UNIVERSITAT
BAYREUTH

V4

/RZDUGV D PFKDVVLVY IRU |

biosynthesis:large-scale genome

engineering in the magnetic bacterium

Magnetospirillum gryphiswaldense

Dissertation

zur Erlangung des akademischen Grades einer Doktorin
der Naturwissenschatften (Dr. rer. nat.)

in der Bayreuther Graduiertenschule fir Mathematik und Naturwissenschaften
(BayNAT)

der Universitat Bayreuth
vorgelegt von
Theresa Zwiener

ausMinchen

Bayreuth, 2022



Die vorliegende Arbeit wurde in der Zeit von April 2016 lig 2022 in Bayreuth am Lehrstuhl
Mikrobiologie unter Betreuung von Herrn Professor Dr. Dirk Schiler angefertigt.

Vollstandiger Abdruck der von der Bayreuther Graduiertenschule fir Mathematik und
Naturwissenschaften (BayNAT) der Universitat Bayreuth genehmigten Dissertation zur
Erlangung des akademischen Grades einer Doktorin der Naturwissenschaften (Dr. rer. nat.).

Dissertation eingereicht arg6.07.2022

Zulassung durch das Leitungsgremiuir:09.2022

Wissenschatftliches Kolloquium: 17.02.2023

Amtierender Direktor: Prof. DiHans Keppler

Prifungsausschuss:

Prof. Dr.Dirk Schuler (Gutachter)
Prof. Dr.Matthias Noll (Gutachter)
Prof. Dr.Andreas Moglich (Vorsitz)

Prof. Dr.Stefan Heidmann



INDEX

INDEX

IN D X ettt e et r—— e et et ann—r e e e e e e et e e et e e annnr e et e aaees i
LIST OF PUBLICATIONS ..ot s e et e et s e e et ememr e e e e e e e et e e e eaa e amnneeeesanaaees v
Publications comprised in this theSIS.........coiiiiiiii e I\
Additional caauthored publications which originated from this thesis...........cccccooiiiiiicl Y
ABBREVIATIONS oo et e e e eee e e et e e e et e e e e et e e e ammneeeaan e e e et eeeeanan VIl
SUMMARY ittt rrer et s e e e et e e eea— e et ettt e e et et eet e —————— e e e e et e annn e e e 1
ZUSAMMENFASSUNG ... ..o reeie et e e e e e eerme et e e e et e e e e et e e e s ammme et e eeeaaneeees 3
CHAPTER I: General iNtrOQUCTION ...........uueiueiiiiiiiiime e e ee e eeeesee s e e e e e 5
1.1 Y = To [ T=] (o) = ox 1 Toll oY= Tox =] 4 - W 5
1.2  The alphaproteobacteriumMagnetospirillum gryphiswaldense...........ccccoooeviiiiiieeeie e, 7
1.3 ODIJQHWRVRPHVY DV SURPLVrkapwonod@IR@DMNE?.L.R.U..LXW.XUH........ 8
1.4 Genetics of magnetosome formation iM. gryphiswaldense..............ccccceeevivvieeee e, 10
1.4.1 The genomic MagnetoSOME iSIANG...........uuiiiiiiiiiieeeiiie e 10
1.4.2 Auxiliary determinants outside the MAI influencing magnetosome formation.................... 14
1.5 Genetic analysis and manipulation oM. gryphiswaldense...........cccccooveiiiiiiccc e 15
1.6 Genome reduction and engineering of prokaryotiC gENOMES...........ccuveiieeiiiiieemniiiee e 20
1.7 SCOPE OF TS WOTK ...ttt ettt e et e e e e e e e e e e s e s smme e e e e e e e e eeeeseeeaaaannns 22
CHAPTER II: Summary of manuscripts and diSCUSSION.............c.covvviiiiiiiieemie i 24
Manuscript 1: Genome-wide identification of essential and auxiliary gene sets for magnetosome
biosynthesis inMagnetospirillum gryphiswaldense.............coiiiiiiiieern e 24
The M. gryphiswaldenseirea operon is potentially involved in magnetosome biosynthesis................ 27
Manuscript 2: Identification and elimination of genomic regions irrelevant for magnetosome
biosynthesis by largescale deletion inMagnetospirillum gryphiswaldense................cccevvveeee. 33
ODQXVFULSW 7TRZDUGYV D puFKDVVLVY IRU EDFWHULDO PDJQHWRVRPH
Magnetospirillum gryphiswaldensby multiple deletions................ooovvviiiiiieee e 36
CHAPTER IlI: Final Conclusion and Future Perspectives............ccoeeeeeeeeiiiiicceeiineviianns 39
o d A 8 s 42
CHAPTER IV: Genomewide identification of essential and auxiliary gene sets for magnetosome
biosynthesis inMagnetospirillumgryphiswaldens.................oo e 58
CHAPTER V: Identification and elimination of genomic regions irrelevant for magnetosome
biosynthesis by largescale deletion inMagnetospirillum gryphiswaldense................ccccvvveeee 105
CHAPTERVI: 7TRZDUGV D pFKDVVLVY IRU EDFWHULDO PDJQHWRVRPH E
streamlining of Magnetospirillum gryphiswaldensby multiple deletions ...........cccccccoovviiininnn. 132
ACKNOWLEDGEMENTS oot e et e e e e e e e e e e et smn e e e eanns 158

EIDESSTATTLICHE VERSICHERUNGEN UND ERKLARUNGEN



LIST OF PUBLICATIONS

LIST OF PUBLICATIONS

Publications comprised in this thesis

Manuscript 1

Genomewide identification of essential and auxiliary gene sets for magnetosome

biosynthesis iMagnetospirillum gryphiswaldense

Silva K.T., M. Schiiler, F. Mickoleifl. Zwiener, F.D. Muller, R.P. Awal, A. Weig, A.
Brachmann, R. Uebe, and D. Schiiler.

mSystem&020) 5(6):e005620

Manuscript 2

Identification and elimination of genomic regions irrelevant for magnetosome biosynthesis by

large-scale deletion iMagnetospirillum gryphiswaldense

Zwiener T., F. Mickoleit, M. Dziuba, C. Rickert, T. Busche, J. Kalinowski, D. Faivre, R.
Uebe, and D. Schér

BMC Microbiology(2021) 21:65

Manuscript 3

Towards a 'chassis' for bacterial magnetosome biosynthesi@me streamlining of

Magnetospirillum gryphiswaldends multiple deletions

Zwiener T., M. Dziuba, F. Mickoleit, C. Riuckert, T. Busche, J. Kalistw R. Uebe, and
D. Schiler

Microbial Cell Factories(2021) 20:35



LIST OF PUBLICATIONS

Additional co-authored publications which originated from this thesis

Manuscript 4

Singlestep transfer of biosynthetic operons endows amagnetotactidagnetospirillum

strain from wetland with magnetosome biosynthesis
Dziuba M.V.,T. Zwiener, R. Uebe, and D. Schiiler.

Environmental Microbiology2020) 22(4):1603.618

Manuscript 5

A gradientforming MipZ proteinmediating the control of cell division in the magnetotactic

bacteriumMagnetospirillum gryphiswaldense

Toro-Nahuelpan M., L. CorraleSuerreroI. Zwiener, M. OsorieValeriano,F.D. Muller
J.M. Plitzko, M. Bramkamp, M. Thanbichler and D. Schuler

Molecular Microbiology(2019) 112(5):1423.439



LIST OF PUBLICATIONS

Contributions to publications

Manuscript 1:

KTS and DS designed the study. KTIZ, FM, AB, RPA and FDM performed experiments.
KTS, MS,TZ, RU, AW and FDM categorized gene essentiality and analysed th@ dateM,
FD and RPA creategtlean{deletion mutants and generated TEM micrographs. KTS, MS, and

DS wrote the paper with contribatis from all authors.

Manuscript 2:

TZ and DS conceptualized the studiZ performed the genetic manipulation and the
characterization of the strains. FM and RU analysed putative auxiliary determinants for
magnetosome biosynthesis. MD designed and gestep@smid pTpsMAGL. DF performed
TEM, (HR)TEM, andXEDS for EDP analysisCR, TB, and JK carried out resequencing of

strains.TZ and DS wrote the manuscript. All authors read and approved the final manuscript.

Manuscript 3:

TZ and DS conceived the stu@nd designed the experimeni& carried out the genetic
manipulation and the characterization of the stralixs. DS, FM and RU designed genetic
stability assays. MD designed and generated plasmid pMDJM3. CR, TB, and JK performed

resequencing of strain§Z and DS wrote the manuscript.

VI



ABBREVIATIONS

ABBREVIATIONS
Cbb3 Terminal oxidase
ccmiCceml (CycH) Tetratricopeptide repeat (TPRYntaining gene/protein
Cmag A proxy for the average magnetic orientation of bacterial cell
liquid media based on ligigcattering
Cre Causesecombination
DNA Deoxyribonucleic acid
dsbBDsbB Gene/protein of disulfide bond pathway
fedFeo Ferrous iron transporter (gene or protein)
Fnr Fumarate and nitrate reduction regulator protein
Fur Ferric uptake regulator
galK/GalK Galactokinase (gene or protein)
Gm Gentamycin
gusA -Glucoronidase (gene)
IS Insertion sequence
Km Kanamycin
lox Locus of Xover
loxP Locus of Xover P1
MAI Genomic magnetosome island
maniMam Magnetosome membrane (gene or protein)
MCS Multiple cloning site
MICP Microbially induced calcite precipitation
MMC Mitomycin C
mmsMms Magnetosome particlmembrane specific (gene or protein)
MTB Magnetotactic bacteria
Nap Nitrate reductase, periplasmic
Nif Nitrogen fixation (geneluster)
Nir Nitrite reductase
Nor Nitric oxide reductase
nt nucleotide
OP3 Obsidian pool 3
pks Polyketide synthase (gene cluster)

VI



ABBREVIATIONS

recARecA Recombination protein Agene or protein)

ROI Region of interest

sacB Levansucrase (gene)

TEM Transmission electron microscopy

Tet Tetracycline

ure Urease operon or genes

urt ABC-type (ATRbinding) transporter operon or genes for uree
transport

WT wild type

VI



SUMMARY

SUMMARY

Magnetotactic bacteria biosynthesize specific organellesalded magnetosomes, which are
membranesnclosed magnetic iron minerals that enable the cells to align along geomagnetic
field lines. The magnetibacteriumMagnetospirillumgryphiswaldenséas emerged as model
organism for the analysis of magnetosome biosynthesis and bioprodudiion

M. gryphiswaldensghe genomic magnetosome island (MAtcodes all genetic determinants
required for this intrica biosynthesis process, budrbours also numerous mobile genetic
HOHPHQWY UHSHDWYV DQG JHQHWLF pMXQNY 7KH ERXQGDU
and adjacent regions regarding their relevance for magnetosome biosynthesis and growth under
lab conditions are still unclear. Because of the inherent genetic instability of the magnetosome
biosynthesis gene clusters, the elimination of intervening and adjacent gene content and the
substitution of the native MAI by a compact magnetosome expressissette is highly
desirable. In addition, recent observations suggested the involvement of further auxiliary
determinants for magnetosome biosynthesis encoded outside the MAI, which however, have
not yet been identifiedFurthermore the future use oM. gryphiswaldensewill require

techniques for largecale genome editing.

In this thesisfirst, new putative auxiliary determinants outside the Mépportinghe complex
magnetosome formatioprocesswere verified by targetedleletion Second an allelic
replacement method based on homologous recombinaisvalidated and optimizeéor
largescale genome mutagenesis up to at lea80kb. Thereby,new boundariesf the MAI

were definedand a large region with no function in magnetosome biosynthesis spanning
~73 kb could be eliminated and replaced by a compact and contiguoukb~8&8ssette
comprising solely the essential biosynthetic gene clusters, but devoid of irrelevant or
problematic gea contentThis technique wasirtherusedto identify andeliminateproblematic

gene content includingutative prophages, active mobile genetic elements, and irrelevant gene

clusters outside the MAI

Ultimately, combinatorydeletionancludinglarge regionsactive mobile genetic elements, and
phagerelated genewere combineth anearly 5.86 genomereduced strairtherebyproviding

the first proofof-principle forlarge scaleengineering omagnetotactic bactexi



SUMMARY

Altogether, heresuls of this thesisvill be usefui for future genome manipulatisto generate
prospectivechassis strains fomprovedmagnetosome engineering agehancedtablehigh-
yield magnetosomproduction inM. gryphiswaldense



ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Magnetotaktische Bakterien besitzen die Fahigkeit spezielle Organellen, sogenannte
Magnetosomen, zu synthetisieren. Das Magnetbaktekiagnetospirillumgryphiswaldense

stellt dabei einen Modellorganismus fur die Analyse der Magnetos@&mosgnthese und
-Bioproduktion dar. Die fur die Kontrolle der Magnetosori@asynthese relevanten Gene
sind in M. gryphiswaldensan einer genomischen Magnetosomeninsel (MAI) lokalisiert.
Letzterekodiertebenfallseine Vielzahimobiler genetischer Elementepeats V R gerdtiql

junkf 'LH *UHQ]HQ GHU 0%, DOV DXFK GLH )XQNWLRQHQ
Magnetosomei®©perons sowie angrenzender Regionen sind hinsichtlich ihrer Relevanz fiir die
MagnetosometBiosynthese und das zellulare Wachstum unter Laborbexdgen noch
weitestgehend unerforschiufgrund der genetischen Instabilitat der Magnetose@ieister

waére die Deletion der Regionen zwischen den Opeaisrsuch der Austausch der nativen MAI
durch eine kompakte Kassette, welche alle Magnetosd@seae enthalt, von grol3em Interesse
und far zukdnftige genetische Manipulationen M. gryphiswaldenseund anderen
Magnetbakteriervon groRer BedeutundNeueste &rschungsergebnisse sprechen aufRerdem
dafur, dass am komplexen Ablauf der MagnetoseBiesynthese weitere unterstitzende
Faktoren aulRerhalb der MAI beteiligt sein kdnnten. Zudem erfordert die zuklinftige genetische
Manipulation inM. gryphiswaldensaind amleren Magnetbakterien passende Methoden fir
ausgedehntergenetische Manipulationen.

In der vorliegenden Arbeit wurden neue KandidaBame aul3erhalb der MAI, welche an der
MagnetosomeiBiosynthese beteiligt sind, durch gezielte Deletion verifiziert. Destéhén
konnte eine Technik basierend auf homotdgekombination fiir die gro3flachige genetische
Manipulation von bis zu ~10kb validiert werden. Dabei konnten neue Grenzbereiche der MAI
fur mdgliche Deletionen definiert undine Regionirrelevant fir de Funktion in der
MagnetosomeiBiosynthese mit einem Ausmal vor3Kb durch eine kompakte Kassette, die

alle Magnetosomeene enthdlt, ersetzt werdddieselbe Methode wurde schliel3lidazu
verwendet, um weiteren problematischen Geninhadt potentielle Prophagenund aktive
mobile genetische Elemente aul3erhalb der MAI zu identifizieren und eliminieren.

Letztlich konnte durch kombinatorische Genomreduktion ausgedehnter Regionen,
vermeintliche Prophagen und aktiver mobiler genetische Elementdisinu 5,5%genom
reduzierter Stamm konstruiert, sowie die Machbarkgibdf-of-principle) zur genetischen

Optimierung magnetotaktischer Bakterien erbracht werden.



ZUSAMMENFASSUNG

Insgesamt bilden die Ergebnisse der vorliegenden Arbeit die Grundlage fur die zukinftige
Konstruktion eines angehendehassis um die genetischeéManipulation der Magnetosomen

zu verbessern sowistabile und hohe Magnetosomelartrdge ausM. gryphiswaldensezu

erzeugen.
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CHAPTER I: General introduction

1.1 Magnetotactic bacteria

Magnetotactic bacteria (MTB) were first described in 1963 by Salvatore Bellini, a medical
doctor at the University of Pavia in Italy. During microscopy analysis he noticed that a group
of bacteriawas unexpectedlyswimming in one distinct directiofl, 2]. However, the
mechanism of their magnetic perception remained largely hidden and unexplored until the
American microbiologist Richard Blakemore independently rediscovered MTB in [B9.75

The unique feature to nasiD WH D O R QJ gedHKagneio field KrfeY is referred to as

u P D JQ HWHRWDddmbifiation with aerotaxis it represents an efficient foolthese
bacteriato support thee microaerophilicor araerobiclifestyle to find growthfavouring zones

in marine or freshwater sedimeifs8]. MTB species are distributed in a wide range of Gram
negative bacterial lineages including the Alphaproteobacteria, Gammaproteobacteria,
Deltaproteobacteria, Nitrospirae classes, the candidate phyla Latescibacteriall ass w
candidate division OP®[A5]. These bacteria are ubiquitously present in aquatic sediments
and exhibit a high morphological, metabolical and physiological heterogeneity like
magnetotactic cocci, rods, vibrios, ovoid cells, spirilla, or multicellsjeecies 9, 16 22].

All MTB share the exceptional property to synthesize magnetic nanopartsdes)led
magnetosomeswhich serve as magnetic sensors and are generally arranged in single or
multiple intracellular chains, often along the motility a8 25]. The particles are membrane
enclosed nanocrystals of monocrystalline magnetiteQffer greigite (Fe) [3, 9, 26 82).
Thereby, the number, size, and shape vary considerably between phylogeneticp8ps [

34].

Because of their fastidious lifestyle and yet unknown cultivaggpuiirementsonly few MTB
members can be cultured in the laboratory. Thus, resperghesasalsobeendependent on

the development of cultivation strategies as well as genetic manipulation. Until now, the best
studied representatives of MTigardingphysiology and magnetosome biosynthesis are
Magnetospirillumgryphiswaldens&ISR-1 andM. magneticumAMB -1 [32, 35]. Becauseof

its tractability and relatively straightforward cultivation the freshwatphaproteobacterium

M. gryphiswaldensg36 £38] has emergeds themost extensively studied MTBased on

literature enabling the analysis gbarticle biosynthesisand the study ofmagnetosome

5
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bioproduction M. gryphiswaldenselso represents the model organisnvestigatedin this

thesis.
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1.2 The alphaproteobacteriumMagnetospirillum gryphiswaldense

In 1990, he Gramnegativealphaproteobacteriurivl. gryphiswaldensevasisolated from the
sediment of the eutrophic river Ryck near Greifswald, Gernjdf@y31, 36]. Based onits
chemoorganoheterotrophidestyle using different organic acids as electron donors, and
oxygen or nitrate as terminal electron acceptbtsyryphiswaldensgrows microaerophilic
anaerobicor autotrophid29 81, 39. Cells of M. gryphiswaldensbave a helical morphology
and are bipolar monotrichously flagellated (Fiy. Their length varies between 2 tqu#h and

a width of 0.4 to 0.§im [38, 40#2]. Under optimal anaerobic growth conditions, a single cell
produces up to 100 cuboctahedral magsetes of about 4@m indiametey which consist of

a magnetite core (E®s) enveloped by a proteinaceous phospholipid membiidreparticles
within the cellsare assembled in a single or two linear chAs¥5]. Magnetosome formation

has recently becoena model for the highly ordered biosynthesis of prokaryotic organelles.

The recent development of diverse genetic manipulation techniques and ease of cultivation in
the laboratorymade M. gryphiswaldensea model organism foistudying magnetosome
biomineralization cell biology, as well as organelle formatiddincethe majority ofMTB

cannot be cultivated or genetically manipulated but contain magnetic nanoparticles with
potentially interesting propersewith regard to shape, size and magnetic properties

M. gryphiswaldensenight serve as a promising host for the homologousetologous

expression of bacterial magnetosome clusters in the future.

Figure 1. Transmission electron micrograph TEM) of a representative wild type (WT) cell of

M. gryphiswaldenseThe latter biomineralizes up to 100 magnetosomes per cell, which ardikbairranged at
midcell and visible as electron dense particlEse image was taken from Zwiener et al. (20R%]. Scale
bar:500nm.
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1.3 Magnetosomesas promising tools ffor future real-world
applications?

Besides their biological function as geomagnetic field sensors in MTB, bacterial magnetosomes
exhibit extraordinary properties, such as high crystalljratgtrong magnetization as well as
precise morphologies and uniform siZ@d, 47], which can hardly be achieved by chemical
synthesis. Moreover, magnetosomes are colloidal stable in a variety of buffers and solvents due
to their natural proteinaceous phbsppid membrane that prevents aggregation of the
magnetite cores. In contrast, chemically synthesis routes still require further coating or ligand
exchange reactions to be dispersible, as well as purification steps arickatsents as by
products or reidual surfactants are assumed to be detrimental to the applicability and

biocompatibility of the particles.

The proteinaceous magnetosome membrane provides sites for covalent attachment of foreign
moieties and thus, enables the functionalization ofptingcle surface in a controllable and
highly selective manner [489]. These features malairified magnetosomes a promising tool

with potentialfor biotechnological and broedicalapplicationgFig. 2). For example, foreign
functional moieties and polypeptides such as fluorophores, enzymes, or antibodies, as well as
organic shells can be genetically fused to magnetosome membrane ancheod50 56].
Furthermore, it has been demonstratedtharyphiswaldens@and magnetosome biosynthesis

can be used as platform to study the molecular mechanism of human diSéasés and in

food scienceq(]. Additionally, the modification of the particle surface by genetic engineering
allowed the utilization of islated magnetosomes as multimodal reporters for magnetic imaging
[60, 61], as nanocarriers for magnetic drug targeti6® 5], or for magnetic hyperthermia
applications 6 68]. Although great efforts are made not only to optimize magnetosome
biosynthesis§9 #1], but also to improve their purification2773], particle production is still

expensive, yields are low, and the isolation procedure isdonsuming.



CHAPTER |

IMagnetospirillum
magneticum

Magnetosomes Tumor imaging

Tumor targeting
peptides

RGD  pHLIP
_EA,{:»_

mamC

Transvers. Relax.

Figure 2. Examples of ptential, highly attractive biotechnological and biomedical applications of
magnetosomes fromM. gryphiswaldenselmages were taken from different references as indicated. For instance,
genetically engineered magnetosomes were usatvago contrast agents for Rll (A) [66], antitumour effects

of therapeutics on a carcinoma cell line were demonstrated by using bacterial magneticlzantidlgene
delivery systera (B) [58], or treatment of breast tumours of mice by magnetic hyperthermia based on injected
magnetsomegC) [69].
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1.4 Genetics of magnetosome formatiom M. gryphiswaldense

1.4.1 The genomicmagnetosome island

During the last decades magnetosome biosynthesghbavn to be strictly controlled by genes
arrangedn a specific genomimagnetosomesland, theMAI . Thecomplexbiogenesis process
comprisedour different step$32, 45, 4]: First, vesicles are formedby invagination of the
cytoplasmic membran&econdspecific magnetosome proteins are sorted to the magnetosome
membrane. Third, iron is transpadtato the membrane vesiclEdlowed bythenucleation of
magnetite maturation,and crystal growthFourth the magnetosome chais assemt#d and

positioredfor segregation during cell divisidfig. 3A, i 4v).

In M. gryphiswaldensea set of about 30 proteins was identifietb be functionalin
magnetosome biosynthesis. The correspondmgm (magnetosome membrane) mms
(magnetic particlanembranespecific) andfeogenes are cluster@dthin the~100kb genomic

MAI [32, 75 #7]. Besides, théntervening and adjacent regions (B8, R2, R4, R6 and R8)
also harbour hypothetical genes or genes Wwitbwn functions (Fig.3B, black) numerous
mobile genetic elements (Fig% EOXH UHSHDWYV (& GevétdlQnidompléie uM X QN
and pseudagnes as well as naroding genetic contentCommonly, genomic islandm
pathogenic and environmental microorganisang known to contribute to rapid evolution,
diversification,and adaption by horizontal gene transfgf8, 79]. Thereby, the hosmay
receive virulence factors or metabolic pathwdy® 81]. To date, three evolutionary
hypotheses have been repoffiedthemagnetosome islanthefirst describe a single common
ancestor of all MTB[82, 83]. The second states thalhe magnetic featuseevolved
independently several timd84]. The third hypothesis assumes that multiple occasions of

horizontal gene transfer happened including the possibility of a single ar{g&@si8s, 86].

In the MAI of M. gryphiswaldensghemagnetosome biosynthegjenes are clustered into five
polycistronic operonsnamARB,, mamGFDGp, mamX¥p, mmsé, andfeoABLp, which control

all specific steps of magnetosome biosynthesis @BgR1, R3, R5 and R7BR, 75 #7]. The
large(16.4kb) mamARBp comprisesl7 genesrfamH -1, -E, -J, -K, -L, -M, -N, -0, -P, -A, -Q,

-R, -B, -S -T, and-U) encoding e.g., transporgemagnetosome membrane proteins, proteases,
cytochromec-type proteinsas well asiron oxidases Furthermore, genes encoded by the

mamABRB; are involved ifmagnetosome chain formati{8i’ 89].

In the genomes of other MTB, a couple of magnetosome genes are corseorggll MTB

so far examined. For example, genetic determinants required for magnetosome formation are
10
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located within thenamARByp, and the genasamABEIKLMOPre conserved in all magnetite
producing MTB, whilemamABEIKMOPare also conserved in greigipeoducing MTB R3)].
Differences inhegene sequences are assumed to result in the synthesis of differentially shaped
magnetic nanopatrticles like elongated loulletshaped magnetosomes. The underlying
molecular mechanisms of the highly controlled magnetosome biosynthesis still needs further
analysis to elucidate the complex biomineralization process. However, most MTB cannot be
cultivated or genetically manipated. Genetic transfer of the magnetosome biosynthesis
pathway to normagnetic bacterium by genomic insertion of major magnetosome operons has
only succeeded twice, namely Rhodospirillum rubrumand Magnetospirillumsp. 151 [90,

91], but failed for manyother, also closely related microorganisms suggesting further, yet
unidentified determinants being necessary for magnetosome biosynthesis. Therefore,
M. gryphiswaldenseepresents a highly interesting host for homologous and heterologous
expression of bderial magnetosome gene clusters in the future, and will help to study genetic
and morphological diversity of magnetosom@dso from uncultivated MTB)and their
synthesis.

Although magnetosome biosynthesis is not understood in every detail, it is knawenkh
mamkE -L, -M, -0, -Q, and-B are essential for rudimentary magnetite formatiotine absence

of residual MAI geness deletion of the respective genes led tomagnetic phenotypes in

M. gryphiswaldensg74]. Other genes of thmmamARB, as well as those fromamGFDG,
mamXY¥p, mmsGp and feoABLp, encode accessory functions for magnetosome formation.
Deletion mutant®f the smallemamGFDGp (~2 kb, encodesnamG -F, -D, and-C), mmsgp
(~3.4kb, encodesnms36 mms48 mmxF andmmsg, feoABL, (~2.4kb, encode$eoAl and

-B1) ormamXY¥, (~5 kb, encodefisZm mamZ-X, and-Y) show severe defectsmmorphology,

size and organization of magnetite crystals, but still form small irregular crystalite2[ 93,

R. Uebe unpublished]The MamGFDC proteins seem to be involved in the regulation of
magnetite crystal size, while three of those proteiage shown to bsufficient for WT-like
magnetosome formatidiv2, 92]. The mmsg, with its four encoded proteins seems to control
crystal size, morphology, and particle number][&roteins encoded by theamXY, are
assumed to regulate magnetite crystallization, the correct positioning of the magnetosome chain

and seem to be functiahin redox balancegp, 93, 94].

Interestingly, genetic overexpression of biosynthesligted gene clusters by duplication of
mamARBp, mamGFDG,, mamX¥p andmmsgp in the WT background dfl. gryphiswaldense

resulted in a particle overproducer strains, biomineralizing up to 170 magnetosomes per cell

11
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partially with an enlarged size (Fi§C £) [95]. Thereby, stepwise amplification of themsgp
resulted in the formation of increasingly larger crystals (inereafs ~35%), while the
duplication of the major magnetosome openmmasnAB,, mamGFDGp, mamX¥, andmmsGp

yielded an overproducing strain in which magnetosome numbers weli@®i@creasedds].

As mentioned aboveniM. gryphiswaldensethe five keyoperons are separated by stretches
containing numerous hypothetical genes, mobile genetic elemeniessential genes, repeats
DQG JHQHWTI, FrjumMtReQodst, spontaneous rearrangements and deletions within the
MAI could be observed during suldavation of M. gryphiswaldenseresulting in weakly or
even noAmagnetic phenotypegT, 86, 96]. The presence of numerous transposable elements
of intervening MAI regions is assumed to cause genetic instability of the MAI to some extent

and might be rgmnsible for these spontaneous mutants.

12
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Vesicle formation (i)

mamM, mamB,

mamL, mamQ,

maml, mamk,
mamQO

Nucleation of magnetite (iii)
mamT, mamF, mamP, Maturation (iv)
mamX, mamD, maml, mamsS., mamR., mmsé6. Chain formation
mamA mmsE, mamC, mamD, mamJ, mamkK, mamY
mamkF, mamG, mamN,
mms36, mms48

MMamAR operon _mamXY operon
K LM N _..:m‘_

Figure 3. Model of the stepwise process of magnetosome biosynthesigl genomic organization of the
magnetosome island (MAl)in M. gryphiswaldenseA) The mechanism of magnetosome formation starts with

the formation of vesicles that originate from the inner cytoplasmic membrane (i), passes over to the nucleation of
magnetite (ii) and crystal maturation (jignd ends with the arrangement of magnetosdama chairdike manner

(iv). The schematic illustration is adapted from Schiler et al. (2020)B3The magnetosome biosynthesis genes

are organized in five key operons as indicated, i.e. the oper@AB 1(brown),mmsggreen) mamGFDQviolet),

manmAB (red) andmamXY(grey). Interspacing regions R2, R4, R6 and R8 encode hypothetical genes, genes with
13
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known functions (black) or mobile genetic elements (bl@}¥) TEM micrographs of a magnetosome

overexpression strajtaken from LohRe et a(2016) P5]. Scale bars: 50Am.

However therelevance of interveningnd adjacenAl regionsfor magnetosome biosynthesis

is not knownand questiosiregarding conspicuously liable problematic gene content for cell
growth, genetic stabilityas well asHheir essential functions are still open. Additionally, the
boundaries of the MAI and the role of distal and Ma&ljacent regions remain uncle&ir

future genetic analysis and manipulation of magnetosome biosynthesis, it would therefore be
highly desirale to answer these questions @andnvestigate the feasibility of substituting the

endogenous MAI by a compact magnetos@xpression cassettievoid of geneticu M X Q N

Besides this distinct genomic region of magnetosome genes, several awedli@mninants

have been identified3p], which exhibit both direct or indirect functions in magnetosome
biosynthesis, as well as functions in general metabolic and regulatory cellular pathways.
Therefore, théollowing sections focus first on the molecutaganization of the magnetosome
island and afterwards on auxiliary determinants involved in magnetosome biosynthesis outside

this genomic island.

1.4.2 Auxiliary determinants outside the MAI influencing magnetosome formation

Apart from specific and essential iations encoded within the MAI, furtheuxiliary and
genericgenetic determinants for magnetosome biosynthesis are locabreglwhere elsm

the core genome ofl. gryphiswaldenseFor example, thderric uptake regulator Fur is
involved in global iron homeostasis, which also affects magnetite biomineralig@fjo8ince

afur deletion mutanproduces fewer and slightly smaller Istitl functional magnetite crystals
compared to thevild type WT), Fur plays an indirect rolan magnetosomal iron uptak@7].
Moreover, proteins involved in redox balance like periplasmic nitrate and nitrite reductases
(Nap and NirS)fumarate and nitrate reduction regulator protein srwell as the terminal
oxidase Cbb3 involved in aerobic respirateomd may affect the synthesis of mixealence

iron oxide magnetite [Fe(ll)Fe(IHP4], were demonstratedio be linked to magnetite
biomineralizatior]94, 98, 99]. However, none of these auxiliary determinants play an essential
role in magnetosome biomineralization and since heterologous expression of magnetosome
biosynthesidhasonly beensuccessful irR. rubrum [90] and Magnetospirillumsp. 15-1 [91],
further auxiliary determinant®utside the MAI were hypothesizedo be involved in

magnetosome biosynthesis
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At the beginning ofthis work, new putative auxiliary determinants for magnetosome
biosynthesis were identified by a systematic genonae transposon mutagenesis approach

and magnetosome membrane proteomi3d[ However, potential polar effects on the
expression of downstreagenes, effects of the Tabsertion to certain domains of the gene
products, occurrence of transcriptional readthrough and partially reduced functionality of hit
genes by insertion intderminal regionsof the gene could influence the magnetosome
phenotypeof mutants and thus, need to be excluded. For this reason, the role/function of
candidate genes located outside the MAI with putative roles in magnetosome biosynthesis needs
WR EH DVVHVVHG E\ WDUJHWHG GHOHWL pam&Ed)BletidrQ HV LV

mutants

1.5 Genetic analysis and manipulation oM. gryphiswaldense

The discovery and characterization of magnetosome genes and clusters described in the
previous paragraphs were the result of genetic analysis using the methods described in th

following.

After isolation and the establishment of first cultivation approachés. gfyphiswaldens@n

1990, the basis for magnetosome biosynthesis research was laid by Schultheiss and Schuler
(2003) [LO1] through the development of genetic manipwiati techniques in

M. gryphiswaldensé&y conjugation. At the same time, using proteomics and reverse genetics,
first magnetosome biosynthesis genes were identiffiéd 76]. Genetic manipulation was
further developed by introducing deletion mutagenesis by Reediated homologous
recombination using SacB for counterselection, which confers sensitivity to sucrose, as well as
a Crelox based method1pl1 A03]. However, the Sd&-basedcounterselection method was
proven not to be reliable, likely because of rapid spontaneous gene inactivation upon selective
pressure, leading to numerous fasmsitive clones92]. Therefore, this method was extended

by a Galkbased counterselecti system for markerless gene deletion and chromosomal
tagging (explained in more detail below)Ofl]. Furthermore, new vectors for chromosomal
integration for higHevel constitutive or inducible magnetosome expression of fusion proteins
were constructeflLl05]. Using a Tn5based transposition system, expression cassettes could be

inserted into the genome at random positions. Although it cannot be excluded that the
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transcriptional activity of the insertion sites might affect gene expression, so far omly min

effects were observed.

Despite great efforts for the development of targeted genomic manipulation techniques in the
ODVW \HDUV WKH JHQHWLF pWRROERI[YT IRU 07% LV VWLOO
manipulation techniques for largealedeletions and genome streamlining is so far a new
territory in the field of MTB.

For gene deletions iM. gryphiswaldensetwo techniques have been develapte first
recombination method, which is based on thelGx® system of the P1 phage, is a simple-two
component system used for the excision of larger fragments up tb~B3, 92, 103]. This
technique utilizes two different suicide vectors contaihixgequenceddx7landlox66) and
amplified upstream and dowimeam regions (FigtA/B). Vectors need to be integrated next to
the genomic target by homologous recombination in two independent stepdGH).
Afterwards, addition of the Cre recombin&seodedn plasmid pLYJ87106], which belongs

to the integrae family of sitespecific recombinases, catalysé reciprocal sitespecific
recombination of DNA aloxP sites resulting in the excision of the target region from which
the deletant has to be subsequently cured §EYy[103].

The Crelox based method has several disadvantages as it isctinsming and laborious
since it needs the construction and insertiotwar different vectors and an additional helper
plasmid In addition,JoxP nucleotides remain in the genomic target region af &OOHG pVFD U\
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m Gene or region of interest

Figure 4. Scheme of the Crdox based genomic manipulation method (modified after Lohf3e et a(2017)

[87]). A 8B) The up and downstream region of the deletion target are amplified and ligated into the suicide vectors.
C) Integration of the first suicide vector containing w71 sequence and a kanamycin resistance cassett® (Km

as markerD) Next, the second suicide vector containingltxé6site and a gentamycin resistance cassette(Gm

have tobe inserted next to the genomic target by homologous recombir@}idfterwards, conjugation with the
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Crerecombinase plasmid pLYJ87 results in @rediated deletion of the target. OmdxP nucleotides remain in

the genome and the cell has to be ciredh theCre recombinase vector.

The second technique for chromosomal deletions is based on allelic replacement by two
consecutive homologous recombinations mediated by RecA and counterséledettial
galactokinase GalK, and is so far onigedfor smaller deletions (<2kb) [104]. After
construction of one single suicide vector (8. £), the latter is integrated upr downstream

of the gene or region of interest by the first homologegsmbination event (Fi¢gpD). The
second homologous recombination is carried out after induction of a promotor for the
expression of the galactokinase gemgal). The respective enzyme catalyses the
phosphorylation of galactosand sinceM. gryphiswaldeseis unable to metabolize galactese
phosphate, it accumulates to toxic levels inside the cell. Hence, only cells that excised the
plasmid by a second Reafediated homologous recombination can survive, thereby either

reconstituting to the WT or resulting tihe desired deletion mutant (FBE).
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Figure 5. Schematic illustration of pPORFM-GalK -based markerlessn-frame gene deletion (modified after
F. Maller, unpublished). Deletion is performed by two homologous recombination events mediated by RecA and

courterselected using the suicide gegalK that encodes a galactokinase with lethal activity4].
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A) Amplification of the up and downstream regions of the gene or region of interest (BPRusion of the up
and downstream regions of ROI through overlap PCRLigation of the PCR product intine multiple cloning
site (MCS) of the pORFMzalK vector.D) Conjugation into differen. gryphiswaldensstrains and integration
of the plasmid into the genome through homologous recombin&joA.second recombination event causes a

positivein-frameROI deletion enforced by GalK, or the reconstitutioth®WT.

The allelic replacement method requires only one vector and takes advantdge of
counterselection of the vector excision by doulylessover, resulting in scarless deletions.
However, this method has farbeen employeanly for the deletion of snier fragments
(<20kb), but not tested for the excision of larger regions and multiple deletions. It would
therefore be highly desirable to evaluate both gene deletion methods with respect to their
practicability, efficiency and performance in largeale mutagenesis and engineering of

M. gryphiswaldense

1.6 Genomereduction and engineeringof prokaryotic genomes

Since its isolation, the analysis Mt gryphiswaldense the lab and largecale magnetosome
bioproduction is limited due to several adverse features. For example, reproducible cultivation
at larger scale has proven difficult because of the rather fastidious and sometimes fluctuating
growth. Another unwantedeature is the inherent genetic instability, in particular of the
magnetic phenotype and foreign genes, such as chromogenic reportegsigd.@r genetic
markers for antibiotic or counterselection (e.galK). For example, spontaneous
rearrangements dndeletions within the MAI could be observed during subcultivation of
M. gryphiswaldenseresulting in weakly or nemagnetic mutants7[, 86, 96]. In addition,
unbalanced multicopy expression of the largamABoperon from replicative plasmid is
known to be unstable iM. gryphiswaldensd95]. For future genetic manipulation and
(over)expression of magnetosome or foreign genes, the improvement of genetic stability would

be highly beneficial.

In other bacteria,uxh problems are addressed and often alleviated by$aaje deletions and
genome reduction. In most cases, the objective is the improvement of bacterial properties to
turn cells into microbial factories. The favourable characteristics displayed bysdhaests are

e.g., genetic stability, robustness against environmental stress, to retain and/or enhance
biological fitness (e.g., cell growth), improved protein production, enhanced expression of

endogenous and heterologous pathways, and to reduce tle@tcohhoressential genomic
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regions [D7 A.15]. Numerous examples of different bacteria with improved features or reduced
genomes can be found in the literatur&scherichiacoli, Pseudomonas putida
Corynebacteriunglutamicum Shewanellaoneidensis Acingobacter baylyi, Streptomyces
avermitilis andVibrio natriegen3 [109 A15]. Thereby, various genes or gene sets, such as
prophages, active mobile genetic elements or irrelevant gene clusters were eliminated, resulting
in chassis strains with improved pespes. For example, deletion of prophage genes in
S.oneidensigoubled growth yield [16], improved growth and transformation efficiency in

C. glutamicum[117], enhanced genotypic stability i putida[113, 114, 118], and increased
robustness toward stress Wi natriegens[115]. Increased transformability and reduced
mutation rates were reached by deleting active mobile genetic elemehtbawplyi [119].
Deletion by largescale genome reduction including ressetial genes and mobile genetic
elements resulted in several favourable properties, such as high electroporation efficiency and
accurate propagation of recombinant genek.iooli [111]. Efficient production of foreign
metabolites was achieved by systemdétetion of noressential genes B.avermitilis[107].
However, in other examples, deletion of such gem&saccompanied by negative effects on

cell fitness as described for the elimination of cryptic prophage geBesafi [109], or during
genome rmimization inBacillus subtilig110].

In nature, bacteria adapt to changing conditions by undergoing mutations, i.e. parts of the
genome are rearranged. This reorganization of the genome is often driven by active mobile
genetic elementdV. gryphiswaldese possesses numerous putative mobile genetic elements.
During routine genetic manipulation, inactivation of introduced foreign genes by mobile
genetic elements could be observiddwever, their activity and contribution to the observed
instability has nobeen experimentally teste@iherefore their systematic analysis (e.g. their
location in the genome) would be of high interest, as wethadocalization or activity of
putative prophage genes and an undefined set of candidates for irrelevant gesrs. clust
Comparable genome reduction approaches as described above have been impeded due to the
unavailability of efficient methods in magnetotactic bacteria. However, it would be of high
interest togeneratea genomeeducedM. gryphiswaldensestrain by combinatory deletions
including large irrelevant clusters, active mobile genetic elements, and-gatgel genes,
thereby representing the first preaffprinciple for largescale engineering of magnetotactic

bacteria.
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1.7 Scopeof this work

Thisthesis contributed to the SYNTOMAGX project that aims to establish a synthetic biology
approach for the magnetization of foreign organisBesidethe transfer of MAI genes to
foreignnonmagnetidacteria, it also aint® set the stage fohe future expession of the entire
magnetosome biosynthesis pathway from uncultivated ldb8ucingdifferent magnetosome
typesin M. gryphiswaldensas a host. Thus, the study of genetic and morphologic diversity in

M. gryphiswaldensevill reveal new insights into béerial magnetosomes biosynthesrsthe
research field of magnetotactic bactehf,gryphiswaldenséas emerged as the main model
organism for magnetosome biosynthesis and bioproduction. Consequently, it might be used as
a future highyield production host of homologous or heterologous nanocrystals for various
biotechnological and biomedical applicatson

Previously, it has been assumed that additionakmagnetosome genes are involved in the
biomineralization processlQ( and recent evidence argues for the involvement of further
auxiliary determinants for magnetosome biosynthesis encoded outsifiAtHel20]. In the
beginning othiswork, putative candidate genes involved in magnetosome biosynthesis outside
the MAI have been identified by a systematic genevite transposon mutagenesis approach
[120]. Therefore, the first aim of my thesis was tontily and evaluate further auxiliary
determinants outside the MAI (Fig. %\ JH Q H U D (., @dmprk&die Bt mutants

the putative role of several candidate genes potentially involved in magnetosome biosynthesis
should be verified120, 121].

Since genetic transfer of MAI genes to roagnetic, partially closely related microorganisms

and other MTB difficult to manipulate failesb far, the second part of this thesis was motivated

by the overarching goal tgeneticallyoptimize M. gryphiswaldase therebygenerating an
universal expression host for analysis of foreign and native magnetosome genes and gene
clusters. Hence, the second and major aim of this thesis was to endirgggphiswaldense

for (i) facilitatedgenetic manipulatiorgand(ii) to test, whether growth and (iii) genetic stability
could be enhanced for more robust and stable growth as well as improved magnetosome
biosynthesis in the future (Fig).

To this end, first, two different techniques, a-Gne-basednethod,andan allelic replacement
method, should be evaluated with respect to their usability and efficiency forslzatge
deletions. Second, the boundaries of the MAI and the role of its intervening and adjacent MAI
regions had to be interrogated regarding tred@vance for magnetosome biosynthesis and cell
growth under lab conditions. Third, the native magnetosome island containing putatively

irrelevant or problematic gene content should be functionally substituted by a compact cassette
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comprising all essentiajene clusters for magnetosome biosynthesis. Fourth, it should be
investigated whether the deletion of comparable genomic regions/genes or gene wloisters
have been eliminated in other bacterial chassis stralids ]16], have similar positive effects

in M. gryphiswaldense

In summary, in this work a strategy for largeale genome editing and genetic engineering was

established, thereby generating a library of deletion mutants for the future construction of
LPSURYHG pFKDVVLVY VWUDLQV

Figure 6. Schematic outline showing the main objectiveand general procedurs of this thesis.Two methods
were evaluated to define a suitable method for lagdegenome editingUsing the favourablemethod, proof
of-principle is provided for genome streamliningMf gryphiswaldensethereby generating genomereduced
strain (1 F K D)Vov fuktter genetic engineering. Additionally, putative auxiliary determinants for magnetosome

biosynthesis outs&lthe MAI were analysedhe figure isadaptedrom Zwiener et al.(2020)[46].
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CHAPTER Il : Summary of manuscriptsand discussion

The overarching aspect of all chapters of this doctoral thesis is the optimization of
M. gryphiswaldenséor the analysis of the nativa foreign magnetosome biosynthesis and for
future engineering approaches, as well as the improvement of magnetosome biosynthesis in
M. gryphiswaldenseThree research articles (Chapter 1V, V and VI) originate from this thesis

as final result. The followingections discuss theey findings of each research artichea

general contextescribing how the obtained results solve questions regarding auxiliary
determinants for magnetosome biosynthesis, and how a fiMtugeyphiswaldensechassis

strain could beanstructed.

Manuscript 1: Genomewide identification of essential and
auxiliary gene sets for magnetosome biosynthesis in

Magnetospirillumgryphiswaldense

Recently, several studiesiggested thaduxiliary factors outside the weatharacterized MAI

gene dlisters might be involved in magnetosome biosynthEsisexample,iace heterologous
reconstruction of magnetosome biosynthesis tialy been achieved irR.rubrum and
Magnetospirillumsp. 151 [90, 91], further subsidiary determinants outside the MAght play

an important role in magnetosome biosynthesis. So far, auxiliary determinantsaizng

been identified by reverse genetics and candidate approdchéhapter IV, the first
comprehensive transposon mutagenesis study in MTB is delineateatbyhabout 200
insertants with mild to severe impairment in magnetosome biosynthesis were identified, half of
them located outside the MAThis abundance oputative candidate genes involved in
magnetosome biosynthesexqjuired its categorizatidmy genane analysiswhich resulted in a

priori classification of gene essentiality for the deletion of the most promising genes or gene
clusters. Interestingly, consistent with their predicted roles, identified genes are part of general
cellular pathways and na¥iTB-specific. Accessory genes with functions in metabolic
pathways like cellular redox balance or iron homeostaaig (irS, nirN, norC, norB, fnr, cbb3

or fur) haverecentlybeen documente®4, 97 09, 106, 122, 123]. In the current studyknown
accessory genes are not only confirmed, but also further putative genes involved in
magnetosome biosynthesis revealed, supporting the hypothesis that magnetosome biosynthesis

dependents on a specific metabolic profil@4]. Although aconspicuouslyhigh number of
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false positive clones could be observed, the presentstihitauggestedn indirect or more

subtle function of such hit genes in magnetosome biosynthesis.

Transposon mutagenesis lasouple ofimportant limitations. For example, magnetosome
phenotypes of mutants might be influencedpwmgential polar effects on the expression of
downstream genesffects of the Tnbnsertion to only certain domains of the gene products,
occurrence of transcrigmal readthrough and partially reduced functionality of hit géiye
insertion into theerminal regionresulting in falsgositive phenotypeJ.herefore, verification

of TN5PXWDQWY E\ pFOHDQY GHOHWLRQV LV QHHGHG

Finally, further auxiliary determinantsn unexpected cellular processes like sulfate
assimilation, oxidative protein folding, and cytochrocmaaturation were identified.

My contribution to this research article was to classify mutants hit outside the MAI and to assess
the role of the most prosing candidates in magnetosome biosynthesis. For verification,
targeted deletion of the respective genes was performed. Theoably(cycH) or dsbBwere
eliminated and analysed. Ccmlagetratricopeptide repeat (TRBYntaining proteinpart of

the CcmFHI module involved in stereospecific ligation of helm® thiol-reduced apayt ¢

and acts as an ajoyt ¢ chaperoneThe unmarkedccml deletion mutant was deficient in
magnetosome formation, but particle synthesis was not completely abolished.d)sgshio

the disulfide bond (DSB) pathway of periplasmic oxidative protein folding. A null mutant of
dsbB ‘dsbB clearly showed a smaller number of magnetosomes, whereas the size of the

particles was not significantly reduced.

Both deletions ‘ccml D Q @sbB could verify the observations made during transposon
mutagenesisThese included reduced magnetic responses and white colony appearances

compared to the Wibrown colonies)therebyconfirming phenotypes dfoth Tn5-mutants

Beside theabovementioned identification of new auxiliary determinants for magnetosome
biosynthesisi(e.,ccmlor dsbB, there might be one distinct additional determinant outside the
MAI, the putativeureaoperon inM. gryphiswaldenseThis operon isddressed andiscussed

in the following sukchapter, as it had become suspicious in-fimiagenesis several times.

In summary, the documented results successfully cope with the challenge to identify auxiliary
GHWHUPLQDQWY $OWKRXJK PFOHDQ Beverél Qipaifméen) inP XW D Q

magnetosome biosynthesis, the experimental data provided will highly contribute to a better
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understanding of the complex process of magnetosome biosynthesis and its involved

determinants.
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The M. gryphiswaldenseirea operon is potentially involved in

magnetosome biosynthesis

In Silva et al. (2020), a putative urea uptake sysbecameunexpectedlysuspicious during
Tn5-mutagenesis. Two independent insertants showed reduced magnetic responses,
accompanied by white/brawor white colony appearances compared to the WT (brown
colonies). For one mutant an insertion into the geti® known to bdunctional in urea ptake

was foundwhile the other insertion occurred insideE (Fig. 7A, blue arrows)The hit inurtB
geneshowed white colony appearances and the respective cells produced both WT and flake
like magnetosome particles as indicated by TEM. the contrarythe hit in theurtE gene
resulted in white and brown colony appearances with-INMET cell phenotypegFig. 7B).
However, the respective electron micrographs of thesenutants wereonly analysed i
gualitative and not ira quantitative manneBoth genes are known to be part of the urea
transporter operon in other bacteaad were previously unsuspected to be involved in
magnetosome biosynthesiompted by these results their role in metgsomebiosyrthesis

was further analysed~or example phenotypes of Tnnutantswere verified by targeted
deletion of the respective genés.the following, unpublished datae summarized, thereby
providing the firstpotential urea uptake system and its role in magnetosome biosynthesis in
M. gryphiswaldense

First, the analysis of thadjacent regionsf the genesirtB andurtkE revealed that both genes

are part of a ~5.kb cluster with fiveurt genes(rtABCDE) encoding a putative urea transporter
(MSR1_0217@02210). Downstream of this dter, the putative urease cluster kb is
located encoding seveme genes freABCDEFG MSR1_0210002160) (Fig.7A) completing

a potentialureaoperon.
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Figure 7. Molecular organization and analysis of the putativeurea operon in M. gryphiswaldenseA) The
putative ABGtype transporter is encoded by gengdBCDE(MSR1_0217302210), while genesre ABCDEFG

(MSR1_0210a92160) code for the putative urease. During transposon mutagem&ssndurtE were hit (blue
arrows). In addition, the extent of d&L R Q P XivB D @t/ N Q Gredyp are indicatedB) Colony appearances
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on agar plates containing increased iron concentrationspy(@0@ersus 5QuM) and medium volume (14@
versus 100nl) of WT, Tn5SmutantsurtB andurtg, and TEM micrographsef therespective mutants. Scale bars:
100nm. C) “urtB D Q GrtE mutants exhibit a WHike colony appearance (regarding colour), and TEM
micrographs revealed Wilke magnetosome formation 6 F D O H uBE) B0@nm; “urtE, 100nm. D) TEM
PLFURJUDSKV ®éapP XWHO@PWR/S H WiRR,Qurda @adsporter) indicating Wike magnetosome
formation.Scale bars: 500m.

In nature, a diversity of organisms excretes urea into the environmaking it available as
nitrogen source for bacteria. Urea is a small and uncharged molecule that can pass the bacterial
membrangebut is often taken up by energigpendent transport systemi29]. An ABC-type
(ATP-binding cassette) transporter, encodethieyirt operon, is part of the urea uptake system
andcatalyseshe ATRdriven, energydependent transport of urea from the environment into

the cell 125 A27]. The expression of thiart operon could be regulated, for instance, in
response to nitrogen limitation @. glutamicumand Cyanobacterig126 #30]. After import

into the cell, urea@HsN20) as a nitrogenous compound is hydrolysed in the cell to two
ammonia (NH) and onecarbonic acid (LCOs) molecule via the formation of carbamic acid
(H3CNOy) by the cytoplasmic enzyme urease (urea amidohydrdlgseB) [131, 132].

Figure 8. Urea decomposition pathway. UréaHsN-0) is hydrolysed in two ammonigNHs) and one carbonic
acid moleculdH2CQs) via the formation of carbamic adfHlsCNG,) by the cytoplasmic enzyme ureabtadified
from Sigurdason et al(2018 [131]].

This key enzyme of the global nitrogen cycle was the first enzyme to be crystallizgdif13
represents a mutV XEXQLW FRPSOH[ FRPSRVHG RI WKUHH VXEXQLYV
mostly organized in heterotrimers A,3.3]. Bacterial urease operong€) encode regulatory,

structural, and accessory genes that vary in its genetic oagjani13, 136]. Urease

producing bacteria are called ureolytic. They can be found in nearly all ecosystems and include
anaerobic, micr@erophilic, and aerobic microorganism87lL One of the most intensively

studied ureolytic bacterium Sporosarcingpasteurii which synthesizes the subunits UreA,

UreB and UreC of thereasemain structureThe latterare functional iramino acid transport

and metabolism, while UreD, UreE and UreF represent essential urease accessory proteins
assigned to podtanslatonal modification, protein turnover and chaperon37]1 While

S.pasteuriiproduces urease constitutively, other organism%ilgutamicunstrictly regulate
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the expression of urease genes in response to environmental or intracellular stimuli, such as
substrate availability, growth phase, nitrogen status, or 34, [138, 139]. For example, as for

the expression of thert operon, transcription of there gene cluster could be controlled in
response to nitrogen starvationGnglutamicum[125]. Furthermore, it has also been reported

that urease expression can be irepressed by the transcriptional regulator Fur in response to
iron restriction inHelicobacter hepaticugl39].

In M. gryphiswaldenseverification of T"5P XWDQWYV E\ ipks@thBr@shiGoy Td W
mutagenesis was needdderefore unmarked deletiomutants ofurtB, urtE and the whole

ureap urtB UrtE D Q @re&dp, Fig 7A) were generated However, in contrast to Th5
mutants, null mutants indicated no reduced magneticonsgp or differences in colony
appearances comparedtothe WT(F@ DQG 7(0 PLFURMBJ DSKLYOQRHed,

deletion mutants showed Wike magnetosome formation (FigD).

I1H[W LW ZDV LQYHVWLJIJDWHG Ziréetydeletion Wardt wére\aledu® L Q D Q
grow on urea instead of sodium nitrate as nitrogen source under different urea concentrations
and aerobic conditiongzor that purposesodium nitrate was replaced byd0mM urea

(Fig. 9A). As result, the WT showed urekepenlent growth which increased with increasing

urea concentrations up to about b (Fig. 9A). These findings resembled results found in
other bacteria like the microbially induced calcite precipitation (MICP) minechlia
S.pasteuriithat showed enhanced cell growth on urea containing medi@#. [Lhe same
conditions were used to analyse mutant strains. As expectell, trgphiswaldensenutant

“urea,p was unable to utilize urea in the medium and compared to the WT grew to lolver cel
densities under different urea concentrations ($4g.

To further analyse the influence of we@@pendent growth with regard to magnetosome
biosynthesis, WT cells were grown at different urea concentrations and analysed by TEM.
Interestingly, microgrdpsrevealedvarious magnetosome phenotypes e.g.;\k& or smaller
magnetosomes, and flakike particles in contrast to cells grown with M@r NHs" (Fig. 9B).

Hence, urea degradation might interfere with magnetite biomineralization arehéngy
consuming process of magnetosome biosynthesis. Furthermore, the variation in environmental
parameters like a pH shift during urea degradation might influence magnetosome formation
(pH effects on cell growth have been described bgfasd, 140].
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Figure 9. Phenotypic characterization of M. gryphiswaldenseVNT and the “ureasp mutant strain grown
under different nitrogen sources A) *URZWK SURILOHYV ureb\tKtbres grav@aGlifferent urea
concentrations andd peptoneGrowth experiments were performed at 28°C under aerobic condiEaal strain
was analysed in triplicates (the curves show the calculated average; standard deviationB) <5gjtron
micrograpls of the WT grown without urea and sodium nitrate indicated-Nk8 magnetosome formation. TEM
micrographs of WT cells grown at different urea concentrations and aerobic condition®d various
magnetosome phenotypes, exemplary shown omMlurea. WT cls grown in ammonium medium (Ni&I)

exhibited WFlike magnetosome phenotyp&ale bars: 500m.

Although no phenotypeegarding magnetosome formation (e.g. number or sinagsepbserved

upon deletion, a second site mutation in -fm&tants is rather uikiely since in the respective
mutants two independent genes were hit during transposon mutagenesis. Seleetion
suppressor mutation might be a possible explanation. Thus, the inactivation of the urease operon
might be harmful to cells, which consequgrghow growth deficiencies. However, a second
mutation in another gene might alleviate or revert the phenotypic effect of the already existing
mutation. In contrast to this hypothesis, no link between urea degradation and magnetosome
formation could be food so far.

Overall, the obtained data make it difficult to draw any conclusions howr#eoperon of

M. gryphiswaldensés involved in magnetosome formation. Since two independent genes in

theureaoperon were hit, a role in magnetosome biosynthesis could neither be confirmed nor
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excluded so far. Future followp experiments, such as investigations regarding the influence

of the pH during ureadependent growth on magnetosome biosynthesishareforerequired
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Manuscript 2: Identification and elimination of genomic regions
irrelevant for magnetosome biosynthesis by largecale deletion in

Magnetospirillum gryphiswaldens

Chapter Vdemonstratethat the RecAvased method using Galtobunterselection is suitable

for the efficient largescale mutagenesis M. gryphiswaldenséy analysing 24 deletions
covering about 16Kb of nonredundant genome content. By deletion and replacement of the
MAI and adjacent regions, it could be shown that a contiguous stretch okb tad be deleted

by allelic replacement. Thereby, 13 suc@alsand four nordeletable targets enabled the
identification of new boundaries of the MAI as well as further regions irrelevant for
magnetosome biosynthesis and cellular growth. It was also shown that the MAI can be
substituted by a compact magnetosompression cassette comprising solely all essential
biosynthetic gene clusters, but devoid of irrelevant or problematic gene content. Overall, 24
deletion mutantshowedthat the homologous recombination wghlK as selection marker
provides the most effient and powerful tool for genome manipulatioMngryphiswaldense

at the current state of knowledge, and cope with the aim of this thesis to improve genetic

manipulation.

Previously, two different techniques, a dog-based and an allelic replacementimoel based

on homologous recombination were developed for deletion mutagenkkighyphiswaldense
[87, 108, 104]. The Crelox-based method enabled deletions up to kih3while the RecA
based method using Galtbunterselection could be used for the sxtis of up to 2@&b [87,

103]. Further genetic techniques for largeale genome engineering of magnetic bacteria are
still limited. Thus, both methods were compared regarding shiibility for the deletion of
large genomic fragments inside and owtsile MAI of M. gryphiswaldenseExcluding time

for cloning, the Crdox based method proved to be more tiommsuming as the three
consecutive cycles of laborious conjugation, plate growth, clonal selection, screening, and
PCRyverification needed up to »siweeks, whereas excisions by doubtessovers were
typically obtained in only about three weeks. In addition, usingl&®ased methodpxP
nucleotides remain in the genomic target region asF& 0O O HG whNeFtbhdJ Miglic
replacement method rdsed in scarless deletions. Therefdtee RecA-based technique using
GalK-counterselectionwas identified asmost efficient for largescale mutagenesis in

M. gryphiswaldense
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Interestingly, occasionally false positive clones were frequently obtained during the deletion
process, in particular for difficult or essential targets. These clones did not lose their kanamycin
resistance and hence, were still harbouring the suicideorvethis phenomenon was
accompanied by inactivation of GalK and its lethal activity due to spontaneous IS insertions
into its respective gene allowing illegitimate recombination. However, this observation was not
surprising since such findings have alsermenade for theacBgene of entrapment vectors
during mutagenesis &. subtilisand others [41], and assisted to later identify the majority of
active mobile genetic elements M gryphiswaldens€lSMgr2 andtn-tandemy UsinggalK

as selection markedecreased the number of false positive clones observedalti

counterselection iM. gryphiswaldens§l42, 104].

Since the MAI is known for the genomic instability of its biosynthetic gene clusters, all key
magnetosome biosynthesis genes and a large region with no function in magnetosome
biosynthesis spanning ~kB could be eliminated and replaced by a compact antigtious

~38kb cassette comprising solely the essential biosynthetic gene clusters, but devoid of
LUUHOHYDQW RU SUREOHPDWLF JHQH FRQWHQW 'XULQJ WK
the largest deletion, i.e. a contiguous stretch of K0@as deleted, thereby defining new
boundaries of the MAI.

Next, the role of candidate genes with putative roles during magnetosome biosynthesis located
outside the MAIlwas assessedOne group of these candidates was recently retrieved by
genomewide transposn mutagenesis, in which a colony appearance deviant from the dark
brown color of the WT served as a proxy for impaired magnetosome biomineraliZz&@pn [
Another category was comprised of candidate genes, whose gene products were found to be
genuinely asociated with magnetosome particles purified from disrugtegryphiswaldense

cells [LOJ. Most interesting targets for mutagenesis were further selected based on their

conservation in othdvlagnetospirillaand/or a conspicuous genomic neighborhood.

Ten null mutants were generated for 23 gemkgh became suspicious because (i) they are
conserved in other MTB, (ii) have a genetic context with putative function in magnetosome
biosynthesis, (iii) the genes located in the neighborhood diitBnor gens were found by
proteomicsrespectivelyand/or (iv) Trhits or products were found to be associated with the
magnetosome membrane by proteomidsntified genes hd predicted functions related to the
TonB-system, cell wall biosynthesis as well as hypatlaét functions and putative
transmembrane proteins of respective genes with unknown funct®ose mutants

‘msrl_20490 "msrl_3091@3094Q and "msrl 30840 displayed a slightly reducedmég
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(<1) compared to W-evels with valuesof 12. However, TEM angbis revealedthe
formation ofmagnetosomes that were apparently indistinguishable from the WT with respect
to number, size, shape, and alignment in the mutamisrl_1787@1794Q "msrl_20490

“msrl 24180 "msrl_3091@3094Q "msrl_3357@&nd "'msrl_33770The observed reduced
CmagValue is likely due to subtle differences in cell shape and/or cell surface, rather than direct
effects on magnetosome biosynthesis. Putative candidates identified by proteomics might be
indeed involved in magnetosonb@synthesis, but their function might be only required in
conditions not tested in this study or can be substituted by other magnetosome pietains.
contrary to the hypothesis, none of candidates play an obvious or strong role in magnetosome

biosynthesis under the conditions tested.
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Manuscript3: 7TRZDUGV D puFKDVVLVY IRU EDFWHL
biosynthesis: genome streamlining dflagnetospirillum

gryphiswaldensdy multiple deletions

For a certain number of bacterimoderate genome reduction has been shovatréamline
metabolic pathwaysto enhancehe expression of recombinant proteins, the physiological
performance, and/or cell growfth12 419, 143]. In theresearch fiel®f magnetotactic bacteria,
M. gryphiswatlensehas emerged dahe mainmodel organism for magnetosome biosynthesis
and magnetosomebioproduction. The latter would benefit from a genestreamlined

M. gryphiswaldens@ost that enables stable higield magnetosome production.

In Chapter VI, the first approach for genome streamlining Mf gryphiswaldenseby
combination of multiple scarless deletions of fowmerlapping ~227,600p is described,

resulting in a strain wh a nearly 5.5% reduced genome content.

First, seven putative prophage regions were identified and a partial set of prophages as well as
putative capsid genes, integrases, excisionases and a recombinaseirgdneefe deleted
separately. Growth of all eletants was largely indistinguishable from the WT. Using
mitomycin C (MMC) that triggers the cellular SOS response and is known to induce prophages
to enter the lytic cycle, only tHe&in2 mutant proved to be less sensitive compared to WT and
could be regrown after MMGtreatment. These resulifffer from examples of prophage gene
deletion in other bacteria, which doubled growth yield6]lor improved growth and
transformation efficiency irC. glutamicum[117]. However,these resultare similarto the
observed increased robustness toward stre¥snatriegeng115]. Growth under nosstress
conditions indicated mostly neutral effectshh gryphiswaldensewhich is accompanied by
negative effects on cell fithess as described for the eliminatianypfic prophage genes in

E. coli [109].

Second, during routine genetic manipulation, two types of active mobile genetic elements each
with two variants SMgr2andtn-tandem$were identified ina pu -6V Udei®dh by usingusA

or galk as reporters irM. gryphiswaldenseThe first type is a bipartite insertion element
referred to asSMgr2 (ISMgrz-1, ISMgr2-2 andISMgr2-3) with 99.8% protein identity. Two
additional homologs ainpB, termed SMgr2-tnpB-hyp-1 andISMgr2-tnpB-hyp-2, with lower

protein identity (20.8%) were identified. The second type of active mobile elements is
represented by a transposon tandemrigndem present in the genome BE. gryphiswaldense
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in 19 identical (100% nt) copieb addition,one of the transposons2 alone is found in two
more identical single copiesSingle deletion mutants dSMgr2-1, ISMgrz2-2, ISMgr2-3,
ISMgr2-tnpB-hyp-1 and ISMgr2tnpB-hyp-2 displayed WTike growth and magnetosome

biosynthesis under lab growth and stress conditions.

Third, further Arge genomic regions irrelevant for cell growth under lab conditions and
magnetosome biosynthesssich asa putativepks(polyketide synthase) amtf (likely linked

to nitrogen fixation) cluster were identified and deleted.

Previously tested favourable neutral deletions were combined in sixteen subsequent rounds
of deletion. The final strain§TZ-16 (lacking ~3.49% of the WT genome) aditiZ-17 (lacking
~5.48%)were devoid ofelectedarge irrelevant gene clusters, mobile genetic elements, as well
as phageelated and native MAI genes, which were substituted by a compact cassette
comprising all key magnetosome biosynthetic genes. Both strains indicatditteAgFowth

and magnetosome gmtuction. However, when challenged with MMC, growth performance
proved to be less sensitive compared to the &hd both strains were-grown after MMGC

treatment due to the loss lwih2.

In the genome oM. gryphiswaldensabout 140 predicted mobile gemeélements, of which
38 reside within the MAI, were identifiesb far Interestingly, the MAI harbours one copy of
ISMgr2and four copies ain-tandemswhich were found to be the most active mobile genetic
elements inM. gryphiswaldenseThe stability ofthe MAI in the final strains was tested by
evaluating the stability of the reporter genesAand the magnetic phenotype, and furthermore
compared to the WTn fact,thegenetic stability of the magnetic phenotype seemed todre
robustcompared to the WT. This resutssemblebservations made iA. baylyi, in which
reduced mutation rates by deleting active mobile genetic elements were desddped [1

However, by genme sequencing in the final strain an additional copy of the active IS element
ISMgr2 was located on a negwenomic position in M. gryphiswaldensendicating recent
activity, i.e.transposition to a new location, during manipulatibmis is a known phenomenon

of active mobile genetic elements that is also found e.g., in geresneedE. coli [111],
making the deletion of all active mobile genetic elementsl.igryphiswaldenseven more
difficult.

In conclusion, this study represents the first prafeprinciple for the genomic streamlining of

magnetotactic bacteria, providing a library of genaeduced strains which might be used to
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generate further strains in different combioas to turnM. gryphiswaldenseto a chassis for

stable and higlyield production of magnetic nanopatrticles in the future
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CHAPTER III: Final Conclusion andFuture Perspectives

The aims of this thesis were (i) to identify further auxiliary determinants for magnetosome
biosynthesis outside the MAI, (ii) to establish an efficient method for{scgke engineering

and (iii) to provide and investigate a pramfprinciple approach for genome streamlining of

M. gryphiswaldenseFurther putative auxiliary genes for magnetosome biosynthesis were
identified. Although many of them were falsified, the results still suggest that the basis for
magnetosome biosynthesispgeepared by a more general metabolic network rather than by

specific single genes. An interesting candidate for future research might beediegperon,

which despite of ambiguous results has to be analysed in more detail.

In addition, in this thesis thirecA-based method using the Gatidunterselection system was
found to be the most efficient method Mr gryphiswaldenseHowever, it still has limitations;

for example, the allelic replacement technique is t{omesuming and the deletion of all
multiple copies of identified active mobile genetic elements as well agnttendemsis
currently not within a realistic range due to the numerous abundances and extensive sequence
similarity between individual copies and their persistent tendency to spread dernetic
manipulation. Therefore, development of more advanced gene editing technologies, like
CRISPR/Cashased methods [#4 or Multiplex AutomatedGenomicEngineering (MAGE)

[144 A52], might overcone the mentioned limitations for further studies on MTB as already
shown for other microorganisms likBtreptococcus pneumoniand E. coli [144]. For
example, such a method might be used in future approaches to delete multiple genes of active
mobile geneticelements liketn-tandems thereby improving the genetic stability of the

M. gryphiswaldensgenome.

Furthermore, ongoing IS activity was found in the course of genetic manipulation as an
unexpected copy of the active IS elemi&Kigr2was inserted into agwv genomic location by
transposition. However, genetic stability assays of the final strains also indicated that its
combinatory deletion enhances genetic stability. In addition, deletitmtber IJHQHWLF pMXQT
and the substitution of native magnetosarusters by a compact cassette might contribute to

an enhanced genetic stability.

In this thesis, | also document#ue first proofof-principle to construct a genorneduced
magnetotactistrain as microbial cell factory. Most deletions (putative proplganes, large

irrelevant gene clusters, MAI interspacing regions) were found to be neutral with respect to
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magnetosome biosynthesis and cell growth. Deletion of the recombinasein@seowed an

effect by a slightly improved resilience to mitomycin CNI@)-induced stress.

Genetic transfer of MAI genes to nomagnetic bacteria has only succeeded in two instances,
for R.rubrum and Magnetospirillumsp. 151, but failed for many other (closely) related
microorganism$90, 91]. Since the genetic manipulation techniques for magnetotactic bacteria
are still limited, it is of high interest to us& gryphiswaldensas a host for homologous and
heterologous magnetosome gene expression and-yi@lgh production of magnetic
nanopartles. In future approachesf engineeing genomereduced strains, it should be
focussed on the improvement of the genetic stability toMurgryphiswaldensento a stable,
high-yield magnetosome production strain. Therefore, identified active transpasabients
(ISMgr2 should be eliminated. Deletion tf-tandemswith high abundances and extensive
sequence similarity between multiple copies might also enhance genetic stability of the genome
in M. gryphiswaldenseTo this end, genetic manipulation te@jues should be improveas
already described~urthermore, the ~100lE UHJLRQ “O0 Rl 0%, JHQHYV DQG L\
and adjacent regions as well as theAB1L, should be deleted and replaced by a compact
cassette that contains all magnetosome gémexgby avoiding unnecessary genetic instability

of the MAI. In addition, it would be interesting to analyse whether the compact MAI cassette
is more stable at locations more distant from known active mobile genetic elements. Variations
in the mutation ras with greater instability at locations that are closer to active genetic

elements were e.g. measuredmabaylyi mutant [119].

Deletion of prophage genes or irrelevant gene clusters seems to be less important for a future
engineered strain, since theutral or positive effects might nbé relevant for reaching high

cell densities or for higlyield magnetosome production in a bioreactor under controlled
anaerobic conditionglowever, it might be interesting to analyse the effects of deleting further
prophage genes still residing in the genome of the respective final strains like the putative
prophage gersof P6.

In preliminary experiments performed in the final part of th&sis, conjugation experiments
of ahsdRnull mutantwere performedHsdR is part of a DNA restriction modification system
in M. gryphiswaldensePreliminary esults derived from conjugation experiments suggested
improved conjugation efficiencies upbsdR deletion compared to the WT. It might therefore
be promising to introduce this deletion as Marti@ezcia et al. (2014) described a strain that
tolerated acquired and replicated exogenous DNA by the complete deletion hddlRMS
genes irP. putida[113].
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Aside from deleting active mobile genetic elements, a higher genetic stability of the
M. gryphiswaldensgenomewas achieved by the additional deletion r@élcA as it has been
shown recently96]. However,recAdeletion resulted in decelerated cell\wgtio, which might

be overcome by introducing an inducilbéeA-system followed by the targeted deletion of the
endogenourecAin M. gryphiswaldensghereby allowing a strictly controlledcAexpression

as it has been shown B subtilis[152)].

For highyield magnetosome production, magnetosome biosynthesis genes might be
overexpressed by the insertion of two or three compact magnetosome biosynthesis cassettes,
comparable to approaches reported by LohR3e et al. (28d]6)The introduction of optimied,

stronger or inducible promotors might even enhance expression levels.

Interestingly, largescale genome reduction did not enhance cell growth gfyphiswaldense

It is unknown whether the selected genes were inappropridite wrong candidatede reach

a detectable resulBlternatively, the number of identified factors or their proportion of the
genome might not have been sufficient. Thagnetotactic bacteriuril. gryphiswaldense
could be genomeeduced by ~5.5%. In other bacteria much largersp@m to15% of the
genome) had to be eliminated féavourable effects [111, 112]. However, the risk of
detrimental effects on robust cell grongimultaneouslyincreasesaused bythe deletion of
genes withessentialfunctions. Generating a genonreduced strain withoutinfavourable
effects on cell growth is not trivial and has been shown e.g.Efooli [111, 153] and

C. glutamicum{112]. Further studies describe deletions of irrelevant gene clusters, transposable
elements anghagerelated genes resulting in enhanced cell growt8,[1119, 143]. The
genomestreamlinedM. gryphiswaldenselescribed in this thesis successfully copes with the
challenge to retain WAike growth despite its tremendous genome reduacfidhe aim to
engineem. gryphiswaldenséor improved, more robust, and stable growth will be subject of
future studies. However, obtained final strains did not show compromised cell growtlaas it w
observed for other genonrneduced strainslP9, 110, 112, 119] and hence, no essential genes

or genes with additive effects were eliminated during combinatory deletions.

Overall, the findings of this thesis will further contribute to domestication and-saaje
engineering oM. gryphiswaldensand other magnetotactic bacteria. Future expansion of this
work is in progress and might result in improved chassis strains maag turn

M. gryphiswaldensénto a versatile platform and microbial cell factory for synthetic biology

and magnetosome production
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