kuroda, T. et al. Patch clamp studies on ion pumps of the cytoplasmic membrane
of Escherichia coli. Formation, preparation, and utilization of giant vacuole-like
structures consisting of everted cytoplasmic membrane. J Biol Chem 273, 16897-
16904 (1998).

Woese, C. R. Interpreting the universal phylogenetic tree. Proc Natl Acad Sci U S A
97, 8392-8396 (2000).

Errington, J. L-form bacteria, cell walls and the origins of life. Open Biol 3, 120143
(2013).

Kotnik, T. Lightning-triggered electroporation and electrofusion as possible
contributors to natural horizontal gene transfer. Phys Life Rev 10, 351-370 (2013).
Yabu, K. Formation of vesiculated large bodies of Staphylococcus aureus L-form in a
liquid medium. Microbiol Immunol 35, 395-404 (1991).

Briers, Y., Staubli, T., Schmid, M. C., Wagner, M., Schuppler, M. & Loessner, M. J.
Intracellular vesicles as reproduction elements in cell wall-deficient L-form bacteria.
PLoS One 7, 38514 (2012).

Kanaparthi, D., Lampe, M., Zhu, B., Boesen, T., Klingl, A., Schwille, P. & Lueders, T.
On the nature of the earliest known lifeforms. Preprint at bioRxiv, 456462 (2021).
Woese, C. R., Maniloff, J. & Zablen, L. B. Phylogenetic analysis of the mycoplasmas.
Proc Natl Acad Sci U S A 77, 494-498 (1980).

Hobbs, G., Frazer, C. M., Gardner, D. C. ], Cullum, J. A. & Oliver, S. G. Dispersed
growth of Streptomyces in liquid culture. Appl Microbiol Biotechnol 31,272-277 (1989).
de Beer, M., Roverts, R., Heiligenstein, X., Lamers, E., Sommerdijk, N. & Akiva, A.
Visualizing biological tissues: a multiscale workflow from live imaging to 3D Cryo-
CLEM. Microscopy and Microanalysis 27, 11-12 (2021).

Munch, B., Trtik, P, Marone, F. & Stampanoni, M. Stripe and ring artifact removal
with combined wavelet - Fourier filtering. Opt Express 17, 8567-8591 (2009).



References

329.

330.

331.

332.

333.
334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

Perona, P. & Malik, J. Scale-space and edge-detection using anisotropic diffusion.
IEEE Trans Pattern Anal Mach Intell 12, 629-639 (1990).

Zuiderveld, K. Contrast limited adaptive histogram equalization. In: Graphics gems
IV (ed Heckbert, P. S.). Academic Press (1994).

CDC. About Antimicrobial Resistance.). Centers for Disease Control and Prevention
https://www.cdc.gov/drugresistance/about.html (2022).

Baltz, R. H. Renaissance in antibacterial discovery from actinomycetes. Curr Opin
Pharmacol 8, 557-563 (2008).

D’Costa, V. M. et al. Antibiotic resistance is ancient. Nature 477, 457-461 (2011).
Sanderson, H., Brown, R. S., Hania, P., McAllister, T. A., Majury, A. & Liss, S. N.
Antimicrobial Resistant Genes and Organisms as Environmental Contaminants
of Emerging Concern: Addressing Global Public Health Risks. In: Management of
Emerging Public Health Issues and Risks (eds Roig, B., Weiss, K., Thireau, V.) (2019).
Blair, J. M., Webber, M. A,, Baylay, A. J., Ogbolu, D. O. & Piddock, L. J. Molecular
mechanisms of antibiotic resistance. Nat Rev Microbiol 13, 42-51 (2015).

Andersson, D. I. & Hughes, D. Microbiological effects of sublethal levels of antibiotics.
Nat Rev Microbiol 12, 465-478 (2014).

Wang, Y., Lu, J., Mao, L, Li, ], Yuan, Z, Bond, P. L. & Guo, ]. Antiepileptic drug
carbamazepine promotes horizontal transfer of plasmid-borne multi-antibiotic
resistance genes within and across bacterial genera. ISME J 13, 509-522 (2019).
Xiao, X., Zeng, F, Li, R,, Liu, Y. & Wang, Z. Subinhibitory concentration of colistin
promotes the conjugation frequencies of Mcr-1- and blaNDM-5-positive plasmids.
Microbiol Spectr 10, €02160-02121 (2022).

Sustarsic, M. Wastewater Treatment: Understanding the Activated Sludge Process.
Chem Eng Prog 105, 26-29 (2009).

Wagner, M., Loy, A., Nogueira, R., Purkhold, U., Lee, N. & Daims, H. Microbial
community composition and function in wastewater treatment plants. Antonie Van
Leeuwenhoek 81, 665-680 (2002).

van Loosdrecht, M. C. M. & Brdjanovic, D. Anticipating the next century of wastewater
treatment. Science 344, 1452-1453 (2014).

Sheng, G. P, Yu, H. Q & Li, X. Y. Extracellular polymeric substances (EPS) of
microbial aggregates in biological wastewater treatment systems: a review. Biotechnol
Adv 28, 882-894 (2010).

Mach, P. A. & Grimes, D. J. R-plasmid transfer in a wastewater treatment plant. Appl
Environ Microbiol 44, 1395-1403 (1982).

Calderén-Franco, D., van Loosdrecht, M. C. M., Abeel, T. & Weissbrodt, D. G. Free-
floating extracellular DNA: Systematic profiling of mobile genetic elements and
antibiotic resistance from wastewater. Water Res 189, 116592 (2021).

215




References

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

216

Davies, J. Inactivation of antibiotics and the dissemination of resistance genes. Science
264, 375-382 (1994).

D’Costa, V. M., McGrann, K. M., Hughes, D. W. & Wright, G. D. Sampling the
antibiotic resistome. Science 311, 374-377 (2006).

Osbourn, A. Secondary metabolic gene clusters: evolutionary toolkits for chemical
innovation. Trends Genet 26, 449-457 (2010).

Benveniste, R. & Davies, ]. Aminoglycoside Antibiotic-Inactivating Enzymes in
Actinomycetes Similar to Those Present in Clinical Isolates of Antibiotic-Resistant
Bacteria. Proc Natl Acad Sci U S A 70, 2276-2280 (1973).

Forsman, M., Hiaggstrom, B., Lindgren, L. & Jaurin, B. Molecular Analysis of beta-
Lactamases from Four Species of Streptomyces: Comparison of Amino Acid Sequences
with those of other beta-lactamases. ] Gen Microbiol 136, 589-598 (1990).

Marshall, C. G., Lessard, I. A. D., Park, I.-S. & Wright, G. D. Glycopeptide Antibiotic
Resistance Genes in Glycopeptide-Producing Organisms. Antimicrob Agents
Chemother 42, 2215-2220 (1998).

Jiang, X. et al. Dissemination of antibiotic resistance genes from antibiotic producers
to pathogens. Nat Commun 8, 15784 (2017).

Hozzein, N. W.,, Ahmed, M. B. & Tawab, M. S. A. Efficiency of some actinomycete
isolates in biological treatment and removal of heavy metals from wastewater. Afr ]
Biotechnol 11, 1163-1168 (2012).

El-Shatoury, S., Mitchell, J., Bahgat, M. & Dewedar, A. Biodiversity of Actinomycetes
in a Constructed Wetland for Industrial Effluent Treatment. Actinomycetologica 18,
1-7 (2004).

Huang, Y., Zou, K., Qing, T., Feng, B. & Zhang, P. Metagenomics and
metatranscriptomics analyses of antibiotic synthesis in activated sludge. Environ Res
213, 113741 (2022).

Calderén-Franco, D., Sarelse, R., Christou, S., Pronk, M., van Loosdrecht, M. C.
M., Abeel, T. & Weissbrodt, D. G. Metagenomic profiling and transfer dynamics of
antibiotic resistance determinants in a full-scale granular sludge wastewater treatment
plant. Water Res 219, 118571 (2022).

Waksman, S. A. Streptomycin: Background, Isolation, Properties, and Utilization.
Science 118, 259-266 (1953).

Zhu, H. et al. Eliciting antibiotics active against the ESKAPE pathogens in a collection
of actinomycetes isolated from mountain soils. Microbiology 160, 1714-1725 (2014).
Rubinstein, S. M., Kolodkin-Gal, I., McLoon, A., Chai, L., Kolter, R., Losick, R. &
Weitz, D. A. Osmotic pressure can regulate matrix gene expression in Bacillus subtilis.
Mol Microbiol 86, 426-436 (2012).

Seminara, A. et al. Osmotic spreading of Bacillus subtilis biofilms driven by an
extracellular matrix. Proc Natl Acad Sci US A 109, 1116-1121 (2012).



References

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

Yan, J., Nadell, C. D,, Stone, H. A., Wingreen, N. S. & Bassler, B. L. Extracellular-
matrix-mediated osmotic pressure drives Vibrio cholerae biofilm expansion and
cheater exclusion. Nat Commun 8, 327 (2017).

Ramothokang, T. R., Drysdale, G. D. & Bux, E Isolation and cultivation of filamentous
bacteria implicated in activated sludge bulking. Water S A 29, 405-410 (2004).
Pridham, T. G., Anderson, P, Foley, C., Lindenfelser, L. A., Hesseltine, C. W. &
Benedict, R. G. A selection of media for maintenance and taxonomic study of
Streptomyces. Antibiot Annu, 947-953 (1956).

Shirling, E. B. & Gottlieb, D. Methods for characterization of Streptomyces species. Int
J Syst Bacteriol 16, 313-340 (1966).

Yoon, S.-H., Ha, S.-M., Kwon, S., Lim, J., Kim, Y., Seo, H. & Chun, J. Introducing
EzBioCloud: a taxonomically united database of 16S rRNA gene sequences and
whole-genome assemblies. Int ] Syst Evol Microbiol 67, 1613-1617 (2017).

Trujillo, M. E., Alonso-Vega, P., Rodriguez, R., Carro, L., Cerda, E., Alonso, P. &
Martinez-Molina, E. The genus Micromonospora is widespread in legume root
nodules: the example of Lupinus angustifolius. ISME ] 4, 1265-1281 (2010).

Park, S. W, Park, S. T, Lee, J. E. & Kim, Y. M. Pseudonocardia carboxydivorans sp.
nov., a carbon monoxide-oxidizing actinomycete, and an emended description of the
genus Pseudonocardia. Int ] Syst Evol Microbiol 58, 2475-2478 (2008).

van der Heul, H. U. Analysis of the angucycline biosynthetic gene cluster in
Streptomyces sp. QL37 and implications for lugdunomycin production. PhD Thesis
Leiden University, Chapter 3. 73 - 111 (2022).

Guo, Y., Zheng, W, Rong, X. & Huang, Y. A multilocus phylogeny of the Streptomyces
griseus 16S rRNA gene clade: use of multilocus sequence analysis for streptomycete
systematics. Int ] Syst Evol Microbiol 58, 149-159 (2008).

Ludwig, W., Euzéby, J., Schumann, P, Busse, H.-J., Trujillo, M. E., Kdmpfer, P. &
Whitman, W. B. Road map of the phylum Actinobacteria. In: Bergey’s Manual® of
Systematic Bacteriology: Volume Five The Actinobacteria, Part A and B (eds Goodfellow,
M., Kampfer, P, Busse, H.-J., et al.). Springer New York (2012).

Stackebrandt, E. & Otten, L. G. The Class Nitriliruptoria. In: The Prokaryotes:
Actinobacteria (eds Rosenberg, E., DeLong, E. E,, Lory, S., Stackebrandt, E., Thompson,
E). Springer Berlin Heidelberg (2014).

Salemi, M. & Vandamme, A. The Phylogenetic Handbook: A Practical Approach to
DNA and Protein Phylogeny, First edn. Cambridge University Press (2003).
Felsenstein, J. Confidence Limits on Phylogenies: An Approach Using the Bootstrap.
Evolution 39, 783-791 (1985).

Lin, G. N.,, Zhang, C. & Xu, D. Polytomy identification in microbial phylogenetic
reconstruction. BMC Syst Biol 5, (Suppl 3), S2 (2011).

217




References

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

218

Girard, G., Traag, B. A., Sangal, V., Mascini, N., Hoskisson, P. A., Goodfellow, M. & van
Wezel, G. P. A novel taxonomic marker that discriminates between morphologically
complex actinomycetes. Open Biol 3, 130073 (2013).

van Wezel, G. P, van der Meulen, J., Taal, E., Koerten, H. & Kraal, B. Effects of
increased and deregulated expression of cell division genes on the morphology and
on antibiotic production of streptomycetes. Antonie van Leeuwenhoek 78, 269-276
(2000).

Kendrick, K. E. & Ensign, J. C. Sporulation of Streptomyces griseus in submerged
culture. J Bacteriol 155, 357-366 (1983).

Stevenson, C., Hall, J. P. J., Harrison, E., Wood, A. & Brockhurst, M. A. Gene mobility
promotes the spread of resistance in bacterial populations. ISME ] 11, 1930-1932
(2017).

Alj, O. S., Hozayen, W. G., Almutairi, A. S., Edris, S. A., Abulfaraj, A. A, Ouf, A. A.
& Mahmoud, H. M. Metagenomic Analysis Reveals the Fate of Antibiotic Resistance
Genes in a Full-Scale Wastewater Treatment Plant in Egypt. Sustainability 13, 11131
(2021).

Lechevalier, H. A. Actinomycetes of sewage-treatment plants. US Environmental
Protection Agency, Office of Research and Development. EPA-600/2-75-031 (1975).
Saenna, P, Gilbreath, T., Oppan, N. & Panbangred, W. Actinomycetes Community
from Starch Factory Wastewater. Res ] Microbiol 6, 534-542 (2011).

Cuebas-Irizarry, M. E & Grunden, A. M. Streptomyces spp. as biocatalyst sources in
pulp and paper and textile industries: Biodegradation, bioconversion and valorization
of waste. Microb Biotechnol 00, 1-22 (2023).

Boran, R., Ugur, A., Sarac, N. & Ceylan, O. Characterisation of Streptomyces violascens
0C125-8 lipase for oily wastewater treatment. 3 Biotech 9, 5 (2019).

Agunbiade, M., Pohl, C. & Ashafa, O. Bioflocculant production from Streptomyces
platensis and its potential for river and waste water treatment. Braz ] Microbiol 49,
731-741 (2018).

Nwodo, U. U., Agunbiade, M. O., Green, E., Mabinya, L. V. & Okoh, A. I. A Freshwater
Streptomyces, Isolated from Tyume River, Produces a Predominantly Extracellular
Glycoprotein Bioflocculant. Int ] Mol Sci 13, 8679-8695 (2012).

Abdulla, H. M., El-Shatoury, S. A., El-Shahawy, A. A., Ghorab, S. A., Nasr, M. &
Trujillo, M. E. An integrated bioaugmentation/electrocoagulation concept for olive
mill wastewater management and the reuse in irrigation of biofuel plants: a pilot
study. Environ Sci Pollut Res 26, 15803-15815 (2019).

Hamdan, A. M., Abd-El-Mageed, H. & Ghanem, N. Biological treatment of hazardous
heavy metals by Streptomyces rochei ANH for sustainable water management in
agriculture. Sci Rep 11, 9314 (2021).



References

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

Lakshmikandan, M., Wang, S., Murugesan, A. G., Saravanakumar, M. & Selvakumar,
G. Co-cultivation of Streptomyces and microalgal cells as an efficient system for
biodiesel production and bioflocculation formation. Bioresour Technol 332, 125118
(2021).

Padri, M., Boontian, N., Teaumroong, N., Piromyou, P. & Piasai, C. Co-culture of
microalga Chlorella sorokiniana with syntrophic Streptomyces thermocarboxydus in
cassava wastewater for wastewater treatment and biodiesel production. Bioresour
Technol 347, 126732 (2022).

Piacenza, E. etal. Tolerance, Adaptation,and Cell Response Elicited by Micromonospora
sp. Facing Tellurite Toxicity: A Biological and Physical-Chemical Characterization.
Int ] Mol Sci 23, 12631 (2022).

Fateh, M. & Youcef, N. Extraction, purification et caractérisation des lectines
produites par la souche Micromonospora aurantiaca GF44c, et tests biologiques. PhD
Thesis Université des fréres Mentouri-Constantine, 73-81 (2016).

Howell, M. & Brown, P. J. B. Building the bacterial cell wall at the pole. Curr Opin
Microbiol 34, 53-59 (2016).

Malisorn, K., Embaen, S., Sribun, A., Saeng-in, P,, Phongsopitanun, W. & Tanasupawat,
S. Identification and antimicrobial activities of Streptomyces, Micromonospora, and
Kitasatospora strains from rhizosphere soils. ] Appl Pharm Sci 10, 123-128 (2020).
Carro, L., Riesco, R., Sproer, C. & Trujillo, M. E. Micromonospora ureilytica sp. nov.,
Micromonospora noduli sp. nov. and Micromonospora vinacea sp. nov., isolated from
Pisum sativum nodules. Int J Syst Evol Microbiol 66, 3509-3514 (2016).

Runa, V., Wenk, J., Bengtsson, S., Jones, B. V. & Lanham, A. B. Bacteriophages in
Biological Wastewater Treatment Systems: Occurrence, Characterization, and
Function. Front Microbiol 12, 730071 (2021).

Ng, K., Alygizakis, N. A., Thomaidis, N. S. & Slobodnik, J. Wide-Scope Target and
Suspect Screening of Antibiotics in Effluent Wastewater from Wastewater Treatment
Plants in Europe. Antibiotics 12, 100 (2023).

Mutuku, C., Gazdag, Z. & Melegh, S. Occurrence of antibiotics and bacterial resistance
genes in wastewater: resistance mechanisms and antimicrobial resistance control
approaches. World ] Microbiol Biotechnol 38, 152 (2022).

Ormeci, B. & Linden, K. G. Development of a fluorescence in situ hybridization
protocol for the identification of micro-organisms associated with wastewater
particles and flocs. ] Environ Sci Health A 43, 1484-1488 (2008).

Lukumbuzya, M., Schmid, M., Pjevac, P. & Daims, H. A Multicolor Fluorescence in
situ Hybridization Approach Using an Extended Set of Fluorophores to Visualize
Microorganisms. Front Microbiol 10, 1383 (2019).

Wyrick, P. B. & Gooder, H. Filterability of Streptococcal L-Forms. ] Bacteriol 105,
284-290 (1971).

219




References

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411.

412.

413.

414.
415.

220

Heuer, H., Krsek, M., Baker, P, Smalla, K. & Wellington, E. M. Analysis of
actinomycete communities by specific amplification of genes encoding 16S rRNA
and gel-electrophoretic separation in denaturing gradients. Appl Environ Microb 63,
3233-3241 (1997).

Sievers, E et al. Fast, scalable generation of high-quality protein multiple sequence
alignments using Clustal Omega. Mol Syst Biol 7, 539 (2011).

Traag, B. A. Function and control of the ssg genes in Streptomyces. PhD Thesis Leiden
University, Chapter 4. 59-84 (2008).

Waterhouse, A. M., Procter, J. B.,, Martin, D. M. A., Clamp, M. & Barton, G. J.
Jalview Version 2—a multiple sequence alignment editor and analysis workbench.
Bioinformatics 25, 1189-1191 (2009).

Saitou, N. & Nei, M. The neighbor-joining method: a new method for reconstructing
phylogenetic trees. Mol Biol Evol 4, 406-425 (1987).

Tamura, K. & Nei, M. Estimation of the number of nucleotide substitutions in the
control region of mitochondrial DNA in humans and chimpanzees. Mol Biol Evol 10,
512-526 (1993).

Letunic, I. & Bork, P. Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic
tree display and annotation. Nucleic Acids Res 49, W293-W296 (2021).

Hayakawa, M. & Nonomura, H. Humic acid-vitamin agar, a new medium for the
selective isolation of soil actinomycetes. ] Ferment Technol 65, 501-509 (1987).
Williams, S. T. & Wellington, E. M. H. Actinomycetes. In: Methods of Soil Analysis (ed
Page, A. L.) (1983).

Shi, A., Fan, E. & Broach, J. R. Microbial adaptive evolution. J Ind Microbiol Biotechnol
49, (2022).

Lopez-Maury, L., Marguerat, S. & Bahler, ]. Tuning gene expression to changing
environments: from rapid responses to evolutionary adaptation. Nat Rev Genet 9,
583-593 (2008).

Wiedenbeck, J. & Cohan, F. M. Origins of bacterial diversity through horizontal
genetic transfer and adaptation to new ecological niches. FEMS Microbiol Rev 35,
957-976 (2011).

Gokhale, D. V., Puntambekar, U. S. & Deobagkar, D. N. Protoplast fusion: a tool for
intergeneric gene transfer in bacteria. Biotechnol Adv 11, 199-217 (1993).

Shitut, S., Bergman, G. O., Kros, A., Rozen, D. E. & Claessen, D. Use of Permanent
Wall-Deficient Cells as a System for the Discovery of New-to-Nature Metabolites.
Microorganisms 8, 1897 (2020).

Jheeta, S. The Landscape of the Emergence of Life. Life (Basel) 7, (2017).

Dodd, M. S. et al. Evidence for early life in Earth’s oldest hydrothermal vent
precipitates. Nature 543, 60-64 (2017).



References

416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

Doroghazi, J. R. & Buckley, D. H. Widespread homologous recombination within and
between Streptomyces species. ISME ] 4, 1136-1143 (2010).

Zhou, Z., Gu, J., Li, Y. Q. & Wang, Y. Genome plasticity and systems evolution in
Streptomyces. BMC Bioinformatics 13, (Suppl 10), S8 (2012).

Wittenberg, A. H. et al. Meiosis drives extraordinary genome plasticity in the haploid
tungal plant pathogen Mycosphaerella graminicola. PLoS One 4, €5863 (2009).

Vande Zande, P., Zhou, X. & Selmecki, A. The Dynamic Fungal Genome: Polyploidy,
Aneuploidy and Copy Number Variation in Response to Stress. Annu Rev Microbiol
77, 341-361 (2023).

Choulet, F. et al. Evolution of the terminal regions of the Streptomyces linear
chromosome. Mol Biol Evol 23, 2361-2369 (2006).

Aigle, B., Lautru, S., Spiteller, D., Dickschat, J. S., Challis, G. L., Leblond, P. & Pernodet,
J. L. Genome mining of Streptomyces ambofaciens. | Ind Microbiol Biotechnol 41, 251-
263 (2014).

Chung, Y. H. et al. Comparative Genomics Reveals a Remarkable Biosynthetic
Potential of the Streptomyces Phylogenetic Lineage Associated with Rugose-
Ornamented Spores. mSystems 6, €0048921 (2021).

Xu, M. J. et al. Deciphering the streamlined genome of Streptomyces xiamenensis 318
as the producer of the anti-fibrotic drug candidate xiamenmycin. Sci Rep 6, 18977
(2016).

Wang, W., Chanda, W. & Zhong, M. The relationship between biofilm and outer
membrane vesicles: a novel therapy overview. FEMS Microbiol Lett 362, fnv117
(2015).

He, X. et al. Membrane Vesicles Are the Dominant Structural Components of
Ceftazidime-Induced Biofilm Formation in an Oxacillin-Sensitive MRSA. Front
Microbiol 10, 571 (2019).

221







Curriculum vitae

Curriculum vitae

Renée Kapteijn was born in Purmerend, The Netherlands, on the 15" of July, 1993. She
attended secondary school at the Jan van Egmond Lyceum, following the ‘Science and Health’
and ‘Science and Engineering’ profiles. During this time, she also obtained a certificate in

Probability Calculation and Statistics as well as in Cambridge: Advanced English.

Following her passion for nature, Renée started a Bachelor Biology at the Vrije Universiteit
Amsterdam in 2011. This included the minor ‘Fundamentals of Molecular Biotechnology’ at
Leiden University, which fuelled her interest in microbes and biotechnology. She therefore
continued her studies with the Master Biotechnology at Wageningen University in 2014.
During her first Master internship, supervised by prof. dr. ir. Stan Brouns at the Bacterial
Genetics research group, she focused on the creation and detection of glucosylated DNA in
Escherichia coli. To gain experience in the biotechnology industry, she performed her second
internship in 2016 at the biotech company Photanol, located at the Amsterdam Science Park.
Under supervision of dr. Aniek van der Woude and prof. dr. Klaas J. Hellingwerf, Renée
used metabolic engineering strategies to improve the sustainable production of chemicals
in cyanobacteria. Eager to gain more experience in research, Renée extended her Master
studies in 2017 with an internship at the Plant-Microbe Interactions research group at Utrecht
University, supervised by prof. dr. Saskia van Wees and Niels Aerts. During this project
she studied the crosstalk between the hormonal regulation of plant defence while gaining

experience in confocal fluorescence microscopy.

Renée started her PhD programme at the Institute of Biology (IBL) at Leiden University in
2018. Under the joint supervision of prof. dr. Dennis Claessen and prof. dr. Gilles P. van Wezel,
she studied soil bacteria that can shift to a cell wall-deficient state, which enables these bacteria
to participate in horizontal gene transfer. This research was part of the TARGETBIO project
which aimed to study the risk of the spread of free DNA, including antibiotic resistance genes,
in the environment. In 2023, she received the Kiem Award from the Royal Dutch Society of
Microbiology for her work on DNA uptake in cell wall-deficient bacteria. The results of her
PhD project are presented in this thesis.

223







Publications

Publications

Kapteijn, R, Shitut, S., Aschmann, D., Zhang, L., de Beer, M., Daviran, D., Roverts, R., Akiva,
A., van Wezel, G. P, Kros, A., & Claessen, D. Endocytosis-like DNA uptake by cell wall-
deficient bacteria. Nat Commun 13, 5524 (2022).

225



