¥ Universiteit
%47 Leiden
The Netherlands

Towards a structural understanding of plant-microbiota

interactions using cryo-EM techniques
Liedtke, J.

Citation

Liedtke, J. (2025, December 4). Towards a structural understanding of plant-
microbiota interactions using cryo-EM techniques. Retrieved from
https://hdl.handle.net/1887/4284406

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/1887/4284406

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/1887/4284406

115

REFERENCES



116

REFERENCES

(1]

Berg G, Rybakova D, Fischer D, Cernava T, Vergeés MC, Charles T, et al. Microbio-
me definition re-visited: old concepts and new challenges. Microbiome. 2020 Jun
30;8(1):103. Erratum in: Microbiome. 2020 Aug 20;8(1):119. doi: 10.1186/540168-020-
00905-x.

Rolfe SA, Griffiths J, Ton J. Crying out for help with root exudates: adaptive mecha-
nisms by which stressed plants assemble health-promoting soil microbiomes. Curr
Opin Microbiol. 2019;49:73-82.

Liu H, Li ], Carvalhais LC, Percy CD, Verma JP, Schenk PM, et al. Evidence for the
plant recruitment of beneficial microbes to suppress soil-borne pathogens. New
Phytol. 2021 Mar;229(5):2873-85.

Spooren J, van Bentum S, Thomashow LS, Pieterse CM]J, Weller DM, Berendsen
RL. Plant-Driven Assembly of Disease-Suppressive Soil Microbiomes. Annu Rev
Phytopathol. 2024;62(1):1-30.

Hartmann A, Fischer D, Kinzel L, Chowdhury SP, Hofmann A, Baldani JI, et al. Assess-
ment of the structural and functional diversities of plant microbiota: Achievements
and challenges - A review. J Adv Res. 2019 Apr 30;19:3-13.

Berg G. Plant-microbe interactions promoting plant growth and health: perspectives
for controlled use of microorganisms in agriculture. Appl Microbiol Biotechnol. 2009
Aug;84(1):11-8.

Hadrich D. Microbiome Research Is Becoming the Key to Better Understanding
Health and Nutrition. Front Genet. 2018 Jun 13;9:212.

Pan X, Raaijmakers JM, Carrion VJ. Importance of Bacteroidetes in host-microbe
interactions and ecosystem functioning. Trends Microbiol. 2023 Sep;31(9):959-71.

Thingstad TF. Elements of a theory for the mechanisms controlling abundance, diver-
sity, and biogeochemical role of lytic bacterial viruses in aquatic systems. Limnology
and Oceanography. 2000;45(6):1320-8.

Mann NH, Cook A, Millard A, Bailey S, Clokie M. Marine ecosystems: bacterial
photosynthesis genes in a virus. Nature. 2003;424(6950):741.

Wendling CC, Refardt D, Hall AR. Fitness benefits to bacteria of carrying prophages
and prophage-encoded antibiotic-resistance genes peak in different environments.
Evolution. 2021 Feb;75(2):515-28.

Bulssico J, Papukashvili [, Espinosa L, Gandon S, Ansaldi M. Phage-antibiotic synergy:
Cell filamentation is a key driver of successful phage predation. PLoS Pathog. 2023
Sep 13;19(9):1011602.

Lanfranco L, Bonfante P, Genre A. The Mutualistic Interaction between Plants and
Arbuscular Mycorrhizal Fungi. Microbiol Spectr. 2016 Dec;4(6).



117

[14]

[15]

[16]

[22]

(23]

[24]

Dubochet J. The physics of rapid cooling and its implications for cryoimmobilization
of cells. Methods Cell Biol. 2007;79:7-21.

Shimoni E, Miilller M. On optimizing high-pressure freezing: from heat transfer
theory to a new microbiopsy device. ] Microsc. 1998 Dec;192(Pt 3):236-47.

Studer D, Humbel BM, Chiquet M. Electron microscopy of high pressure frozen
samples: bridging the gap between cellular ultrastructure and atomic resolution.
Histochem Cell Biol. 2008 Nov;130(5):877-89.

Dubochet ], Adrian M, Chang JJ, Homo JC, Lepault J, McDowall AW, et al. Cryo-
electron microscopy of vitrified specimens. Q Rev Biophys. 1988;21(2):129-228.

Grimm R, Singh H, Rachel R, Typke D, Zillig W, Baumeister W. Electron tomography
of ice-embedded prokaryotic cells. Biophys J. 1998;74:1031.

Jensen GJ, Briegel A. How electron cryotomography is opening a new window onto
prokaryotic ultrastructure. Curr Opin Struct Biol. 2007;17(2):260-7.

Latino L, Midoux C, Vergnaud G, Pourcel C. Investigation of Pseudomonas aeruginosa
strain PcylI-10 variants resisting infection by N4-like phage Ab09 in search for genes
involved in phage adsorption. PLoS One. 2019;14:e0215456.

Nickell S, Hegerl R, Baumeister W, Rachel R. Pyrodictium cannulae enter the periplas-
mic space but do not enter the cytoplasm, as revealed by cryo-electron tomography.
J Struct Biol. 2003;141:34-42.

Hegerl R. The EM program package: A platform for image processing in biological
electron microscopy. J Struct Biol. 1996;116:30-4.

Mastronarde DN. Automated electron microscope tomography using robust predic-
tion of specimen movements. J Struct Biol. 2005;152:36-51.

Nickell S, Forster F, Linaroudis A, Del Net W, Beck F, Hegerl R, et al. TOM software
toolbox: Acquisition and analysis for electron tomography. J Struct Biol. 2005;149:227-
34.

Zheng SQ, Keszthelyi B, Branlund E, Lyle JM, Braunfeld MB, Sedat JW, et al. UCSF
tomography: An integrated software suite for real-time electron microscopic tomo-
graphic data collection, alignment, and reconstruction. J Struct Biol. 2007;157:138-47.

Kremer JR, Mastronarde DN, McIntosh JR. Computer visualization of three-
dimensional image data using IMOD. J Struct Biol. 1996;116:71-6.

Tegunov D, Cramer P. Real-time cryo-electron microscopy data preprocessing with
Warp. Nat Methods. 2019;16(11):1146-52.

Baldwin PR, Tan YZ, Eng ET, Rice W], Noble AJ, Negro CJ, et al. Big data in cryoEM:
automated collection, processing and accessibility of EM data. Curr Opin Microbiol.
2018;43:1-8.



118

REFERENCES

[29]

(32]

(33]

(35]

(37]

(42]

Szwedziak P, Ghosal D. FtsZ-ring architecture and its control by MinCD. In: Lowe J,
Amos LA, editors. Subcellular Biochemistry. vol. 84. Cham: Springer; 2017. p. 213-44.

Bi E, Lutkenhaus J. FtsZ ring structure associated with division in Escherichia coli.
Nature. 1991;354:161-4.

Li Z, Trimble MJ, Brun YV, Jensen GJ. The structure of FtsZ filaments in vivo suggests
a force-generating role in cell division. EMBO ]J. 2007;26:4694-708.

Szwedziak P, Wang Q, Bharat TAM, Tsim M, Lowe J. Architecture of the ring formed
by the tubulin homologue FtsZ in bacterial cell division. Elife. 2014 Dec;3:e04601.

Yao Q, Jewett Al, Chang Y, Oikonomou CM, Beeby M, Iancu CV, et al. Short FtsZ
filaments can drive asymmetric cell envelope constriction at the onset of bacterial
cytokinesis. EMBO J. 2017;36:1577-89.

Ortega DR, Oikonomou CM, Ding H]J, Rees-Lee P, Alexandria, Jensen GJ. ETDB-
Caltech: A blockchain-based distributed public database for electron tomography.
PLoS One. 2019;14:e0215531.

Swulius MT, Chen S, Ding HJ, Li Z, Briegel A, Pilhofer M, et al. Long helical
filaments are not seen encircling cells in electron cryotomograms of rod-shaped
bacteria. Biochem Biophys Res Commun. 2011;407:650-5.

Dominguez-Escobar J, Chastanet A, Crevenna AH, Fromion V, Wedlich-Séldner R,
Carballido-Lépez R. Processive movement of MreB-associated cell wall biosynthetic
complexes in bacteria. Science. 2011;333:225-8.

Van Teeffelen S, Wang S, Furchtgott L, Huang KC, Wingreen NS, Shaevitz JW, et al.
The bacterial actin MreB rotates, and rotation depends on cell-wall assembly. Proc
Natl Acad Sci USA. 2011;108:15822-7.

Swulius MT, Jensen GJ. The helical mreb cytoskeleton in Escherichia coli
MC1000/pLE7 is an artifact of the N-terminal yellow fluorescent protein tag. J
Bacteriol. 2012;194:6382-6.

Pilhofer M, Jensen GJ. The bacterial cytoskeleton: more than twisted filaments. Curr
Opin Cell Biol. 2013;25:125.

Al-Amoudi A, Chang JJ, Leforestier A, McDowall A, Salamin LM, Norlén LPO, et al.
Cryo-electron microscopy of vitreous sections. EMBO J. 2004;23:3583.

Bleck CKE, Merz A, Gutierrez MG, Walther P, Dubochet J, Zuber B, et al. Comparison
of different methods for thin section em analysis of Mycobacterium smegmatis. J
Microsc. 2010;237:23-38.

Ebersold HR, Cordier JL, Liithy P. Bacterial mesosomes: Method dependent artifacts.
Arch Microbiol. 1981;130:19-22.



119

[43]

Yonekura K, Braunfeld MB, Maki-Yonekura S, Agard DA. Electron energy filtering
significantly improves amplitude contrast of frozen-hydrated protein at 300 kV. J
Struct Biol. 2006;156:524-36.

Marko M, Hsieh C, Schalek R, Frank J, Mannella C. Focused-ion-beam thinning of
frozen-hydrated biological specimens for cryo-electron microscopy. Nat Methods.
2007;4:215-7.

Melia CE, Bolla JR, Katharios-Lanwermeyer S, Mihaylov DB, Hoffmann PC, Huo J,
et al. Architecture of cell-cell junctions in situ reveals a mechanism for bacterial
biofilm inhibition. Proc Natl Acad Sci U S A. 2021;118.

Weiss GL, Kieninger AK, Maldener I, Forchhammer K, Pilhofer M. Structure and
Function of a Bacterial Gap Junction Analog. Cell. 2019;178:374-84.e15.

Khanna K, Lopez-Garrido ], Sugie J, Pogliano K, Villa E. Asymmetric localizati-
on of the cell division machinery during Bacillus subtilis sporulation. Elife. 2021
May;10:e62204.

Tocheva EI, Lopez-Garrido J, Hughes HV, Fredlund J, Kuru E, VanNieuwenhze MS,
et al. Peptidoglycan transformations during Bacillus subtilis sporulation. Mol
Microbiol. 2013;88:673.

Tocheva EI, Matson EG, Morris DM, Moussavi F, Leadbetter JR, Jensen GJ. Peptido-
glycan Remodeling and Conversion of an Inner Membrane into an Outer Membrane
During Sporulation. Cell. 2011;146:799.

Harapin J, Bormel M, Sapra KT, Brunner D, Kaech A, Medalia O. Structural analysis of
multicellular organisms with cryo-electron tomography. Nat Methods. 2015;12:634-6.

Kuba J, Mitchels J, Hovorka M, Erdmann P, Berka L, Kirmse R, et al. Advanced cryo-
tomography workflow developments — correlative microscopy, milling automation
and cryo-lift-out. J Microsc. 2021;281:112-24.

Schaffer M, Pfeffer S, Mahamid J, Kleindiek S, Laugks T, Albert S, et al. A cryo-FIB lift-
out technique enables molecular-resolution cryo-ET within native Caenorhabditis
elegans tissue. Nat Methods. 2019;16:757-62.

Gorelick S, Korneev D, Handley A, Gervinskas G, Oorschot V, Kaluza OL, et al. Oxy-
gen plasma focused ion beam scanning electron microscopy for biological samples.
bioRxiv [Preprint]. 2018.

Briegel A, Ding HJ, Li Z, Werner J, Gitai Z, Dias DP, et al. Location and architecture of
the Caulobacter crescentus chemoreceptor array. Mol Microbiol. 2008 Jul;69(1):30-41.

Ingerson-Mahar M, Briegel A, Werner JN, Jensen GJ, Gitai Z. The metabolic enzyme
CTP synthase forms cytoskeletal filaments. Nat Cell Biol. 2010;128(12):739-46.

Schlimpert S, Klein EA, Briegel A, Hughes V, Kahnt J, Bolte K, et al. General protein
diffusion barriers create compartments within bacterial cells. Cell. 2012;151:1270-82.



120

REFERENCES

[57]

(58]

[59]

[63]

[64]

Basler M, Pilhofer M, Henderson GP, Jensen GJ, Mekalanos JJ. Type VI secretion
requires a dynamic contractile phage tail-like structure. Nature. 2012;483:182-6.

Szwedziak P, Pilhofer M. Bidirectional contraction of a type six secretion system.
Nat Commun. 2019;10:1-11.

Chang YW, Chen S, Tocheva EI, Treuner-Lange A, Lobach S, Segaard-Andersen L,
et al. Correlated cryogenic photoactivated localization microscopy and cryo-electron
tomography. Nat Methods. 2014;11:737-9.

Luci¢ V, Forster F, Baumeister W. Structural studies by electron tomography: From
cells to molecules. Annu Rev Biochem. 2005;74:833-65.

Hrabe T, Chen Y, Pfeffer S, Kuhn Cuellar L, Mangold AV, Férster F. PyTom: A python-
based toolbox for localization of macromolecules in cryo-electron tomograms and
subtomogram analysis. J Struct Biol. 2012;178:177-88.

Briegel A, Li X, Bilwes AM, Hughes KT, Jensen GJ, Crane BR. Bacterial chemoreceptor
arrays are hexagonally packed trimers of receptor dimers networked by rings of
kinase and coupling proteins. Proc Natl Acad Sci. 2012;109:3766-71.

Liu J, Hu B, Morado DR, Jani S, Manson MD, Margolin W. Molecular architecture
of chemoreceptor arrays revealed by cryoelectron tomography of Escherichia coli
minicells. Proc Natl Acad Sci. 2012;109:E1481-8.

Burt A, Cassidy CK, Ames P, Bacia-Verloop M, Baulard M, Huard K, et al. Complete
structure of the chemosensory array core signalling unit in an E. coli minicell strain.
Nat Commun. 2020;11:1-9.

Muok AR, Briegel A, Crane BR. Regulation of the chemotaxis histidine kinase CheA:
A structural perspective. Biochim Biophys Acta - Biomembr. 2020 Jan;1862(1):183030.

Yang W, Keith Cassidy C, Ames P, Diebolder CA, Schulten K, Luthey-Schulten Z,
et al. In situ conformational changes of the Escherichia coli serine chemoreceptor in
different signaling states. mBio. 2019 Jul;10(4):e00973-19.

Briegel A, Ames P, Gumbart JC, Oikonomou CM, Parkinson JS, Jensen GJ. The
mobility of two kinase domains in the escherichia coli chemoreceptor array varies
with signalling state. Mol Microbiol. 2013;89:831-41.

Carroll BL, Liu J. Structural Conservation and Adaptation of the Bacterial Flagella
Motor. Biomol. 2020;10:1492.

Liu J, Lin T, Botkin DJ, McCrum E, Winkler H, Norris SJ. Intact flagellar motor of
Borrelia burgdorferi revealed by cryo-electron tomography: Evidence for stator ring
curvature and rotor/C-ring assembly flexion. J Bacteriol. 2009;191:5026-36.

Rossmann FM, Hug I, Sangermani M, Jenal U, Beeby M. In situ structure of the Cau-
lobacter crescentus flagellar motor and visualization of binding of a CheY-homolog.
Mol Microbiol. 2020;114:443-53.



121

[71]

[72]

[73]

[74]

[75]

Dandey VP, Wei H, Zhang Z, Tan YZ, Acharya P, Eng ET, et al. Spotiton: New
features and applications. J Struct Biol. 2018;202:161-9.

Ravelli RBG, Nijpels FJT, Henderikx RJM, Weissenberger G, Thewessem S, Gijsbers A,
etal. Cryo-EM structures from sub-nl volumes using pin-printing and jet vitrification.
Nat Commun. 2020;11:1-9.

Wei H, Dandey VP, Zhang Z, Raczkowski A, Rice W], Carragher B, et al. Optimizing
“self-wicking” nanowire grids. J Struct Biol. 2018;202:170-4.

Schwartz O, Axelrod JJ, Campbell SL, Turnbaugh C, Glaeser RM, Miiller H. Laser
phase plate for transmission electron microscopy. Nat Methods. 2019;16:1016-20.

Chreifi G, Chen S, Jensen GJ. Rapid tilt-series method for cryo-electron tomography:
Characterizing stage behavior during FISE acquisition. J Struct Biol. 2021;213:107716.

Eisenstein F, Danev R, Pilhofer M. Improved applicability and robustness of fast
cryo-electron tomography data acquisition. J Struct Biol. 2019;208:107-14.

Tegunov D, Xue L, Dienemann C, Cramer P, Mahamid J. Multi-particle cryo-EM
refinement with M visualizes ribosome-antibiotic complex at 3.5 A in cells. Nat
Methods. 2021;18:186-93.

Tacke S, Erdmann P, Wang Z, Klumpe S, Grange M, Plitzko J, et al. A streamlined
workflow for automated cryo focused ion beam milling. J Struct Biol. 2021;213:107743.

Zachs T, Schertel A, Medeiros J, Weiss GL, Hugener J, Matos J, et al. Fully auto-
mated, sequential focused ion beam milling for cryo-electron tomography. Elife.
2020;9:€52286.

Oikonomou CM, Jensen GJ. The Atlas of Bacterial and Archaeal Cell Structure:
an Interactive Open-Access Microbiology Textbook. J Microbiol Biol Educ. 2021
Aug;22(2):€00128-1.

Trivedi P, Leach JE, Tringe SG, Sa T, Singh BK. Plant-microbiome interactions: from
community assembly to plant health. Nat Rev Microbiol. 2020 Nov;18(11):607-21.

Vandenkoornhuyse P, Quaiser A, Duhamel M, Le Van A, Dufresne A. The importance
of the microbiome of the plant holobiont. New Phytol. 2015;206(4):1196-206.

Hildebrand F, Gossmann TI, Frioux C, Ozkurt E, Myers PN, Ferretti P, et al. Dispersal
strategies shape persistence and evolution of human gut bacteria. Cell Host Microbe.
2021 Jul;29(7):1167-76.€9.

Pérez-Jaramillo JE, Carrion VJ, de Hollander M, Raaijmakers JM. The wild side of
plant microbiomes. Microbiome. 2018 Aug;6(1):143.

Carridon V], Perez-Jaramillo J, Cordovez V, Tracanna V, de Hollander M, Ruiz-Buck D,
et al. Pathogen-induced activation of disease-suppressive functions in the endophytic
root microbiome. Science. 2019 Nov;366(6465):606-12.



122

REFERENCES

(86]

(87]

[92]

(93]

[95]

[96]

Liu Y, Zhang H, Wang J, Gao W, Sun X, Xiong Q, et al. Nonpathogenic Pseudomonas
syringae derivatives and its metabolites trigger the plant "cry for help" response to
assemble disease suppressing and growth promoting rhizomicrobiome. Nat Commun.
2024 Mar;15(1):1907.

Salas-Gonzalez I, Reyt G, Flis P, Custddio V, Gopaulchan D, Bakhoum N, et al. Coor-
dination between microbiota and root endodermis supports plant mineral nutrient
homeostasis. Science. 2021;371(6525):eabd0695.

Matsumoto H, Fan X, Wang Y, et al. Bacterial seed endophyte shapes disease
resistance in rice. Nat Plants. 2021;7:60-72.

Vives-Peris V, de Ollas C, Gomez-Cadenas A, et al. Root exudates: from plant to
rhizosphere and beyond. Plant Cell Rep. 2020;39:3-17.

Yang W, Briegel A. Diversity of Bacterial Chemosensory Arrays. Trends Microbiol.
2020 Jan;28(1):68-80.

Briegel A, Ladinsky MS, Oikonomou C, Jones CW, Harris MJ, Fowler D], et al. Struc-
ture of bacterial cytoplasmic chemoreceptor arrays and implications for chemotactic
signaling. Elife. 2014 Jun;3:e02151.

Shrivastava A, Berg HC. Towards a model for Flavobacterium gliding. Curr Opin
Microbiol. 2015 Dec;28:93-7.

Mattingly AE, Weaver AA, Dimkovikj A, Shrout JD. Assessing Travel Conditions:
Environmental and Host Influences On Bacterial Surface Motility. J Bacteriol. 2018
Mar;200(11):€00014-8.

Muok AR, Claessen D, Briegel A. Microbial hitchhiking: how Streptomyces spores
are transported by motile soil bacteria. ISME J. 2021;15:2591-600.

Seymour JR, Brumley DR, Stocker R, Raina JB. Swimming towards each other: the
role of chemotaxis in bacterial interactions. Trends Microbiol. 2024 Jul;32(7):640-9.

Brinkmann S, Kurz M, Patras MA, Hartwig C, Marner M, Leis B, et al. Genomic and
Chemical Decryption of the Bacteroidetes Phylum for Its Potential to Biosynthesize
Natural Products. Microbiol Spectr. 2022 Jun;10(3):e0247921.

Sangkhobol V, Skerman VBD. Chitinophaga, a new genus of chitinolytic myxobacte-
ria. Int J Syst Evol Microbiol. 1981;31(3):285-93.

Reichenbach H. The Order Cytophagales. In: Balows A, Triiper HG, Dworkin M,
Harder W, Schleifer KH, editors. The Prokaryotes. New York, NY: Springer; 1992. p.
3631-75.

Glavina Del Rio T, Abt B, Spring S, Lapidus A, Nolan M, Tice H, et al. Complete
genome sequence of Chitinophaga pinensis type strain (UQM 2034). Stand Genomic
Sci. 2010 Feb;2(1):87-95.



123

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

Kaplan M, Chreifi G, Metskas LA, Liedtke ], Wood CR, Oikonomou CM, et al. In situ
imaging of bacterial outer membrane projections and associated protein complexes
using electron cryo-tomography. Elife. 2021 Sep;10:€73099.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to Image]: 25 years of image
analysis. Nat Methods. 2012 Jul;9(7):671-5.

Bates D, Méchler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using
Ime4. Journal of Statistical Software. 2015;67(1):1-48.

Kuznetsova A, Brockhoff PB, Christensen RHB. lmerTest Package: Tests in Linear
Mixed Effects Models. Journal of Statistical Software. 2017;82(13):1-26.

Lenth RV, Banfai B, Bolker B, Buerkner P, Giné-Vazquez I, Herve M, et al. emmeans:
Estimated Marginal Means, aka Least-Squares Means. Comprehensive R Archive
Network (CRAN); 2024. R package version 1.10.6.

Xiong Q, Morphew MK, Schwartz CL, Hoenger AH, Mastronarde DN. CTF deter-
mination and correction for low dose tomographic tilt series. J Struct Biol. 2009
Dec;168(3):378-87.

Pham HT, Parkinson JS. Phenol sensing by Escherichia coli chemoreceptors: a
nonclassical mechanism. J Bacteriol. 2011 Dec;193(23):6597-604.

Sly LI, Taghavi M, Fegan M. Phylogenetic position of Chitinophaga pinensis in
the Flexibacter-Bacteroides-Cytophaga phylum. Int J Syst Bacteriol. 1999 Apr;49(Pt
2):479-81.

McDonald MD, Owusu-Ansah C, Ellenbogen JB, Malone ZD, Ricketts MP, Frolking
SE, et al. What is microbial dormancy? Trends Microbiol. 2024 Feb;32(2):142-50.
Epub 2023 Sep 7.

[109] Justice SS, Hunstad DA, Seed PC, Hultgren SJ. Filamentation by Escherichia coli

[110]

subverts innate defenses during urinary tract infection. Proc Natl Acad Sci U S A.
2006 Dec;103(52):19884-9.

Campey A, Chait R, Tsaneva-Atanasova K, Pagliara S. Antibiotic resistant bacteria
survive treatment by doubling while shrinking. bioRxiv [Preprint]. 2024 Jun.

[111] Justice SS, Hunstad DA, Cegelski L, Hultgren SJ. Morphological plasticity as a

[112]

[113]

bacterial survival strategy. Nat Rev Microbiol. 2008 Feb;6(2):162-8.

Rizzo MG, De Plano LM, Franco D. Regulation of filamentation by bacteria and
its impact on the productivity of compounds in biotechnological processes. Appl
Microbiol Biotechnol. 2020 Jun;104(11):4631-42.

Karasz DC, Weaver Al Buckley DH, Wilhelm RC. Conditional filamentation as an
adaptive trait of bacteria and its ecological significance in soils. Environ Microbiol.
2022 Jan;24(1):1-17.



124

REFERENCES

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

Shah V, Zhao X, Lundeen RA, Ingalls AE, Nicastro D, Morris RM. Morphological
Plasticity in a Sulfur-Oxidizing Marine Bacterium from the SUP05 Clade Enhances
Dark Carbon Fixation. mBio. 2019 May;10(3):e00216-9.

Ultee E, Ramijan K, Dame RT, Briegel A, Claessen D. Stress-induced adaptive
morphogenesis in bacteria. Adv Microb Physiol. 2019;74:97-141.

Xavier JB. Social interaction in synthetic and natural microbial communities. Mol
Syst Biol. 2011 Apr 12;7:483.

Santamaria G, Liao C, Lindberg C, Chen Y, Wang Z, Rhee K, et al. Evolution and
regulation of microbial secondary metabolism. Elife. 2022 Nov;11:€76119.

Wucher BR, Bartlett TM, Hoyos M, Papenfort K, Persat A, Nadell CD. Vibrio cholerae
filamentation promotes chitin surface attachment at the expense of competition in
biofilms. Proc Natl Acad Sci U S A. 2019 Jul 9;116(28):14216-21.

Nunan N, Schmidt H, Raynaud X. The ecology of heterogeneity: soil bacte-
rial communities and C dynamics. Philos Trans R Soc Lond B Biol Sci. 2020
May;375(1798):20190249.

Tran TD, Ali MA, Lee D, et al. Bacterial filamentation as a mechanism for cell-to-cell
spread within an animal host. Nat Commun. 2022 Feb;13(1):693.

Lyons NA, Kolter R. A single mutation in rapP induces cheating to prevent cheating
in Bacillus subtilis by minimizing public good production. Commun Biol. 2018
Sep;1:133.

Weart RB, Lee AH, Chien AC, Haeusser DP, Hill NS, Levin PA. A metabolic sensor
governing cell size in bacteria. Cell. 2007 Jul 27;130(2):335-47.

McBride MJ, Zhu Y. Gliding motility and Por secretion system genes are widespread
among members of the phylum bacteroidetes. J Bacteriol. 2013 Jan;195(2):270-8.

Samad T, Billings N, Birjiniuk A, et al. Swimming bacteria promote dispersal of
non-motile staphylococcal species. ISME J. 2017;11:1933-7.

Li C, Hurley A, Hu W, et al. Social motility of biofilm-like microcolonies in a gliding
bacterium. Nat Commun. 2021;12:5700.

Engelhardt IC, Patko D, Liu Y, et al. Novel form of collective movement by soil
bacteria. ISME J. 2022;16:2337-47.

Kearns DB. A field guide to bacterial swarming motility. Nat Rev Microbiol. 2010
Sep;8(9):634-44.

Ariel G, Rabani A, Benisty S, et al. Swarming bacteria migrate by Lévy Walk. Nat
Commun. 2015;6:8396.

Meacock OJ, Doostmohammadi A, Foster KR, et al. Bacteria solve the problem of
crowding by moving slowly. Nat Phys. 2021;17:205-10.



125

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

Xavier JB, Kim W, Foster KR. A molecular mechanism that stabilizes cooperative
secretions in Pseudomonas aeruginosa. Mol Microbiol. 2011 Jan;79(1):166-79.

Sudo SZ, Dworkin M. Resistance of vegetative cells and microcysts of Myxococcus
xanthus. J Bacteriol. 1969 Jun;98(3):883-7.

Chen S, Bagdasarian M, Kaufman MG, Walker ED. Characterization of strong promo-
ters from an environmental Flavobacterium hibernum strain by using a green fluore-
scent protein-based reporter system. Appl Environ Microbiol. 2007 Feb;73(4):1089-
100.

Agarwal S, Hunnicutt DW, McBride M]. Cloning and characterization of the Flavob-
acterium johnsoniae (Cytophaga johnsonae) gliding motility gene, gldA. Proc Natl
Acad Sci U'S A. 1997 Oct;94(22):12139-44.

Brundrett MC. Global Diversity and Importance of Mycorrhizal and Nonmycorrhizal
Plants. In: Tedersoo L, editor. Biogeography of Mycorrhizal Symbiosis. vol. 230 of
Ecological Studies. Cham: Springer; 2017. p. 533-56.

Noé R, Kiers ET. Mycorrhizal markets, firms, and co-ops. Trends Ecol Evol.
2018;33(10):777-89.

Zhang L, Zhou ], George TS, Limpens E, Feng G. Arbuscular mycorrhizal fungi
conducting the hyphosphere bacterial orchestra. Trends Plant Sci. 2022 Apr;27(4):402-
11. Epub 2021 Nov 13.

Anckaert A, Declerck S, Poussart LA, Lambert S, Helmus C, Boubsi F, et al. The
biology and chemistry of a mutualism between a soil bacterium and a mycorrhizal
fungus. Current Biology. 2024 Nov;34(21):4934-50.e8.

Dudhane M, Borde M, Thomas S. Advances in AMF Research: Isolation, Histochemi-
cal Staining, Enumeration, Morphological and Molecular Techniques. In: Parihar M,
Rakshit A, Adholeya A, Chen Y, editors. Arbuscular Mycorrhizal Fungi in Sustainable
Agriculture: Inoculum Production and Application. Singapore: Springer; 2024. p.
23-48.

Ivanov S, Austin Jn, Berg RH, Harrison MJ. Extensive membrane systems at the
host-arbuscular mycorrhizal fungus interface. Nat Plants. 2019 Feb;5(2):194-203.
Epub 2019 Feb 8.

Roth R, Hillmer S, Funaya C, Chiapello M, Schumacher K, Lo Presti L, et al. Arbuscular
cell invasion coincides with extracellular vesicles and membrane tubules. Nat Plants.
2019 Feb;5(2):204-11.

Kuga Y, Saito K, Nayuki K, Peterson RL, Saito M. Ultrastructure of rapidly frozen and
freeze-substituted germ tubes of an arbuscular mycorrhizal fungus and localization
of polyphosphate. New Phytol. 2008 Jan;178(1):189-200.



126

REFERENCES

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

Grandmaison J, Benhamou N, Furlan V, Visser SA. Ultrastructural localization of
N-acetylglucosamine residues in the cell wall of Gigaspora margarita throughout its
life-cycle. Biol Cell. 1988;63(1):89-100.

Kokkoris V, Banchini C, Paré L, Abdellatif L, Séguin S, Hubbard K, et al. Rhizophagus
irregularis, the model fungus in arbuscular mycorrhiza research, forms dimorphic
spores. New Phytol. 2024;242:1771-84.

Bonfante P, Bianciotto V, Ruiz-Lozano JM, Minerdi D, Lumini E, Perotto S. Arbuscular
Mycorrhizal Fungi and Their Endobacteria. In: Seckbach J, editor. Symbiosis. vol. 4
of Cellular Origin, Life in Extreme Habitats and Astrobiology. Dordrecht: Springer;
2001. p. 645-57.

Maia LC, Kimbrough JW, Erdos G. Problems with fixation and embedding of arbus-
cular mycorrhizal fungi, Glomales. Mycologia. 1993;85(2):323-30.

Nayuki K, Chen B, Ohtomo R, Kuga Y. Cellular imaging of cadmium in resin sections
of arbuscular mycorrhizas using synchrotron micro X-ray fluorescence. Microbes
Environ. 2014 Feb;29(1):60-6.

Dumoux M, Glen T, Smith JLR, Ho EML, Perdigdo LMA, Pennington A, et al. Cryo-
plasma FIB/SEM volume imaging of biological specimens. Elife. 2023 Feb;12:e83623.

Goh D, Martin JGA, Banchini C, MacLean AM, Stefani F. RocTest: A standardized
method to assess the performance of root organ cultures in the propagation of
arbuscular mycorrhizal fungi. Front Microbiol. 2022 Jul;13:937912.

Doner LW, Bécard G. Solubilization of gellan gels by chelation of cations. Biotechnol
Tech. 1991;5:25-8.

Kelley K, Raczkowski AM, Klykov O, et al. Waffle Method: A general and flexible
approach for improving throughput in FIB-milling. Nat Commun. 2022;13:1857.

Rahman MM, Chang 1Y, Cohen-Fix O, Narayan K. A Workflow for High-pressure
Freezing and Freeze Substitution of the Caenorhabditis elegans Embryo for Ul-
trastructural Analysis by Conventional and Volume Electron Microscopy. Bio Protoc.
2021 Apr;11(7):e3981.

Schigtz OH, Kaiser CJO, Klumpe S, et al. Serial Lift-Out: sampling the molecular
anatomy of whole organisms. Nat Methods. 2024;21:1684-92.

Klumpe S, Fung HK, Goetz SK, Zagoriy I, Hampoelz B, Zhang X, et al. A modular
platform for automated cryo-FIB workflows. Elife. 2021 Dec;10:e70506.

Chang IY, Rahman M, Harned A, Cohen-Fix O, Narayan K. Cryo-fluorescence
microscopy of high-pressure frozen C. elegans enables correlative FIB-SEM imaging
of targeted embryonic stages in the intact worm. Methods Cell Biol. 2021 Nov;162:223-
52.



127

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

Cole L, Davies D, Hyde GJ, Ashford AE. ER-Tracker dye and BODIPY-brefeldin A
differentiate the endoplasmic reticulum and golgi bodies from the tubular-vacuole
system in living hyphae of Pisolithus tinctorius. ] Microsc. 2000 Mar;197(Pt 3):239-49.

Liu S, Pokrovskaya ID, Storrie B. High-Pressure Freezing Followed by Freeze Sub-
stitution: An Optimal Electron Microscope Technique to Study Golgi Apparatus
Organization and Membrane Trafficking. In: Wang Y, Lupashin VV, Graham TR,
editors. Golgi. vol. 2557 of Methods in Molecular Biology. New York, NY: Humana;
2023. p. 211-23.

Franzisky BL, Zhang X, Burkhardt CJ, Majorovits E, Hummel E, Schertel A, et al.
Application of cryo-FIB-SEM for investigating ultrastructure in guard cells of higher
plants. Plant Physiol Biochem. 2025 Mar;220:109546.

Hylton RK, Swulius MT. Challenges and triumphs in cryo-electron tomography.
iScience. 2021 Aug 8;24(9):102959.

Al-Amoudi A, Studer D, Dubochet J. Cutting artefacts and cutting process in vitreous
sections for cryo-electron microscopy. J Struct Biol. 2005 Apr;150(1):109-21.

Mahamid J, Schampers R, Persoon H, Hyman AA, Baumeister W, Plitzko JM. A
focused ion beam milling and lift-out approach for site-specific preparation of frozen-
hydrated lamellas from multicellular organisms. J Struct Biol. 2015 Nov;192(2):262-9.

Burnett TL, Kelley R, Winiarski B, Contreras L, Daly M, Gholinia A, et al. Large
volume serial section tomography by Xe Plasma FIB dual beam microscopy. Ultra-
microscopy. 2016 Feb;161:119-29.

Zhong X, Wade CA, Withers PJ, Zhou X, Cai C, Haigh SJ, et al. Comparing Xe*
pFIB and Ga* FIB for TEM sample preparation of Al alloys: Minimising FIB-induced
artefacts. ] Microsc. 2021 May;282(2):101-12.

Depelteau JS. Development and application of cryo-EM tools to study the ultrastruc-
ture of microbes in changing environments. Leiden, The Netherlands: Leiden
University; 2022. PhD thesis.

Yaroslavsky AN, Feng X, Muzikansky A, et al. Fluorescence Polarization of Methylene
Blue as a Quantitative Marker of Breast Cancer at the Cellular Level. Sci Rep.
2019;9:940.

Otegui MS, Pennington JG. Electron tomography in plant cell biology. Microscopy
(Oxf). 2019 Feb 1;68(1):69-79.

Poge M, Dickmanns M, Xu P, Li M, Schietz OH, Kaiser CO]J, et al. Making
plant tissue accessible for cryo-electron tomography. bioRxiv [Preprint]. 2025
Feb:2025.02.14.638237.

Houston K, Tucker MR, Chowdhury J, Shirley N, Little A. The Plant Cell Wall: A
Complex and Dynamic Structure As Revealed by the Responses of Genes under
Stress Conditions. Front Plant Sci. 2016 Aug;7:984.



128

REFERENCES

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

Ulrich L, Giez C, Steiner LX, Hentschel U, Lachnit T. Adaptive lifestyle of bacteria
determines phage-bacteria interaction. Front Microbiol. 2022 Dec;13:1056388.

Ongenae V, Mabrouk AS, Crooijmans M, Rozen D, Briegel A, Claessen D. Reversi-
ble bacteriophage resistance by shedding the bacterial cell wall. Open Biol. 2022
Jun;12(6):210379.

Middelboe M, Traving SJ, Castillo D, Kalatzis PG, Glud RN. Prophage-encoded
chitinase gene supports growth of its bacterial host isolated from deep-sea sediments.
ISME J. 2025 Jan;19(1):wraf004.

Filipiak M, Lo$ JM, Lo$ M. Efficiency of induction of Shiga-toxin lambdoid prophages
in Escherichia coli due to oxidative and antibiotic stress depends on the combination
of prophage and the bacterial strain. Journal of Applied Genetics. 2020 Feb;61(1):131-
40.

Song W, Sun HX, Zhang C, Cheng L, Peng Y, Deng Z, et al. Prophage Hunter: an
integrative hunting tool for active prophages. Nucleic Acids Res. 2019;47(W1):W74-
80.

Zhou Y, Liang Y, Lynch KH, Dennis JJ, Wishart DS. PHAST: a fast phage search tool.
Nucleic Acids Res. 2011;39(Web Server issue):W347-52.

Arndt D, Grant JR, Marcu A, Sajed T, Pon A, Liang Y, et al. PHASTER: a bet-
ter, faster version of the PHAST phage search tool. Nucleic Acids Research. 2016
Jul;44(W1):W16-21.

Arndt D, Marcu A, Liang Y, Wishart DS. PHAST, PHASTER and PHASTEST: Tools for
finding prophage in bacterial genomes. Briefings in Bioinformatics. 2019;20(4):1560-7.

Mazzocco A, Waddell TE, Lingohr E, Johnson RP. Enumeration of Bacteriophages
Using the Small Drop Plaque Assay System. In: Clokie MR, Kropinski AM, editors.
Bacteriophages. vol. 501 of Methods in Molecular Biology™. Humana Press; 2009. p.
81-5.

Stenholm AR, Dalsgaard I, Middelboe M. Isolation and Characterization of Bacterio-
phages Infecting the Fish Pathogen Flavobacterium psychrophilum. Appl Environ
Microbiol. 2008 May;74(13):4070-8.

Wang X, Tang Y, Yue X, Wang S, Yang K, Xu Y, et al. The role of rhizosphere phages
in soil health. FEMS Microbiol Ecol. 2024 Apr;100(5):fiae052.

Sirén K, Millard A, Petersen B, Gilbert MTP, Clokie MR], Sicheritz-Pontén T. Rapid
discovery of novel prophages using biological feature engineering and machine
learning. NAR Genom Bioinform. 2021 Jan;3(1):1qaa109.

Silpe JE, Duddy OP, Bassler BL. Induction mechanisms and strategies un-
derlying interprophage competition during polylysogeny. PLoS Pathog. 2023
May;19(5):e1011363.



129

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

Silpe JE, Duddy OP, Johnson GE, Beggs GA, Hussain FA, Forsberg KJ, et al.
Small protein modules dictate prophage fates during polylysogeny. Nature. 2023
Aug;620(7974):625-33.

Backman T, Latorre SM, Symeonidi E, Muszynski A, Bleak E, Eads L, et al. A
phage tail-like bacteriocin suppresses competitors in metapopulations of pathogenic
bacteria. Science. 2024 Jun;384(6701):eado0713.

Sun M, Yuan S, Xia R, Ye M, Balcézar JL. Underexplored viral auxiliary metabolic
genes in soil: Diversity and eco-evolutionary significance. Environ Microbiol. 2023
Apr;25(4):800-10.

Assmus B, Hutzler P, Kirchhof G, Amann R, Lawrence JR, Hartmann A. In Situ
Localization of Azospirillum brasilense in the Rhizosphere of Wheat with Fluore-
scently Labeled, rRNA-Targeted Oligonucleotide Probes and Scanning Confocal
Laser Microscopy. Appl Environ Microbiol. 1995 Mar;61(3):1013-9.

Kiers ET, Rousseau RA, West SA, Denison RF. Host sanctions and the legume-
rhizobium mutualism. Nature. 2003 Sep 4;425(6953):78-81.

Vierheilig H. Further root colonization by arbuscular mycorrhizal fungi in already
mycorrhizal plants is suppressed after a critical level of root colonization. J Plant
Physiol. 2004 Mar;161(3):339-41.

Goss WA, Deitz WH, Cook TM. Mechanism of action of nalidixic acid on Escherichia
coli. IL. Inhibition of deoxyribonucleic acid synthesis. ] Bacteriol. 1965 Apr;89(4):1068-
74.

Deitz WH, Cook TM, Goss WA. Mechanism of action of nalidixic acid on Escherichia
coli. 3. Conditions required for lethality. J Bacteriol. 1966 Feb;91(2):768-73.






131

CurricuLuM VIiTAE

Janine Liedtke was born in Berlin, Germany, in 1983. She studied Biology at the Freie
Universitét Berlin and obtained her B.Sc. in 2012. She continued her studies in microbiology
at the Rheinische Friedrich-Wilhelms-Universitat Bonn, earning her M.Sc. degree in 2015.
During her master’s studies, she participated in the Erasmus programme at the University
of Bergen, Norway (2013-2014), focusing on environmental and food microbiology.

From 2016 to 2018, she worked at the European Space Research and Technology Centre
(ESTEC) in the Netherlands, contributing to ESA’s MELiSSA project on microbial life
support systems for long-term space missions, as well as to activities within the Human
Spaceflight and Robotic Exploration department.

Between 2018 and 2020, she worked at the Norwegian University of Life Sciences
(NMBU) on the Bacillus cereus endospore appendages project in the field of food safety. She
performed method development for the extraction and purification of non-soluble spore
surface structures for further structural investigation and conducted a short-term research
visit at Vrije Universiteit Brussel in Belgium in 2019, focusing on structural investigation
techniques by cryo-EM.

In 2020, she joined the Microbial Ultrastructure group led by Prof. Ariane Briegel at
Leiden University to pursue her PhD. Her research focused on the structural investigation of
plant-associated microbiota and the development of workflows for large-volume biological
sample preparation for cryo-electron tomography (cryo-ET).

From January to March 2024, she conducted a research visit at the Central European
Institute of Technology (CEITEC) in Brno, Czech Republic, in the group of Jifi Novacek,
Ph.D. There, she worked on PFIB/SEM instruments and developed workflows for high-
resolution imaging of cryofixed samples, including plant tissue, and arbuscular mycorrhizal
fungi. She optimized her experimental design and cryo-electron microscopy techniques to
establish reproducible protocols for future studies.






133

LisT OF PUBLICATIONS

. Liedtke, J., Rodenburg, F., Du, C., Zhang, L., van Wezel, G. P., & Briegel, A. (2025).
Morphological plasticity of endophytic Chitinophaga pinensis. bioRxiv, 2025.07.09.663833.
https://doi.org/10.1101/2025.07.09.663833. (preprint)

. Munar-Palmer, M., Santamaria-Hernando, S., Liedtke, J., Ortega, D. R., Lopez-
Torrejon, G., Rodriguez-Herva, J. J., Briegel, A., & Lopez-Solanilla, E. (2024). Chemo-
sensory systems interact to shape relevant traits for bacterial plant pathogenesis.
mBio, 15(7), e0087124. https://doi.org/10.1128/mbio.00871-24.

. LiedtKke, J., Depelteau, J. S., & Briegel, A. (2022). How advances in cryo-electron
tomography have contributed to our current view of bacterial cell biology. Journal
of Structural Biology X, 6, 100065. https://doi.org/10.1016/j.yjsbx.2022.100065.

. Kaplan, M., Chreifi, G., Metskas, L. A, Liedtke, J., Wood, C. R., Oikonomou, C.
M., Nicolas, W. J., Subramanian, P., Zacharoff, L. A., Wang, Y., Chang, Y. W., Bee-
by, M., Dobro, M. J., Zhu, Y., McBride, M. J., Briegel, A., Shaffer, C. L., & Jensen,
G. J. (2021). In situ imaging of bacterial outer membrane projections and asso-
ciated protein complexes using electron cryo-tomography. eLife, 10, €73099. htt-
ps://doi.org/10.7554/eLife.73099.

. Liedtke, J.*, Pradhan, B, Sleutel, M., Lindbéck, T., Zegeye, E. D., O’Sullivan, K.,
Llarena, A. K., Brynildsrud, O., Aspholm, M., & Remaut, H. (2021). Endospore
Appendages: a novel pilus superfamily from the endospores of pathogenic Bacilli.
EMBO Journal, 40(17), e106887. https://doi.org/10.15252/embj.2020106887. (*shared
first authorship)

. Weber, M., Liedtke, J., Plattes, S., & Lipski, A. (2019). Bacterial community composi-
tion of biofilms in milking machines of two dairy farms assessed by a combination
of culture-dependent and -independent methods. PLOS ONE, 14(9), e0222238. htt-
ps://doi.org/10.1371/journal.pone.0222238.

. Brinkert, K., Akay, O., Richter, M. H., Liedtke, J., Giersig, M., Fountaine, K. T., &
Lewerenz, H.-J. (2019). Experimental methods for efficient solar hydrogen produc-
tion in microgravity environment. Journal of Visualized Experiments, 154, €59122.
https://doi.org/10.3791/59122.

. Brinkert, K., Richter, M. H., Akay, O., Liedtke, J., Giersig, M., Fountaine, K. T., & Lewe-
renz, H.-J. (2018). Efficient solar hydrogen generation in microgravity environment.
Nature Communications, 9(1), 2527. https://doi.org/10.1038/s41467-018-04968-w.

. Liedtke, J., & Vahjen, W. (2012). In vitro antibacterial activity of zinc oxide on
a broad range of reference strains of intestinal origin. Veterinary Microbiology,
160(1-2), 251-255. https://doi.org/10.1016/j.vetmic.2012.05.013.





