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ABSTRACT

The multiple independent emergences of mul i
olution on Earth, | eading to the complex 1|
ansition from a unicell ul aermaa mce sptooorr | tyo uan d
cause of the relative scarcity of multicell
the evolution of multicellularity has pred:¢
resol ve hiofwt anifcrccer lsailnaglid @ slul ti cel |l ul ar
ular differentiation of individual <cell s

known example of obligate multicellular
lul ar i fe stage, and-spesteadcgnewr taisa
el ves along Earthdés geomagnetic field usi
MBe have mremal mietdr ance t daculoni naetciess, ttahie
pl-enceapdrnuudent approaches capable of addr
pinnings ofA tber MMBti veemyclrescopy wor kf
species specific analysis of MMB mor phol
|l i shed by performing stable isotope pro
britoi gpenitfify speci es. Next, el ectron

asgcond mas s spectrometry (NanoSI MS)
man and NanoSI MS are becoming incre:
it

t

JO< —0T

o o
~—8Bo -

y of thesgieédhnggaes opaRamexmpeldo ae
addesi on to t hes ecameotnhiocdasl, abmionoor tahc
tion satcuduyw i tlye as wel | as variation o
rmaeareé,| snenm @qlgenomi cs was pelt bfwe mgal ddert ainl
i's of MMB metabdldicngiongsatpatsamtded | ioma
derstanding of the mechani sms underpinn
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CHAPTER ONE

| NTRODUCTI ON

A Ilshgnding question in evolutionacreyl Ibitool o
the complex mul it i eelrigwlnars mesr ggaomipsomse d( of many
t hat popul ate Earth today. Given that |ife or]
been an increase in size, complexity,marmdad) div
of ev¢Nut man et Tahlr.ou g2h0olu6t) much of evolutionar

by relatively simple microscopic organi sms. I

copgml ex multioelglhmi amsmaeobdbved, dramatically tr
eventually giving rise to intelligent i fe. T
compl exity of bi ol ogical orggnesmbon showmna
ancestor to the diverse |ife forms existing
evolved at |l east 25 ti(i@Ge®shergssg& Sheaddmaansn
t hat this pervodeustsi oinsarryotboan | eneck, such as ot

occurred only oncee.ign ewlkd rnitsogeirhe sgi Ip)iz et & enta r ( ,
the earliest evidence for the advent of mul ti
unt il approxi mately one billion years ago (Fi
red Bhggeomerrpha deruttitfeirdd el d, 2000Sofm@ebsomnmde
have suggested that tphleexivtoy uanddnmuwlft ibd ell lowli ar
the rise in oxygen i(nSchurmratemsed ehereds glaHFiag .t 20

hypot heses h@Bez dae netdralw.n, 2021)
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howi ng major geological and evolutionary evel
efers to the Neoproterozoic oxidation event.
ncestor and the | ast sgwikdriyamhigc gdFommdy aades
chai ble and used with permission from (Bozda

FigEvalution ofAPhiyfleogemeEacthree of l' i fe sho
bacteri al and archaeal phyl a and Eukaryotic s
on the main stem of the tree using colored ci
and/oonralcImul ticellularity are shown across the
i's not precisely scaled to show actual evol L
informative modalh. eModl fjedOfLB6pmw{ Hh per mi ssi ¢
names and tree topology have changed based on
these changes are not reflected i nBffThmel vaesi
S
r
a
S

The tempor al gap between the advent of I
mul ticellul ar mor photype rai ses many guestic
organi sms. Did it indeed take 2. 8 celairlsl it@mn ey®a
with relatively little restriction, as eviden

r e s unittiral gelection or a fortuitous outcome of pure chance? Why has organismal complexity
and size continued to increase antimave instead remained stagnant? And what are the minimum
physiological and morphological requirements for multicellularity to evoVel?e s ci ent i f
community has discussed these questions sinc
evol uti on 1 nqudsthb Bas renvaned, eniggmatic hsfther ces and/ or mec
driving the continued increase of complexity
under (dlCeodatzei , 2020; Heim et al . ,02230;17Wo |l HKatesn
2018)Whil e considerable work has been accompl
evolution of bi ol ogi cal compl exity and mul tic
modes thrbogmewdech

Hi storicall vy, research on the evolution of

eukaryot es, |l i kely due to the abundance I n ex
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Within the Eukaryotes there is an inherent p
making them ideal for studies focused on geno

mul ticellularity. However , tbeelcya uls.e9 ehuikiBleitydort eyse

et al, ,re9dd8nch focused on multicellularity al
billion years preceding the emergence of thes
eukaryotes, it is possibl e t hiatty bmcrtphadtay pend,
confident imieatobiia@latfi omsiolfs i n the rock reco

Staley]l ngoeay. of relying on the rock record
extant exampl arsi toyf wmutlhtiincebadawtt eri a and archa
mechaneé smqmsge(net i c, physiological, and mor phol
evol ves.

Thi s thesi s contributes to t he under st anc

bi ol ogi cal compl exity by investigating the oc
Bacteria, an area with | imitedeprixamprlese ar clt
mul ticellularity exist in bacteria (Fig, 1A),
in obligate multecebleiapglékitetyycbkeage). To d
t hat has beemifnouund otbd imgaitre mul ti cel l ul ar | i
bacteria (MMB). Because of the unique | ifecyc

this work to better understand the mecahmdi sms
mul ticellularity in Bacteria.
This chapter starts by introducing sever al

measur ed, il lTustrating how these theories can



complexity and the emergence of mul ticellul a
complexity are discussed in the context of ©ba
their multicellular | ifecytciles.offFoMUVB wii 1ggi e
the cultivation independent technigques wused t
remaining chapters in the thesis is given. To

the historykiamg @efurbiemltogihe¢al complexity and F

is explored in bacteria, specifically MMB.
l1Defining Complexity
Complexity is notoflLadymygndet falc.u,ltthZaubRhd e Md
it is often clearly recognizable to the obser:
di fferent than the way a sociologist defines
it As a resul t, c d nopglue xailt ymehaans na@d capst ewde | d  cac
meani ngs. The coll oqui al use of the term fico

regarding the degreedofudcftfieneamonayg parts. F

a breakfast recipe containing poached eggs, C
pepper, and-garatiins amalstwhol ebe more compl ex t he
antdoast. While the Acomplexo recipe calls for
those ingredients and the i mportance of the o

attempting to define compflexnd yi ti nheli ofl wlgi tal
definitions that only consider variety among
functMo®hea et &Bhis @O®4AR®R3 t hat our definition

recipe simply relies on the number of differe



Using this explicit definition of compl exi ty,
wisdom teeth or an appendix as |l ess compl ex
di fferentiated parts. The advantage eonfabl £isn gt
i nvestigation into the correlation between di"
wel | as the connection between components and

because exploring ctohmp |lreexli atyi eamslh if pu nlcd ti voenead it y
a coll oqui al complexity definition(Mb8heanker

Brandon, Th0OO)Xi ssertation adopts the use of a

that is the variety among parts within an org
di scussions. |t should be nootne ch otwh ati otl hoegriec ails
shoul d beNoddfienedcl ., 2018)

2Mechanisms for I ncreasing Complexit

The renowned natural astn@bharhessPhewi nosaw
for the good of each being, al | corporeal an
perf écDarowmi A, Tlh8i59)st at ement reflects the pers
compl exity during the following century, asse

is a prevailing( Gowuwlad,i tly9 6of; Edol wdji op9 @& pmpl e s

!There are many examples of organism t hat ha:
Dar wi nds simplistic t heory of progression t
continued this Iine of thinkingldugiercg etde log o |h
pur pose, aclonesitteoha oit ber Hamikent iB.t s(2004) . Te
explanation th&xpbadavibashi StgogeslbI 165pl an
Mc Shea, D. W-di(r2e0cit2e)d. sUWpspteerms : a new Bapdroogac h
& Phil,agopB#H.
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evol uvet.igpnpgrasites and symbionts), this idea

during its evolution appears to hold true, as
size and complexity, as welle adhedi comsiitdyerama
organi sms. Expanding organi smal size by incre;
diversity of cell types and, consequently, ul
an expaspeochenfiCaveositSc2@hl) sts have recogn
connections between complexity, diversity, an
to describe this trend. The following three s

been wused et o hdeespcorsi ti ve trend regarding biolc

are intended as a primer for theoretical thin
thesi s.
2.1 Copebdés Rule and Doll obds Law

Over the past ~3.8 billion years of evol ut
organism has increased by approximately 18 or
under Copebds Rul e, an observatciyonofmaarei manl tghre

evolve toward I(Lrogper, MBI, c &D pehe eleBadsde) i n s :

mprabed ity to capture prey and/ or evade prec
enhanced ienersg aeatnBiarsh)e(@ 8 )l t i's now understood
complexity is associated with increases i n si z
of mul t i(cBdnrudra,r i2004; Heim et lalterp2@itati baos$s
Rul e have posited that i ncreases in mean and

passive stochRtsanliceyyvdhliBmh3I)eacransendiypothesi s
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di ffusive evolutionary process, suggesting th
absolute minimum si ze. I n other words, there
undefined ceiling.

Complexity

é <— Molecular abiotic origin

Evolution

Fig. 2. Simplistic dedil otbison awf. @Cd e ds ngult e e
regards to complexity would show an increase
abiotic matter to single cells and eventually
Copebsritinlee moFe, it is highly i mepvroolbvaeb |teo tthhaet
same state earlier in its evolution, Bsneutl.i
Figure made by G. A. Schaible.

Life has evolved to fild]l every availabl e n
of mini mum size to allow enough gene(tKncoldnd |

1999 )Het mh oaulnnd t hat when @o.rgs ivderruisnegs ,o rpgraonkiasrnyso



wi t h
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no hierarchical grouping, both size and

(Heim et. allhi,s 2wolu7l1)d | end credence to the idea

as Stanley had postul at ed. However, consi der.i
been hierarchically grouped by domaumniosifzer ad
respect(#Hei mr etu,pailndi 2adtli7ng t hat within group:
di stributiomplefixidgiyze Kmmdlcand Bambach argued
Size happens in fAimegatrajectorieso, a similar
and Szathmary, where I|ife takes a |sirtgieonrdiermgp ti
the next hi(eKmaolclhi & aBarmkkeareh, 2000.; Tongietthhe& ,Sz
anal yses suggest that evolutionary innovati on:
di stinct from those arcbioati hgvel shi hhexes$or
when comparing complexity across all domai ns

Another natur al | aw that was postul ated in
irreve(rB3ddlblid,i tly893; D&lludbds I1&wW,0)as interpreted
traits-evaoniwvet breeause the genes underlying the
of stabilizing selection) that ar e veevroyl wtniloink e
has been used to describe the species diversi
direcyi owfaliincreased comBlFenrnksy &i nWHewe )V e 11i98r8

phyl ogenetic studies have shown that exceptior

regain compCell if @ea& uMiegHii gghtltiag h t2i0r0gB )t he | i mi t €

as

t

o how complexity is evolved.
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't i s important to emphasize that the #Al aw
sical |l aws, but deocdieptipvebadmneén alyi tatait ond:
ularities. Literature dipdexsdgiyn@ntdhenue \t o lcel

oke both Copedés Rule and Doll ods Law as a

systems. Confounding factors that are typical

ar e

| os

parasitesWhead aymbrgabhssm maintains a par.
e genomic complexity over time, resulting
a loss (€fruifakhshamhkhs & PFlastienrgs otnhe 29@Pe&gi al i z
| ogical complexity as outlined in section
organi smevbohait ngreorbéerbess complex with a
ying boatke GQope®o |l Roght saw.owTlias |lyi dHhleior i e s
ome antiquated but stil]l provide some util

erstood, such as biological compl exity.

Entropy as a Vehicle for Biological Compl

Il n an attempt to |ink universal physical ([
been adopted to explain(Bhmheokanc& eWisTelesg ,n 1
ond | aw of thermodynamics can be described
colder regions of matter, resulting in a de
the system. I n estkaceki,semdernpyf id @y sneam utr
rgpaviasi | dbl wot &. The propensity of physical
order, or increased complexity, i's the phert

ount for the complexity observed in biolog
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| n hi sWheasts aips {i11i9f487% , Erwin Schr°dinger u s
application of physical |l aws to biological sy

explain the universe (caomhrPedi nmngedr 2 di9f®&scr sbée

potenti al conflict between the second | aw and
uni verse tends t oiwacrdesa skeinstaroder, andl agi cal S
greater dedrdermssemd rao gy shddsesdgdgested that | ivin
on increasing the entropy of their | ocal surr

by circumventing the violation of the second
evol uti otno abpee eapeesin, a characteristic -snystecmapt
thermodynamic models, making it difficult to

Anot her topic Schr°dinger discussed was en
Shannondés entropy of Sitdammmnpondi 9w&p orumatdi otho ¢
evolution of heritable molecular information

advocate their theory of entropy as( Ba odorkisv e&

Wiley, The8&uthors | inked entropy to the tran
suggested that evolutionary changes involve i
ficohesiOvemrenphhasi ziomganhatti o &l organi sms i s

freergeyn. The term cohesiveness was used to ref
within a biological entity, particularly a sp
di verse members of a speci exncieptmioXe d odcwersii ogm
transmission of genetic materi al and how it i

authors highlight the inverse coupling of <cohe
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emphasi zing the role of organization in reduc
chall enges arise in defining the distinctior
addressing the i mpact of exttemremas$ hdratcd owmisn g sn
physical | aws and the underlying Al awso of bi

2.3 The Zero Force Evolutionary Law

The | ast theory to be discussed regarding t
Force Evolutionary Law (ZFEL). The ZFEL was i
shortcomings in the applicatiomsafl & mtwr opy atra

evolution of bi(oMcoSghiecaa | & cBrmgpni ceaxni,t y2 0.1 0St aMceSih €

succinctly, the ZFEL says that:

Aln any evolutionary system in which there
of natural selection, other forces, and co
diversity and complexity wil/| i ncrease on
This theory can be I|Iikened to Newtons first |
force, the expectation is that biological di v

t hat di ver si tmu ganncd ecacsmep | eoxnittgyn d @t y bh dntelr et 0 si @
t hough this can easily be overcome by selecti
or biological). However, a tendency iIs not a
observat i oenvsi,dernecgeuitroi nsgupport the model

The evidence McShea and Brandon provided t
in genomic diversity and complexity throughol
nucl eotide positions not under uwretl eccft itohne wiege

of the géeNMeBheac&dBr armrdion,he20nb0)e, they.argue
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nofuncti onal genes) wi || accumul ate mutati ons
organism. This passive accumul ation of mutat.
as a random wal k, a stochastitherocegsnalhase

nt er eisnt ismgldigclo ng of these random wa(l MsSheas ul t
et al, ,se2midlbBar to the uni modal di stribution

epaf dleed et, atlthqtuigeO Ic7o)r r el at iscamudhasd . nohilbeen

(7))

of fers an intriguing theory that could expl a
di fficult to prove due to the constant select

sfeilsho replication and survival of any gene ¢

St

making it difficult to divorce natufr@dwkierd ,ct
2016)Nonet heless, the ZFElhnofthfeers tdhemulble Byuppto

as research on biological compl exity continue

2.4 Section Summary

Scientists have gone as far to call the wun
bi ol ogi cal complexf{fAdgami Magwedihpami skemotho t he
experiment by James Clerk Maxwell purporting
can control t he moKremtetn,t TIOi1slMmo Ise canl easppr opr i a
theories using entropy to explain diversity
scientifiBrookeratWwrledy,86198&;nnCamlglsi ert, al . , 2
2022)Whil e entropy has been suggested as a veh
difficult to justify an,ei.dicycracger /i mommltexiptyy )o"

of t hat system ideeectddgaai zatieonhr obg oZEEBDbi ams n



circumyv
advocat
simply
di fferi
selecti
system.

process

14
ent this by proposing a bMoobdgiaodl Kbaw
e that at a genetic | evel, evolution i

bl ind randomnes(sKodorniivne n 20yl 1n aRMusmeold es el

ng opinions, i tiwhedanrhsert sato crhoa sitnidci veivdeun:
on, or fiicrmafno rimadtei poenn dsemarliyngdr i ve an i nc
Onl yalbly tcloense dfeac¢thgrs coll ectively cal

es working in tandem to produce the ob

3Measuring Biological Compl exity

I n biology there are three major componeni

compl ex

base pa

ity. The first iIis the geroimet awhmneimbem

irs), the number of codindgBaudrnes 2@r2ds e

& Marti.n, TRed 10gdcond is (ultra)structure, whicl
structures involved in the compartmentalizat:i
endosynmXKioomti n, R 0RO;MakymovThe20tl7i)r d i s t he
mul ticellularity, a trait i ndicative of i ncr e
speciali zat i toynpBoul IS, p e2c0i2f0i;c Heeilb et al ., 2017;
Ni kl as & Newnwhni,| e20t1h3e) t hreempleeet e dppeae, t e
with its own set of confounding factors that

t hrough

the same | ens. Each of these |l evels a
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3.1 Genome Complexity

Comparative genomics has revealed that the
from bacteria and archaea to that of eukaryot
by an increase in gene number ,i nppd o@NAyntl reovres ) . .
For this reason, the genome is often used as a
(Lane & Martin, 201Whilynaeauch2@@®,, b2002)ar ned

of complexity throughniotsigne@nemeortriee ati on be

given organism and its perceivédi tbmpihedasyi v
a genome that 1s five ti(de sanilnaregeuraltihsa 2 0thlgg dhe
be |l ess complex due to gene dupli-catuenpaiadsx
wherealCue is a term used to -deplcird dteed hlea prlacis

(Greil huber FurtaHer, m&2r0,5)t he sl aregned gteon ohnaevse oaf |
bi ol ogi cal i nformation density than the genom
bacteria and archaea to be béKbenisastreadmil)ned

Due to the variability of information dens.i
be used alone to determine the | evel of an o
using bioenergetics to calcul ademebmpbéxkxictyab
organism. They hypothesized that eukaryotes a
to the pnidoedfoeavdbfiah provide sufficient energ)

cell (mase & Martlinn,a 2r0elsOponse to this hypot he

2The authors do not di scuss mitochondria free
Karnkowska, A., Vacek, V., Zub§| ov§, Z., Trei
G8§rskl, V., Barlow, L. D., & Hmirtmamhormdr iKal (@0
Current Biol elg2y84.26(10) , 1274
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proposed that mi tochondria are not essenti al
examples of bacteria that exhibit a greater e
(Chiyomaru & Takleemoits, | i2l010y) t hat as our kno

i ncreases, we wi || better understand the rel at

3.2 SUduactaygr e

The definition of complexity given in secti
to the variety among parts within an organisrt
ultrastructure of a cell can orge@mlsmuchndabdeod,
the ultrastmadt urae chrd €alnmort+-8 0 Otea mpthat @IO-0&Ykar
100 OM@nder son reetveall .s, a20d0r7a)stic difference i

intrinsic t ofdicfofmgidlueknetir tyhpetveesl scont ai n compl ex

includes a nucl eus, endoplasmic reticul um, G
bacteria and archaea typically have a fAsimpl e
as indlousicmmrson or inorganic molecule storage

bacteria and archaea ar e -eonrcgl aonsiesdmsn utchlaeto i a@do n(t
candi dat e phyl um Atribacteria)l| anchteompceteés u
anammoXxOo0So0me (used for anaerobi c ammoni um
chemolithoautotrophic bacteria), me mbr ane b ¢
( membrane bound | ipid bilayer thattagnGrpainnt f e
et al ., 2018 ;WhKaltea ybaantat,e r2i0al 99nd ar chaea have
simple organi sms, research has sho¢@Bneemhmieyg n&

Lithgow, ba@2@&@) so the existencesofomawhi cint ehae
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yet k(nDoowrmr o et d@Iltrag20ddgetur al actin and other
found in Asgard archaea, the archaeal phyl a
increasing I mportance of studying {({Redei easu
Oliveira .etCoalt.i nuz@23)esearch regarding the ul

surely increase our understanding of how comp

3.3 Multicellularity

The evolution of multicellularity is considered to be one of the most frequent major
transitions due to the wide range of ecological conditieng, (environmental stress, predation,
competitive overgrowth, etc.) that can favor its selective advarftaigey, 2014; Tong et al.,

2022) A multicellular organism can be described as a group of cells that cooperate for a benefit
that is not achievable as a single cell, increasing the fitness of the entire organism (Queller &
Strassmann, 2009). Defining characteristics of multicellularrosgas includes the following: (1)

built from several or many cells of the same species, (2) specific shape and organization in
combination with synchronized growth among cells, (3) lack of individual cell autonomy or
competition between cells, (4) displafycell-to-cell signaling and coordinated response to external
stimuli, and (5) presence of different cell types that engage in cellular cooperation by metabolic
differentiation(Kaiser, 1986; Kaiser, 2001; Niklas & Newman, 2013; Shapiro, 1988, 1998)
multicellular organism is able to dedicate entire cells to specialized tasks whereas single celled
organisms are only able to divide labor into internal cellular compartments or temporarily in
biofilms (Cooper et al., 2022; Grosberg & Strathmann, 208Ihough multicellularity appears

to confer increased fitness to organisms, not all organisms become multicellular, suggesting that
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this lifestyle evolves through pure chance and/or necessity. The underpinnings mechanisms for the

evolution of multicellularity are still being explored.

4Multicellularity in Bacteri a

Mul ticellularity has traditional ({ Wolbpernt ,t
20Q02)as their members constitute the most abu
Eukaryotic model systems for the evo(Bnrumet of
& King, R@@gavhan egtanad(.Hhdrgr@oen3 )et Walt h, a20 a9 pe
of research focused on eukaryotic multicellu
evolution of mul tmeeBbhaot ari ayand Aheha®oanai Cur
geol ogi cal evidence to support the existence

eukaryotic multicellularidfyon lhidadae r tenifdyurienbgi nalp

fossils in the rock record (Slotznick et al .,
are stromatolites of cyanobacteria (All wood e
billion year s (Fig. l1BuggeSsttréndma ealrili @est hawea
mul ticellularity based on phylogenetic studi ¢
filamentous morphology to their existence in

et al., 2013). Hewewvatjngkens$ angumenpremi se t|
a multicellular drhgpapntissmpni aeraasbmpembnaced,

make up a brieogfumiding idcoe Inloutl ar i ty as arfGrionstbeegrrga |
& Strat hmann, 2007; RegenberAgdcaeitt iadngl 12y0,16i;t T
species consortia to be classified as multice

Fossilized cyanobacteria from the MesopDoter o
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cel | di fferentiation (Golubic et al ., 1995, :
(Ni kl as & Newman, 2013) . This has been wused
evolved first i n Bacteria (vLoylonntsi o&n aKK ol taenrd, n2e
underpinnings of bacterial multicellularity r

Because of the inherent difficulty of stud)
geol ogic time, most researRyh dtowdiysiersg omu letxit aelt
that are present on Earth today, researchers
of the organismbés multicellular phenotype. Th
bacteri a, whecHiilamentdees qopbnanehac)cer mmaodeliica
forming aet Gnpteynyecse ) coswiacmi ogemplyasbaotceunuisa
xanb) husseHdtoinnge tcearb lee. bl seccttesrq@tad) r,§ xand consortia
magnetotactic( @Glazeesemrma &tMMBI) . , 201 4; Geerling
The multicellul ar l i fecycles of these organi
exhibit the characteristics of multicellul ari
state at some point i n yt hehier olnilfye kcnyocwne .b aMMBe r
has never been observed as individual Abekls,
et al , 201 3; C. N. Keim et al ., 2004b; Qi an e
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Fig. 3. Mul ticell ul ar ABifcefciylcrhse droea codammecrmrlieyn

mul ticellular organisms, although multicell ul:
forming t he biofi |l m. Bi of il ms wi || produce

polysacchari deNMA tpa omeaiimtsai mntdhBhenud tarceh d atl e
Anabasempa grows as a chain and will form heter
i n environments wahtea ei sClmeniXcerdi.oPthmae i tesopipyuane s

wi || grow |l ong vegetative filaments, also ref
envirob®,meartr mi ngMexdd xaauwsiulsl predate on prey

starvation, undergo programed cell death (PCD
fruiting structure fEGhet ta bd bl ddacat pempepnhir mcoa N sgoroa
in filaments of cells up tohwenti mgt erlscitm ol
nanowires that run the entire |l ength to allc
reducti on. Currently, it is unknown if cabl e
denoted by theFMatdtgoaeblLubar mmagnet otactic ba
known bacterium that mai ntains multicellul ari
organism is the focus ofFitghue ewormaldeprbgs &nt &d IS

5Mul ti cMalglnueltaort acti ¢ Bacteri a

MMB were first discovered by Bl akemore and

1982 but this discovery wastnaanhneofa@mlsmai bkedl

the wultrastructure of MMB found in the Rodri
(Esqui vel et al ., .Tih®e8 3MMBF aursierda ient tali.s, plr DY FR)ct
Si ppewi ssett Salt March (LSSM), | ocahedei has$ h
been no consensus I hetheptoperaterdesiegaadi ol

organi sm, wi t h s e vmagnatdtactic multiceiularuaggeedaigsring dt al.a s
1983) manycelled magnetotactic prokaryot@@odgers et al., 1990ulticellular magnetotactic
prokaryoteqGreenberg et al., 2005nagnetotactic multicellular organisrfiS. N. Keim et al.,
2004) and multicellular magnetotactic bacte(i@hapiro et al., 2011)We adopt the use of
multicellular magnetotactic bacteria (MMB) as this phrase most accurately éssttr@organism

with specific terminology, instead of the more colloquial terms that have historically been used.



FigThd. MMB used in this project are found 1in
ocated in the st afAGr ooufn dVavsiseawc houf Bétrht e )sathfpN ¢ nqg

I

a magnetic enrichment of MMB from LSSM sedi m
indicates the small mass (~50 OL) of MMB that
after approxi mat el yC®Hed inmmenrutt essu roffa eer ra fc hareemp|. e
in abundance in t maDA i2r8stc nb scend iome ntth ec osreed ifrmeo m
the stratification of sediment | ayers. MMB ar
the core

MMB grow as symnedaiiecsal ¢ ormrd argtl-8Bc& ¢ e mb ® s end

Desul fobacterota (f otrtmeetr | ayr rDeerl g ea ptr lod modlawcd s rii r
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ming a spherical or oblong shapeDZHrAdurd an
al ., 2013; Chen et Thlis, az@15%ullaeawvoétumael .i,s
communi cation and metabolite exchange bet

ot hesi s has( Acberveeur elte ean .t,e s2t0e0d7; Abreu et al
gers et al ., 1.99Dhe Zhioae ,ets haap.e, 2a0nld3)n u mb

sortium vaffesedtur shggebkbeod their proposed

reu et al., 2007; C. N. .Kekian hetcedll. ,wi220a 4b ;e
gell ated and MMB swim in a helical i ke mc
mei da et al ., 20.13MMBC.ha\Ww.e Keeaem eabsadr.v,e & 0tOC
their motility within fractions of a secor

ably ma(gAlemdicdd ietl dasl 20Q2PD13; Keim et al .,
A hall mar k of magnetotactic bacteria, such
stals, typicall ysOj nantdbof ¢Sp me mtpnicnepg@B @it teal

icle called t heAlmaaginkd oestonmel .(,Fixygd1l13IHE)Bazyl i

al ., 2015; Rodgers et al ., .19Mag n eTteonsgo meets
ponsible for the ability of MMB to sense ar
henomenon t er mealg matgmsed md sa xarse adallhiegned i nto
ng the cell as al iRlcempassteine(dkaemaviblyia,a cMAC

amak et dhis 206&838)es a magnetic dipodg.e th

MMB ) to passively align a( Ringh é&rad,tMaly7etnNa ¢ @ & ti |

t ho

ught to allow magnendt abteimscebaetset ioaopd i ma
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Fig.Th®. morphol ogi cal ultrastructurA Carntdo onma g n
depiction of MMB showing the single | ayer of ¢
features, such as magnetosomes and storage gr
consomBtSicmm.ni ng el ectron microscopy i mage of

organi zation of ceCBachkstaimnenr hel eomsomnt muor o
the organization of bsomhnéealdiozesd gqgui éihgint @ hi
consorDtCWSM™M i mage of three MMB consorlt-i a the
azidohomoal anine to reveal the peptidoglycan
acellular center (dar k BA eda awirtahm ns hMMA nign tlhoew
of magnetosome forMdBtli-On.amMam @crouiet ed o t he

i nvagination occur s, eventually formingt a | ip
bi omineralization of ferromagnetic mineral s.
MamK functions as a structur al protein that

magnetic dipole that passivel yetoira efnitesl d.h eMavwiv
an anchor protein, although MMB from LSSM do
chapter 4. All cartoon figures made by G. A.
water column, a paeorcesBx dmxkeaeledha@yMlelt oty of M
towards a magnetic pole can be used to physic
particularly important as thepy%arandnchaoawotb:
cultured (iMarthes,| aB009; Si mmohbke &b iEdmiamarsg | i
magnetite and greigite by magnetotactic bacte
wel | as a fossil bi dawmgsAkauj boetl|l afe,debDé&é&ti Da
al ., 2020; Wang et al ., 2020)

MMB are not a mere transient aggregation
symmetrically organi zed consortium that unde
mai ntaining their (mMAabrewedtl udlar, 02@hs; z@.t N.o nKg
al .,. 2DdR2i)ng the replication process, i ndi vid
size before the entire consorti UmMbdiewi ckdas ailnt,

C. N. Keim et al ., 20®hb;a Giiaang |l et MaMB. ,ce2 0 2 1)s
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consortium it | oses itsAbmembredaneali.nt e2g0rOi6t;y Lal
Rodger s et Aanlal,y sle%9 00)f MMB met agenomes has sh
genus |l evel populations of MMB in the LSSM (Fi
via nedamgfttiwl 16S r RNA c(l Sosinmremognesn e& sEedgweael mbesit,n g2r0ad|7
data generated in this thesis has shown the e
detailed analysisvefedhfer ommatae@&MoMedB amd ot he t
for the species discovered i s prhavg ndeetdo gil o b at
mul ticelsl alhar ibest studied MMB with genomic an
multicellular | ifecydbeeanetcall yl 201dr,g&niNz a:
et al .M. 2nul #t)iicse ltlhuel acrliossest rel ative to the m

in LSSM (Fig. 6).

Toget her, t hese observations i mpl vy t hat
magnetosomes, a bacterial organell e, and wunde
Within Bacteri a, facultative mul ti ceolblluilgaartiet y

mul ticellu(Brshegr (&i Re YyKB dfer thg only @opattighity to study

obligate multicellularity within the bacteria. Furthermonma gnet ot ogsiflosss(i | i z
bi omi nerali z&€g magin eotri:Sgea Hidoweteen (iFdeent i fi ed as
identify microbEeSl| athznihek rotmpadalyieco2@23) anal ys
provide valuable insights in the evolution of
i mportance as it is difficul t( Stoalueya,mbii SgouBau < i
to their unique | ifecycle and wultrastructure,

| evel as compared to all other preokampdttexseadtm
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830555 MMF LSSM 1440 bp
DQB30705 MMP LSSM 1443 bp
DQA20708 MMP LSSM 1508 bp
DQE30T02 MMP LSSM 1463 bp
DQA30703 MMP LSSM 1484 bp
DE30583 MR LSSM 1481 bp
DQA30T03 MMP LSSM 1461 bp
DQA30TH1 MMP LSSM 1487 bp
" | | 2200024501 1535 bp @
3300034438 1584 bpg
2300034435 1584 bpl@)
L DQB308E6 MMP LSSM 1431 bp
=1 DQE30E8H MMP LSSM 1477 bp
(—Ga0272440_1007324 1568 bp
== - DQE3DETI MMF LSSM 1485 bp.

DQB0GTS MMP LSSM 1491 bp
DQA305E0 MMP LSSM 1484 bp
DQE3068T MMP LSSM 1487 bp
DQE30ST4 MMP LSSM 1441 bp
DQE30ETT MMP LSSM 1460 bp
3300034498 1384 bp @

DQE0653 MMF LSSH 1442 bp
DQE30634 MMP LSSM 1442 bp
DOEI06ST MMP LSSH 1483 bp

GUTB4524 Saiton Sea 1528 bp
3300034503 1479 hp.

3300024505 1275 bp @

DQ630700 MMF LSSM 1488 bp
= 21 casoses wee LSS 1Sz b
DQE20704 MMP LSSM 1476 bp
5 DQA20555 MMP LSSM 1444 bp
3300034454 1413 bp @y

DQB3ETS MMF LSSM 1450 bp
;‘_’7— MMP 1991 LOB45T 1291 bp
3300034500 1564 bp @

o | MHO12262 Mediigmangan ssdiment 1525 bp
Q630701 MMP LSSM 1502 bp

KY521895 Coral Reef 1525 bp

KY521858 Coral Resf 1525 bp

Ga. Magnetoglobus mutioellutaris EFO14728 1520 bp

KYS21897 Coral Resf 1522 bp

HOA5TT3T Yallow Sea MMP 1543 bp

=2 - Ca. Magnatomorum sp. HK-1 1508431 1587 bp

Ca. Magnatomorum sp, KF435702 1525 bp

630650 MMP LSSM 1421 bp

DOS0656 MMP LSSM 1507 bp

DORAETE MMP LSSM 1485 bp

Q630670 MM LSSM 1448 bp

DQS30685 MMP LSSM 1431 bp

DQS0671 MMP LSSM 1415 bp

DQBI0672 MMP LSSM 1440 bp
DQE305E2 MMP LSSM 1441 bp
DQ6306TE MMP LSSM 1443 bp.
DQE30706 MMP LSSM 1486 bp
D2I0553 UMF LESH 1455 bp
Q30585 MMP LESM 1275 bp
KYS21888 Coral Reef 1522 bp
KY921889 Coral Reef 1525 bp
Ga. Magnatomarum itorsle EUT1TER! North Sea 1521 bp
3300034504 1535 bp @
DQA30707 MMP LSSM 1438 bp GTOI.IP 3
3300034488 527 b @

=

100

DOAI0552 MMP LSSM 1402 bp Group 2

up 1

MHD12385 ‘sediment 1518 bp

- MHD13285 Mediterranean sediment 1523 bp
MHD13357 Mediterranean sediment 1523 bp

[ GUT32828 tMMF 1527 bp

GUT3ZB21 nMMP 1527 bp

GUT32825 nMMF 1527 bp
GUT32822 nMMP 1527 bp
BUT32823 nkMP 1527 bp
[ GUT32824 nMMP 1528 bp
L GUT32827 nMMF 1527 bp
Ga. Magnetananas sp. KTT22334 1524 bp
Ga. Magnetananas rongohenensis KF325363 1524 bp
= = MHO12281 Maditeranaan sediment 1524 bp
=7 | MHD13290 Mediterranean sediment 1525 bp

g

=

= L =
= .

KYTT8004 Mediterranean 1481 bp
—&r — KYT78003 Mediteranean 1442 bp

0
14 [[— MHO12383 Mediteranesn ssdiment 1524 bp

i KYT78001 Mediteranean 1433 bp

DQE30891 MMP LSSM 1488 bp
.

GalZT2440_1017275 1239 bp
DQA308E1 MMP LSSM 1430 bp
DQB307T10 MMP LSSM 1498 bp
ONOOTOZ3 MMP 1548 bp
-Gal272440_1017010 1452 bp

DQB20712 MMP LSSM 1504 bp
DQE20559 MMP LSSM 1488 bp

DQEI0684 MMF LSSM 1487 bp

M34407 1527 bp

7738 1523 bp

s KTT22335 1436 bp

KYTTB005. 1475 bp

Group 4

Group 5

Ca. Dy

s BIN-1 INZ52134 1523 bp
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FigPhgl ogenetic anal ysauild ofengdgMB UHISng RiNAamgene
to name) recovered from LSSM MMB (denoted wit
Tree reconstructed using maxi mum | e#detshongd5t

replicates. Bootstrap values aboet. 80u bamiet tsehd.
l'ifecycl e. Preliminary cabDesidlaftowinlsr ucsadegst o kel
relative to MMB (Fig. 7) shows that, dependir
MMB may operate at a high energetic | evel

bi oenergetics in regard to th&kadybfesemna efu

(Chiyomaru & Takemoto, .2MMB; magner&sMartt ian,un2
to addr ess theoretical utgiucerst odénsbioéogoagi diahg

mul ticellularity in extant organisms and thos

6 Cul tiinrdependent Methods to Study Bi ol of¢

There is |little known about the physiology
years ago, they remain recalcitrant to cultiwv
been (makdreeu etToalov,er2c0lme) t hi s | i mi-itnad d poenn d ewnet

met hods to analyzeel he | EMBd oajuFsheg sda fB ytl. ee e xi st
species of MMB in LSSM and the fragile struc
workflow to analyze threi puagsa,ni aiml awwiimg wvevVvEeoO
specific chemistry and( Sdhaiablte uetTheét gehd &R B ¥
MMB was explored by separati nagctsiivnagtleed ccoen slo rst:
performing multiple displacement amplificatio
Subsequent shotgun metiamesbdbmgte wassarstidum og

genome from a single MMB that is representat:.
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*
° *
4 [
.
° ; Cell Type
N ° | 1-MMB
54 °® ': (] 10-MMB
g,) 2 8, ¢ A 50-MMB
] ¢ . 100-MMB
° ° ¥ Prochloron sp.
§_ 2+ ¥ Paramecium caudatum
\-e/ ¥ Acholeplasma laidlawii
8 9 . Prokaryote
Eukaryote
0
-2
2 0 2 4 6 8
logyo (cell mass)
Fi gCompari son of energetic measures between pr
for prokaryotes and eukar ydCthd sy owmarmr e &s eld k fe mo n
The wmpesi fic médtalelsiudvvdma i «c@adchfsf or cal cul ati on
rate as the metabolic ratb. fdesvMiMBuasckase ente¢
of MMB. The power per genome verses cel/l mas s
where the consortcelm sads5@icdlers]l ocel10010el | s
was t he Abcahcotleerpiluans, maw hliacihd Ibeewioing t o the Mol l i ct
for having the small est genome sizes autonoi
Prochloranuspcell ul ar oxygenic photosynthetic
t hat eventually formed the chloroplast in phot
power perPgramenei umspacadasumf unicékbkdl an pao
and smal l eukaryotes. Cal cul ations show that

based on observatioftead &MMB afcael]lls2 daubidpveer st h e
prokaryotic cell s.
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genomes were then annotated, and the metabolii
made regarding potential carbon and energy su
to design ifnl ubytesiceinza®ti on (FI SH) probes for
popul ations inhabiting thgeuisaenp | stnagblse ties @att o ¢
was used in conjunction withl &Bb8Hetdosekper ame
fogpeci fic popul atieonisncofr pdMMBt i Gwubwasatstudi e
spectroscopy {SRamanypeaomaddmaarnyoi on mass spectro
bi oorthoganahi maln amino acid tagging ( BONCAT

mi croscopy (CLSWM@stwieg &t alstelde tmr othei n synthesi

MMB. Together, these techniques enabled us to

and all ow for single cell resolution of the m
70verview of Following Chapters

The following chapters in this thesis are ¢

i ndepdmedeimti ques and the methodol ogies for t

investigation of MMB and finally a conclusio
outlines published work regarding thMMB.orrel
Because of the existence of sever al genera an

have similar mRamN@mho§yMSawet EHI ow was used, i
el ectron microscopy (SEM), bad keredartgtpyeerrr seyveec tXr
spectroscopy (EDS) to all ow for species speci

inves{(iSghbanetl e. e€Chapter 292@i)scusses a benchmal
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Stable isotope probing (SIP): The incorporation
of isotopically labeled molecules into cell
biomass can be informative to the activity and
metabolic requirements of microbes. Heavier
isotopes can be measured using Raman (bond
vibration) and/or NanoSIMS (elemental mass).

Probe

Fluorescent dye

L |

Target (rRNA)

e — @

Fluorescence in situ hybridization (FISH):
Oligonucleotides with a covalently bound
fluorescent molecule can be hybridized to
specific complementary nucleic acid sequences
(e.g. TRNA) within a cell, allowing for specific
taxonomic species to be identified in a mixed
sample. Visualization is done using a
fluorescence microscope.

)\Iaser

VAVAVAVee

Stokes Raman

P scattering
o V>

Raman microspectroscopy (Raman): A non-
destructive chemical analysis that provides
detailed information about chemical composition
of a sample by the interaction of light with the

e

([ . o . .

\ |

(5 \ﬂufu g chemical bonds within that sample. LLght tha‘F is
scattered at a greater wavelength than incoming
light is called Raman scattering and is measured
by a sensitive spectrometer.

Primary ion source Mass Spec. Nano-scale secondary ion mass spectrometry

(NanoSIMS): Used to acquire nanoscale
resolution (50 nm) measurements of the
elemental and isotopic composition within a
sample. A primary beam of ions (O or Cs”) is
rastered across the sample and measurements of
the ejected secondary ions are made at each point
using a mass spectrometer, producing an
elemental map.

+

=

\__/*
Fig. 8. Schematics
made by G. A. Schai

Active
Non

active
N
AHA N3 % fN/ QN

OH
HaN

o]

showi
e .

bl

Bioorthogonal non-canonical aminoe acid
tagging (BONCAT): Cells can be incubated in
the presence of L-azidohomoalanine (AHA), a
methionine analog, that is then incorporated into
newly synthesized proteins. Cells can then be
fluorescently visualized after Cu(l)-catalyzed
click staining to determine if the cell is actively
making new proteins or is non-active. Samples
can then be wvisualized using a fluorescence
MICTOSCOpE.

ng the culture

i ndepe
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comparability of Raman and NanoSI MS data when
employs the culture independent techniques to
the clonality of the organinsmfad awe®lrl bad welkea
the consortium. Finally, chapter 5 provides a

future directions to further explore the comp
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Abstract

Mi croscepectandcopic technigues are common

but are typically used on sleepvaerla tdea tsaasneptl se st,h arte
across different cells with litt, ewspaevalope
wor kfl ow that correlates several micr-dspbpic
analysis of i ndi vi dual cel |l s. By combining s

hybridization (FI SH)opysc(asneEnM)n,g ceol nefcotcraoln Rwaintarno

(Raman), szrmd enasmre@ondary ion mass spectrometr
individual cells can be thoroughly interroga
identity, strurcd umet alpdlyisda obhogyyi tay. Anal ysi

community demonstrated that our correlative a
cells wusing heavy water SIP in conjunction w
taxonamymoamhol ogy using FI SH and SEM. This wo
yet uncul tured multicellul ar magnetotactic b.
identity and activity, backscatter -dlspetrrsorwerm
X-ray spectroscopy (EDS) were employed to char
integrating t hese techniques, w e demonstrat

environment al mi crobes on a single cell l evel

1l ntroduction

Efforts to understand the ecology of mixed

hindered by our inability to collectively st
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di stinct taxa on a meaningful scale. By correl
mi croscopic methods onto a single sample, mor
be made. -iCuddpemdemtn techntquadi sgircdpshays| amidc r
secondary ion mass spectrometry (NanoSI MS), a

such as Raman microspectroscopyi n( Bsaumaurt )i ,0 nh awe

interactions of( Hantczeelmipem e d 2@iz2@®ngluensct i on wi t h

techniques provide insights into the <chemica
However, because t hey are typically applied
individual cel Ilss odndnetaltsairreanleet antar e to fBtyen har

applying multiple microscopic and spectroscopi
to as correl@Ande et cabbeopRRWmiB)ati gue o&nabes
over come, and the results combinetdo im&md @ si
information of (&nbesfegdeal &2amp) e

Correlative microscopy was developed as a r

of conventional Il i ght mi croscopy by combinin
mi croscopy (EM), thus all owing fcoerl |usl ttroa sbter usct
in grea(t@sgbodrent aatl al . , 1978heWebstret atet oal of

mi croscopy has since become a st and(aJaodo sttoeon eft
al ., 2018; Langéd&oeatt aaleit, a2021;20R20Dyus Per kovic e
but is comparatively wunderdeveloped in micro
ecol ogy have combined 1&6SmksyRMAdDdt angebad( FI G6l) ¢

electron microscopy (SEM) to study specific p
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magnetically enriched (fLiomtt hadi.r, r2dslp/e c tQivaen e

al . ,. 2Mdd&i)ti onally, FI SH has been used in comb
( TEM) to study the wultrastructur al di fferenc
consforitiat al ., 2021landvcwiltyhn nateamiacl .f,or2c0el 8mMi cr

study the morphology of <cells be(dagi@ag. alo. t h:

An al ternati veasapnporto aycent, bweheinc hc ohmbe nmbeedd wn a thu rFal

samples of appropriate water content (soil, s
cel | activity via a c-dmbpeasayoas pfefcthM,scHBEy €
micromog(lamya et al ., 2015; Mar |l ow Ahalayti cd

techniques such as NanoSI MS have offered an
nanometer resolution maps of théMaksameert abhl an:i
This techniqgue has been wused in conjunction
di stribution of | abeled cellular products wit
(Loufsoatta et 4dln. ad2# R @Ndam otSd MBI, BRRIMRA n has al so
used to explore t(hBeeracytievti tayl .o f 2n0ilcérhooblegsla ng o e
knowl edge Raman has never been correlated wit
devel opmenfscorhel aséve microscopy in microbi

Here, we illustrate a workflow to correlat¢
to provide a comprehensive characterization
approach enabl es the st udtyarogfe ttehte rFlhSsH)o, g mi € SE
bi ochemistry (Raman) ,-Raman menNeEboxlSIISMI c toif v ictey |

mi crobi al communities or phenotypic heterogen
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r knowl edge, al so the first correlative ap
noSI MS on the same cell s.

We first tested our wor kfl ow on an artif]
Ct éersicthmri ahdat ceMet bhaesnar ci.naNeaxcte,t iweo rampsl
rrelative wor kfl ow to mul ti ca.lklmualatri c mbh ok
gnetotactic prokaryotes, MMP), which are aff
reviously descri bed (aWaitthe ejtl dadisa t,D edrGeald)ry @ti e

Palatcki sh cé¢&ei anl CRARIB)MEMBs ,gr o v pes i isn gcloens o

mp os e@0 odelll5s t hat arrange themselves in a s
ntral c(oArpraeut metntal . | 2007; AbreuAehalallmar k
gnetotactic bacteri a, such as MMB, i's their

gnet $0f) e a(nFld or Pr emgidt eencBpsul ate them in

gnet dFamers e & Schul er, 2008; Greening & Li
ese organelles allow magnetotactic bacteri a
enomenon termed magnetotaxi s, which can be
vironment al sampl es. This i s apaear triaadwel acrolnymui

mbers and have proven recalcitrant to culti
The MMB used in this study are found in t|
ackish marsh | ocated i n( Shtepisrtoatet odl .Masxhk
war dst,ha2t00f70r decades has been used as a mod
ver al studies on the microbiology of LSSM

cluding FM, SEM, and NanoSI MS, none icf t he
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wor kfl ow and noné Bawphi ed iat .t o 2DMMUB,; Larsen ¢

2017; Marl ow et al ., 2021; Sal man et al ., 201
Wil banks et al ., 201By Wppbwnkg euratcorregDav)
found in LSSM, we were able to study the mor |
MMB popul ations that <coexist in LSSM. Separ at

mi cr osceStEyYMNdESE t o I mpageosbmemagf the MMB. Tog
and NanoSIMS these techniques were used to co
in the magnet osomes, suggesting that three of

greigite as nihnee rfaelr riinmatghneeitri cmnagnet osomes.

2Materials and Met hods

2.1 Preparation and Stable | sotope Probing of
Community

A mock community was prEpamedi kbly2 a(i &x8 M4g9 8)u
andet hanosarci @GaA ackISM2d3Aa)Nnst hat had been gr ov
absence of deO)Eer astaesd gweatwenr a(ed obi cal ly with &
AC for 4 hours from an OD600 of O0.04 to an OI

medi um t hat had been amendedOt asiad g(i9d;l9 % onc

Cambridge | sot Mpe alcabhouvattruarmasse s weareeg obr cahl v wi
agitation for 24 hours in DSMZ Medium 141c,
concentratiOon Aof tB@%webd of the incubation, 1

fixed by adding paraformaldehyde (PFA; El ect

concentration of 2% and incubating the <cell
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Afterwar ds, cells were washed twice with 1x
centrifugation at 16,000 g for 5 minutes, aft
pell ets were resuspended in 1 mLmadfe lx RBBX.i n
approxi mately equal number of cells from each

deut draibvbh edoM.i acetcievdrsan<Lel |l s were stored at

2.2 Collection and Stable I sotope Probing of
Sampl e

Approxi mately 1 L of sediment slurry (7:3

in LSSM (4105686383621) i n Fal mout h, MA (USA) <
2021. Il n additi on, 1 L of overliyzed unmirsd avaQ .
Millipore (Burlington, MA) | sopore PC filter
day, samples were shipped on ice to Montana S

sedi ment slurry wabetnkamsfaedr sd or@edai h It hgel alas
| aboratory temperature (~22UC). MMB were enr.i
of a magnetic stir bar against the exterior of
t hseedi ment by stirring, and then allowing the
water surrounding the accumul ated magnetotact
magnetic enrichment was repeatdd qtuwa sa cdinttiad m
were pooled into a single 1.5 mL tube contai
sample was stored at room temperature for app
DO. To i neripnaroattenedD SI' P i ncubations without ¢
of the samplefi2oérmd ofarsthe water were boil ed

100 mL, cooled to room2Q ewmspse raad duerde ,f carn da 1f0i0On an
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50%0D The solution was purged with N2 for ten

concentration of our target population in the
were inoculated into sealed ®esamtvimalkshc wat &
contr ol sample was prepared by inoculating 10

serum vi alfsi Iwtidgrhe s tmeari d0e whetaeds ppacteh o(ut15 mL) w

N2 and samples were incubated for 24 hours at
After incubation, tdh e asvedr utnm eviira lcso nwernd so panpd |
Falcon tubes (Corning, NY) . Magnetotactic bac

DO salt marsh water and subsequently magnetic

in 0.22 Om filtered marsh water before the seé
mi nutes at room temperature. Thtees aanpl 6, WE0D e
which the supernatant was removed, andethe ce
at 4 AC.

2.3 Slide Preparation

To successfully correlate different analyt.
mi ni mal Raman background was needed. We wused
properties as(bewWasmaat siabsilir@a®aédost, and itos

SEM and NanoSI MS. Ci ffdwlisrhedo B@aln sst@afi nhiersrso rs t
0.6 mm thickness) were purchased from Stainl
cleaned by waehuhpgowi bthAlleddma sy mBbew Yor k, NY)
Mi IQ iwater, foll owend nluy es evgasdiretsi aln ocamceet one al

Finally, the coupons were dried under compr es:¢
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correct orientation of the samples, asymmetri
coupon using a razor bl ade. 1 OL -dfiedcht sdfp
for 1 minut e, after which ishi eed dev@wiwaltwers htea
remove trace buffer components and air dried

needed for Raman or SEM analysi s.

2.4 Confocal Raman Microspectroscopy and Spec
Processing

Raman spectra of individual <cells in the a
acquired wusing a LabRAM HR EvolutionYvomnfoca
equi pped with a 532 nm | aser and 300 gheomeskr
community and the MMB enrichments were acquir
range -30f20H0 Oovidt acxyui sitions of 10 seconds eac
Spectra were processed ucriinlga)L.a bTStpes cs preea tsri @ nw ¢
wi th a -Cooavaiyt sskryoot hing algorithm, baselined,
intensity wii,tlhOifbnecgthen2, 800anal yze the degree
H bondB,i ((#Dar/kaDartLHar)ed 100) ), t he bndAB20a&00 gne
cm) afHd (Qi3800¢% overe calculated using the int.
(Berry et Q@rlei®i2ttegas)Fiedent i fied by it(Bdemhaetact
al .,. 2Rééddher smagd@d,ts3FKFE&adred &a)5, admo,r- 2 01s4)l
induced oxidativgspr22couct2,45he AFtliEtded A(1Fed) aald. 67

were observed.
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5 Scanning Electron Microscopy

Ge

To acquire SEM images of the mock communi't
rmany) SUPRA 55VP field emissSEM) waasnmipreg a¢
kV un@e8 mP8.2acuum with a working @misd alnc e
alysis Laboratory (I CAL) of Mont ana State

ating was applied prior to SEM analysis due

.6 Backscatter Electron Microscopy and Energ

i sperBaweSpXectroscopy

SO

t h

t h

2 .

To i mage magnetosome minerals within MMB, [
edggperraiyvesp¥ctroscopy (EDS) were uSEM. The
s operated at 10 kV with a workingERS,stamce
celerating voltage of 10 kV was used under |
s collected using an Oxford Instruments (Abi

2,048 x 2,048 and aalpiitxetli Weved |l e md nmtea lo fa bluw
, P, S, Ca, Cr, Mn , Fe, and Ni were acquir
ftware (Oxford Instruments, Abingdon, UK) .
e |l ocatiomfand eormagmted toismmes within the MMB

e magnetosomes due to the overwhel ming iron

7 FluoneHWylkmicegi zati on

we

F M.

Doubladboel ed oligonucl eotiFdeSHpPtokbekefoert FBE
re purchased from Integrated DNA Technol ogi

Cells were dehydrated wusing an increasing
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et hanol) atadar g66ed RNASH was carried out dire
following est@bai mbheedt pEomplcdd@Aere hybridizei
, Gy 3orl aCyesl e#l BSEBBPRr obes for 2 h (artificial ¢«
chamber at 46 AC at a find&l Pproodbee nu-txh tEeUsBrBd3ast
ARC915, targeting most bacteria and @bahmea r
et al., 1999; Stahl & Amann, 1991)

Three newly -#éSHgpedbPOPEA4Ar Pdett8i mg trteggi b,n0 D
rRNE. (egluival ent) were applied to the MMB enr

RNA gene cl ¢Behsegqgserecesanl ., 2003R;s wemmoms & ul:

unpubl i shed metagenomi c 16€eSt.raRINA pguebn e ssheeqdu)e n cTi

target three popul ati ons of MMB I n-5-NL S S M,
CCTGTCATCGGGEmRAAMCC Tm = 60.8 AC), Gr e5uNp 3 (
CCTGTCTTTGGGEBWEGBCC Tm = 58.4 AC), and-5@Gjroup

CCTGTCTTCAGEEEBWYG ; Tm8 =ACH7.and wer e used at
Hybridizations were performed using an equi mol

probes targeting the same region of the 16S r

CG2MMB1lO-BEZETGHBOBEGT T C SANG Tm = 58.1 AC) -and ¢
CTTGTCTTCAGGGEDCCTIGn = 52.3 AC). Because MMB g
abundance at the time of sampling (<1% of all

wor kfl ow. Hybri dozBUBI®IRPANCITICCAACIEE GR GIEZAGC

FAM) were used dNahégatrie¢e abdbntr dO9® 3)
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2.8 -Nanbe Secondary 1l on Mass Spectrometry
Prior to NanoSIMS data acquisition, sampl e

were marked on the stainless steel surface u:¢

(Wet zl ar, Ger many) . To spatially maipsadthoepi el €

abundances of hydrogen of our mock community

acquired using the NanoSI MS 50L (Cameca) at tt

at

the Pacific Northwest Nati ongadi rLeadh ousaitnog ya

Céprimary ion bpameltr &4l Uti5d with A&AndWwgkli s

areas weuetpredfi omfmcmor t o ammdaslecsoinsd.ard i ons

accelerated to 8 keV and counted simultaneous

gauge pressure in the analytical chamb¥® duri
mbar . Ot her analytical conditions included a
aperturdo®9l iGm eand slits. Secohnamdybakisni wmar ew.
monitored between analyses for drift. The Ope
correct images pixel by pi=0eDa)faorf rdoam ROl mvee r (e
to a custom spr eads hewraatfioire dbatHa arnead ucsteiso nv.e r See
an-hiomse yeast reference mater il dafri agkndwn,s
anal ytical session using shamllyae tbedbhicoesi @
The yeast reference materi al had been stored
mont hs prior to the analyses reported -pAre. H
pri mary beamayiyelbdiamg sa zgr iof about ah®dsd ®nm. De
were situated near the center of the magnet r
characteristics. Hy dr odDe nr eil sadtiovpee st oarteher ep®a
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(uncali brated) apparent atom %. To explore ca

i mages were accd@iam#Fdywnsowntmudd anApefo upsrliymaursyi

beam.
B3Results and Discussion
3.1 Gener al Considerations for Correlative Mi
Correlative imaging enables identification
on a single cell l evel, all owing for a compl.
to sample anal yses, the abunadanmhaegetmoc @lhlos o9

considered to ensure that the desired popul at

(7))
o

tope ratios intact. The ratio esfpefciitati bas
and should be testatipei wor kb b teet.EaitrO 188x aarpll @
sever al fixation protocols optimized for spe:

glutaral dehyde at( McaGlyyinnng ectoHecd eent reatli8gmns xati o

using 2% RPM.i( ace)i aadad8% PFA ( MMB) because t
found to maintain cellular structure without
i ssue with (gMcuG@layrnanl deethyadlee , 2018)

Depending on the relative abundance and n
correlative workflow ddamshefoermgBEdMyeidg .ei I h.er Mi
common morphol ogies, such as coccoiodow redatovw
abundances, wi || |l i kely need to be identified
ensure the <correct phyl typet ol Owlrigdddwiyple d

mor phol ogi es, or cell e Babandaneepresenbeat maiyg
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PSS SIP label Low abundance and/or common morphology
: (optional) FISH Raman SEM
nanoSIMS  Correlative

> |
a. N A‘JA ‘Iw‘\" -
Sample prep. Il (optional) Image
ﬂ&,o,\ W.\
High abundance and/or conspicuous morphology ! 'N" ! “ ”

Raman FISH

SEM
|
Human 6 | ___ - ‘:l‘h — ‘
ot

Fig. 1. Correlative microscopyt aMoeark fdmdv. i rEewb
the presenceoot amaningosobetrate to | abel act
substrate assimilation. Next, the biomass is ¢
SEM is used to stwmay c¢sl usmdr plholdedy.r mRkane t he
wel | as substrate assi mitlaagieomdof| BRHdireveaals
identity of cell s. As a final step, NanoSI MS
composi tsamplod dthehi gher spati al resolution ar

foll owed by Raman and FI SH. Alternatively, th
to downstream analyses. For example, here we 1
of mul ticell ul ar magOn elt5o% arcethi dca nbeaec taehr i LaS M . adcOc
16S r RNA gene (aMegrlliacw n e tdaaradh . ¢ h2a0i 2bll) e and Ha
unpubl i shed). An al t elranbaetlievde ciesl | tsa cwusievpaatrleadtoerc &
sorting, as wa@EGrireb i2edty s &Zyi . maned Gmra n n Aert-f S& M. t, 2
wor kfl ow is advantageous when <cell s or cel l
susceptible to changes in morpholebhyyrtati ggers
used in FlASpHpenditixgch,ISH) (

Sample treatment prior to NanoSI MS has bee

resulting i n undevVeg/setri nmeat eadb rq ft BD&tLli) wiatsyo n , it



58
treatments to the sample during preparation a
exogenous material during these treatf{mMeyts th
et al ., FRORhEr mor e,-FItShH iunsset emfd mdnocatal yzed
fluor@ascdsrydteui di za¥Fi &H) ( BARDbeen recommended t
i sotope signal due to introduction of t he h
excessive tyr(aveiydeer 2d@@dgasliMyisart. aMhi dle. t h20 L&)
FI SH has been recommended, poor fluorescent s
i n glrowing cell s, may n-EC §BAsmatnant e& tFuec huss, et Ra0f9
study, we-Fuséld ( D@BEf |l uorop-habesppdi R$Sélagrobem

fl uor esc(estcoee cykieerl.det al ., 2010)

3.2 -FI B8t Correlative Workfl ow Using an Artif |
Mi crobi al Community

To benchma#Hk resar clolr8ldl ati ve wor kfl ow, we p
by miExi nagpM.i acefi botAns epresenting common mor
respectively). Cultures were grown pO) tahse apr e

gener al mar ker (Bferaryaledl RiBAxgecdt2ibd iDthyass was i mn
stainless steel coupon that had been etched w
throughout App éndrinal AVveSE9h én app tiaed el 6=l SOARONPA

(Stoeckertetideéenti 291bacterial and archaeal ce&
(ROI's) for downstream anaFllySsH,s RaFnagn. waas) .u skeal

chemcaemposi tion of cells i n the same ROIls (Fi
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Fig. 2. Correlative imaging ofEantctBWUB388 i)
gr eenNl. aade t(iAVRRLCroalrbs magent a) . (b) Single cell
taken up deidt ¢dietmct eadmb t he cH aata-d2,480006 timc
't o-DCat -22,,30400 d(imghl i ghted in gray). Each spect
shown i n panel a with the shaded regions show
green spectr a0 cpoortrievsepondopt;o nD = 4) Eandcenédgsat i v
The magenta speed rpao sciotrirvees p(otnodp ;t on D= 14M) and |
acetioerhbhsas (c) Cell mor phol ogy-srad weialtteednrsbiyt yS
i mag#HMtbfrati o confirms deuterium uptake at hi
Raman. The area analyzed using Naihn®»S0 M&t om %u
(e) Composite false color i magehalreswarne ndgye watl ¢
|l abeled as determined by both Raman and Nano$S
Cells without a hal cAlwe rsec ad cen shiad esr eedq uian | &b edne

acqui sRaman espectr a, cel | s2 wrerneut plso tt cob | reeantohveed
from the(Ele®Hedyadl ter®2tli)vely, dyes such as
excited by the 532 nn HRamagn eltasadr.,, OWI7d be u
The incorporation of deuterium into biomas:
D (228@0Y)cmrid (@3 8D0¢® amgi ons of t(hBeersrpye cettr aa
20D)5) This shoWedaoM.atadatbhiawerdaansaverage of 11.
9.3% (Mi.4)0CB/ (CD+CH) ) *100), r espk.ctaioMdel vy, ar
aceti hadaas average of 0. 5%D(AMp ple.nIFiiam.dA, 93 4, Tak
S1). Next, fielSEMyans spe oo ISiEdMd (F& reveal cell
FESEM i mages were taken, specific ROls were t
assi st in finding i maged Agprpearxsdk kg rAi, $@c Nand B |
necessary because SIMS instruments, such as t|
only offer a | ow magnification objective that
the el ement al and tiotoampl ecomp ® si mawheidcoht si n

provided a map of the metabolic heterogeneity
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(Fi gApRandliaxl A, S1). Analysis of the MNanocSIIMS
anh. acethhavdoramsaverage deuterium content of
respectively, ande.t haotli.b oa 0 e tg hwvioavleeehlsendo deut e
incorpAppendinxg(A,S3, Table S1).
Whil e Raman can provide informatiodA060x cel |
|l ower than NanoSI MS, (dkgtenan migchdnert he20i290t 0N

Further mor e, thB Eexelratsisvedlclodn g rfertccrh G n | i

proteins) cannot be interpreted as %D content
destructive but fully quantihetelvemennetcahlni @gmuc
composition of a cel |l NtanatSbMSc dopesolnwtti opnr.o

information about the molecular composition o
(Hat zenpichler, 20Rlesdefeuredamdnt,al2l0y21di ffer e
the main reason for the discrepancy bEBtfwern t
E. )covs. NanoSIMS (5.2 atom % D). Depending

metabolic activity, and available instrument :
NanoS|I M aRadmMan i(sEiwarorresnt ee®@v eadt. yal2l0yl,5)t he i nf
by these dififeagohompal meephé¢él ogy, and metabo
into a single image that correlates each ana
showed significantly different isotope enrich
(pval ue =1°8Bn B741DP3x &6 petcetdipvpeelnydfiixg.A,S3, Tabl e S

analysis of the mock community provided a suc
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The application of Raman and NanoSI MS on
bet ween the two methods in det Appendriiege AfSedr)i.u
The only other study, to our knowledge, that a
trend of deuterium incorporation with respect
(Berry et hadwever0,15t)heir anal ysisi wasncotr rgeé raft
dat a) , which | imitdeohecom@mardaboiuri t¢gatbaestemtese.n Ne
devel oped workflow has highlighted a need for
i ncorporation via Raman and NanoSI MS and to wr

can be .compared

3.3 -BEMst Correlative Workflow Using Environme
MMB

We establidhedtamcoB8EBKI ative workflow to i
L SSM. Correlative fluorescence microscopy (FM
both single cell edLimaginealot ac202lpatcteasaal .,
well as MMB from fIQe aMe @it,t ebdurtanedddUFeak nowl!l edg
techniques have not been applied to MMB from
of Raman and NanoSI MS to MMBLdIBas ed hen slaardp | reF
contains sever al di stinct popul ationspedc¢i MMB8
mor phol ogi cal anfMphlyewokbgiat al, Pevalt Shapirc
Edwards, T200denti fy whether these popul ations
activity, we applied our new correlative mic
enriched from LSSM tidal poolxO stea@ i dnetnér miem e i

popul atiions hceiifrf earnabol i ¢c activity.
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Because MMB exhibit a unique multicellul ar
from other morphotypes by | ight microscopy or
FI SH. This was of particular i mptoalt asmfcfee atss MM

cell ul ar mor phol og yApwheenndriisxg bA, 2L )t e dF ¢SE MFhwSd$ 1 e 8
performed first on MMB, and specific ROIlIs ide
map the biochemical ma le d u ESyFoME E eRaacnha nMMBp eicd a mt
contained charactenrndyst3is) dmksehoali gde @l 4w g( |
mi ner al used in their magnetosomes (Fig. 4d).
peaks for maghnaetdiutce darock i idtad ilvaes emr oduct , hemat
245, 291, 4MIEdeandc )6.7allAsc,mdid®dE4 Wi th the mock co
to idenbDi pgakhenCthe silent2,r3e00) ocnmé xpdet esgle
were unabl e-Dt pealksemveaeny Of tApp MMEii g pmmdEr a (
Table S1). At the time, we attributed this to
of Raman; this hypothesis was | ater confir med
target ed SIHOPEas used to identliafty onlsr @ e@# diSSStM n(
(Si mmons & E.dwhAags dwegs 2dDd0r/e with the artificial
a | aser driccseapd oaandnitche el ement al and isotop
using Nano SApWwSe n(dFai kgl &3 dS 2 ) .

Whil e deuterium Oncomnupar aatoitorb ef rdoemhm et ed vi
showed that al/l MMB analyzed (n = 23) exhibit

0. 7@&dwpendial A, S1), significantly hi0gbee%t han
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Fig. 3. Correlative microscopy analysis of MM
(b) FM identifies three MMB subpopul ations wus
Group 3 (teal), and Group 4 (red)l.atWmlnsb aload t
with FI SH. (c) Raman spectra of MMB separated
characteri s-Hi at r3,gl1B00MA,sOD@dt @2,,300400, cmnd grei gite
cnl are highlightedhaown girayan Eavcdéir asgpecwirtulm tshe
the standard deviation for each data set. Ram
the one shown in this figure. The yell ow spec
Group 3B, (mand 2he magenta spectra show Group 4
those of MMB that were not | abeled by FISH (n
the negati ve Xxondtdriali o(ni;. en. ,= RE)J)rifmeéhesNRayo EImE§
showing the 2H/1H ratios present in the ROIs
%) . (e) Composite false col or i maagleorperde sveeartd n

| abel ed by oneproofbetshe wdhieeviVMBiBlesHed with deute
equal 5 Om.

pval ue =193 Ap7pxeln0di x A Fig. S3). While such v
incorpor arieolomeelldimetyhe detecti on |I(iHEttz eonfpi Rarha
2020) Deuteri unmO ulpasa kleeedmr osThodbwn t o be affected
used by heterotr(obérircy ceetl | sl .f,or2 Qro;WhWMat anmatkaes|

possible that the MMB studied here used organi

deuterium in celal 4.0wNdwevreti hneslfoersppse,u astu corm mf r om h
surprising given that al/l MMB must have been
t he-i®iIlckRRbati on; otherwise, they would not have
tooll ect MMB (which is an active process, the)
As discussed above, it is possible that the f

additional decrease i n (tMeyteorbadee.r,v E2d0r2ills)®t @ e e 6
possible that the | evel of deuterium in MMB

magnetotaxis is energetically expensive, enr i
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have increased the D/ H turnover and |l ed to an
experiments will have to reconcile this conun
The three MMB populations exhibit&&Msi mil &
indicating that different MMB species found i

alone (Fig. 3e), hi ghlighting the | pporotaa&imce

|l ndi vi dual popul ations of MMB were identified
most abundant MMB popul ation in our sample (:
abundant (7 %, n = 7), and Grouwp 43 .wadlsn | tatbe | teldi
accounted for 23% (n = 22) of all MMB and | i

targeted in this study. Qur findings on the r
consistent with the etesalwhe stepdréeddabyulss meno

LSSMSi mmons & Edwards, 2007)

3.4 Analysis of MMB EB&dMnamadsomes Using BSE
EDS

Magnetotactic bacteria are relevant to the
the process of controlled biofmAmer aéet zalti pn29

& Schuler Hig80&a6)cally, BSE and EDS have been

el emental composition of (tFhaer ibniao geetniacl .mi nle9r9all; ¢
Wenter et al ., 2.00We aZphpdlBle datBAEh. ac26flld)ating
all owing f dadrentstealmsineedtthom t he magnetosomes of
4b) . EDS was then used at the same voltage to
areas of sul fur within individual cells (Fig.

griegi ts%) (iFre t he Raman spectra olfodeMBi Xfdi igomd4alf)
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Fi g. m@ging magnetosomes within MMB. (a) Low V¢
(b)) -BESME i mage of the same MMB reveals the magn
chains. (c) EDS i mage showing the | omabliygat.i
contained within magnetosom ,chagasngstompebkkd
(magent a) . Fe and O are not shown because the
Fe and O. (d) Raman speetrchaocfacd esiimgli:&) MMBRKS |
at 3%t0hatm was observed in &EdeMMBtardil)y Nad bEY &
i mage showing the °hé%scf coheespmadMM Ssbown i
shown in Fig. 3d., indicating the Iscadlei batiso
to 1 Om, panel e scale bar is equal to 5 Om.

35 as demonstratedfFéBy ohhe dbsecwviednvoh Nanc

(Bourdoiseau et al. ,THRa&slel ;f iEdckirngd alli.gn 2wWilt4h
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i's used as the ferrimagnet(Eamimaratit &ly. MMBO9
1990; Posf ai M. et al., 1998; Wenter et al .,

Bot h-SEESYE and EDS were applied outside of t
negative effect of high voltage el ectron beam
SEM and EDS could not be | abel ed use ncgo nFsliSH,e n
with carbonized biomass, l' i kely due to the e
shown) . Previous correlative studi esSEMMgv & ouse

avoid irreversibl e damatgreon ovidVWbteshdeel abuse@O

4 Concl usi ons

Understanding t he met abol i c potenti al an
communities has been greatly aided by wvario
mor phol ogy, physiology, iandtosaxdomomypygot hdset i
provide a single cell l evel workflow to I ink
using-traRgAeted FI SH and SEM with their cell ul:

SI1-Raman an-tlaap SISMBy applying t hyi sl omor &bluodan

popul et.igaMBIBY can be taxonomically identified
current practices all ow. Further more, having
determine i f physiological heterogeneity exis

I n this stxddgs wegesmedaD mar ker of anaboli
wi t!N'®D, *86rcoul d be incorporated in the workHf
and devel opment s of t his wor kfl ow might i nc

(Hatzenpi chbeper 2026 pIl(WBteitan gmiedr oaslc.o,py20dr6 ; R
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atomic fordedami certo.sacBepcyaB8e8 s ubstrate anal ogu
bi opolymers, (Hachzeapipghdtemiued €éBMr pgB A& 4)oal . ,
' i pid meBbegnest, dtt salus,e 20t 3h) traditional F M
can inform on overall biosynthetic activity or
FI STHEM approaches adafp.t 2d0N&GI iy nMic Ght g danl p. r, o t200c10o8l
to s@6chi on MMB devel op(eAdb rbeyu fleBte afle.o,mp2eOo b Hi ns:
provide valuable complementary information of

MMB popul ations in LSSM.
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Abstract

Application of spectroscopy and spectromet |
mi crobi ol ogy. Stabl e i sotope probing (Sl
rospectroscopsyc a(l Ra nsaenc)o na@rar ganon maa&rse spec
guently wused to explore single cell resol
ucture and function of culturable and wuncu
se techniques, no stmdiys ditasp ey eit n ccoornppoarraetdi o

ng both Raman and NanoSIMS directly on t

ertainty about the comparability of single
hni ques. I n thisompadati we aonalddysiedbet weer
ntify the upH@)ei mtfo hteltaer yb iwamhaess (of 543 ind

wn in M9 mini mal medi um. By correlating th
gll el evvél , we were able to for the first tin
compari sons between the two approaches.

estigated phecessingcwmebhops etf loe IiIRaenaln ma&Es

oSI MS analysis of ceHOs WYeowmtioi patee ptries
sented herein will enhance the comparabil:|

tributing to thrediesd d bflri arhemeot k oWi tahisn atnidea
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1l ntroduction

Mi crobi al activities and cellul ar i nter at
ecosystem function, ( @Grmawthhuenta ne tmi alr.o,b i.d 0kBe Gi
common approach to analyzing microbe interac:
probingH&St®npichler, 2020; Lee eBy ameasu2dlg
incorporationeo®®sNbbHe isobopes!| gl ar bi omass
to assess the activity and physiology of indi\
a comprehensi ve under st an(dAlincgo|l @imb rcio medmietly. ,
assimilation of i sotopically |l abel ed substr:
mi crospectroscopy ( Raman) or nano secondary

techniqgues can be combined with f | upoyr,e sfcuerntchee i

ianreasing the effectiveness by allowing for

spe¢Hasang et al ., 2007; Musat et al ., 2016; W
Raman i-desatrnuocnt i ve spectroscopic techni que

inelastic scattering of | ight and can be appl

prepatléee oat, abhl | owBtRigmef omo nrietadr i ng of met abol
cellICsi et. aBy ,e®i283)ng mol ecul ar bonds, Ra man
specific biomolecules, such as | ipids, protei
on a micridmHMateenpc 2I0& 0 ; LeeShetf tasl .i,n 20h2el )Ra ma
when an organism had incorpor at e(dBaer rhye aesti eal .i,:
Mat anfack et al ., 201t hwvelgdr Ratmamal reqgaiokés

preparation and is relatively straightforward
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of isotoles ~UNPDAN d’H~@ e 2 %ul ar( Breeprlyaceed meant. , 20
et al ., 2007 ;) Wdanndg ldotavoaslis.g, nwm2hdli ) as compared t
Al ternatively, NanoSIMS employs a focused ion

surface that are subsequently analyzed cby mas
informhti enh al ., 2023 NaNw®heée MSet salcapaddr8)f d
much greaterpatinagli tnesdlyutainadn st han Raman; it I
and doesnoét provi de mol e cPudktiatd g eor& cWeebreBgad Ih2 O 1r
techniques are not widely wused in microbiol ocg
($500k+ for a Confocal Raman; $3.5M for a Nan
empl oying SIP OoHatmiemmpibé lall erc,el 220 ; Lee et al
However, sever al nati onal | athse sa&n g owreir f aurl s it tey
and external users can apply for freeei.gst r um

the US Pacific Northwest National Laboratory)

Both Raman and NanoSI MS are power ful tool s
interactions of-cenilcrobesommumi tsy nigé eel . Studi
both techniques in tandem, i nclruidailn gi na ndail aytsa ns

(Akse et, &ll.P, i@2aib)ati ons of microbi glEiccehlolrss tr

et al ., 2015; ,Scahmdi Wil tRer beada b alli.ng 20f22M{ Beroby aét c
al ., . 2DOeSpitievi tbal i add combi ned successes o]
mi crobi ol ogy, a comprehensive and dicreddt | ecoump

has not yet been taken, making it difficult t
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To address this shortckhsa hgr,i déhed a)e mmposl oy g d
deuteri usmO)xi del dwing for a direct compari so
measured by each techniqgue. By conducting a d
si ngdlel l evel for 543 individual cell si or100
bet ween the nBlastwemarbdrntng dfhe corroboration ¢
technique alone. This dattao steffe @agesa@siem@g bd fe dRar
and the ideal mass measurements used for Nano
the methodol ogy when?MHusnemg ue ietmeeart st e Clomisguerfi
and NanoSI MS possess unigue strengths and | i m
compensated for by the advantages of the othe
into biolodi aretca anmp tee s(sSacadlae bl e . etUl ali mat epgR2
comparve investigation contributes to refinin;i
and NanoSI MS and | ays the foundation for futu

mi crobi ol ogy.

2Results and Discussion

2.1 Stable I sotope Probing

The application of stable isotopes to prob
wi de use i n( Hmitczreonbpiioclha geyr , 2020; Huang, 2004 ;
2021)Whil e SI P ddhbanagtieusc ossiec hcaans be i nfor mat i
met abolite use, they can alter the natur al S
skewed | abeling. Alternativelyj.%40¢ kydhr bge msi

as a measure oudalacmiioridbye sofwiitnhkdiinviaodompl ex s amy
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their physiology or Biemfrlyuenciang ,t 2 1Hy b dviart
ive microbes grown or incubated PHY) tihne |npreeus
hy di)o geewmr i(ng bi osWad dreet setofall.i,pi,261les ulZthiam
active microbial communi fHy rmembdetrdst & meoddgemi
orporated into newly synthesized proteins
stice.eBedhwmmsaturlad)ly occurs at very |low | e
act of envir onfienitm | s (@fapmilkegdrmoaunn & i IoH3 3 )y , ca
t erf€®HYymbonds are reliably detectible in Ram
abl€Cd pretak into the mox,t8Qt sohenther egil o ml ¢
c(tBemry et al ., 2015)

Il n our study, we employed our recently de\
gle micbombaiabhl ee¢fFsmal com@ER&iAg o n aNvalin cSIIPMS
Kb2icultures were grown 2H) edDt laeme did @ a mevi d d
her 15%,°HO®Q0D%andr cé&DMs wer-togatl ebmed duowhn
S1). Foll owing fixation wit hstPeFA, ccoedposn v

ined with DAPI for wisgamappthngn whdchi das

aser di ss AmptpiecrdFiimg .Br,93)copRedi ons of intere:
each sample to enable correlation of cell s
a destructive technique, Raman was perforn

s befocSrieMSNava sScithaad bl (eseed al . 2022 for det ai
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H » O in media n

0%
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Intensity
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0% 2H,0 15% 2H,0 30% 2H,0

L)

Fig. 1. Exempl ary Raman spectra andxlddored SIbMS

Escheri cleild scalfit er incubation in2akdiA Twidh
char aci€Cr ia%ftH cr egi ons ar el&Hibde dma sis gr atyi. o BNan
i mages. Al Il i sotope fract3itOomtiomadg®s &rceal ®rs thha

2. 2-PPoneessing of Raman Spectr a

Currently, there is poostasdagdofeddoainf aIp.

2021)despite compelling evidence demonstrati.

procedures o(Bdekhi oot e®Optaibmi, zi2®d 1Y) he wor kf | o

prperocessing procedures on Raman spectra bef
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I mi ze i nforma(iGantlamsetialthe 29 A.&¢ToR sgaadbdcr heys}
| ack of s tparnodcaersdsiizmagt i ment hiond sp,r ewe systemat |
our Raman spectra to ensure the data was n
Raman spectra, 2@0bweaneng@ac2m0red for individu
test i f peaks in the fi)ngenrdpurcienta rleegvieoana goifn
ot hing and baselining of t he3,s2ppedatsr mh,ass pe
viously be@em stugaglest e2021,;, Rydbclpelcdyry aetwea l
ng a-Géhaytszkpothing algorithm, which appl]i
ynomi al fittinhgepsogealr € . 8atnmti sley y&d Gol ay
essive smoothing of spectra can result in |
id thi ddege eespd| gndmi al with a window si z
e sustained in spectra across all sampl es.
e tested to identify if backgr dHinado rctoamte cd
cells.

The first baselining method applied was a
hod that uses asymmetric weighti i teradgu
|l ens, Th@e0OSercond method used was dUpglgreomi
u8ddgrne@ polynomial) can be fit to the sp
kgnadaumrder &-Jdalsadev 20D 3) hi rd met hod test e
f er enltiinaetaerd dniogni t ale rfrieldt etro, acso nmimoonl|lyi nrge fb a |
rolling a ball iwietbhala odiivaeme tweirn) d oowe | soiwz e h(e

kground below theKmpomemt& Armmee Pdarkn f ¢ lou%kd)ean
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met hod t est ede nwsaist-li svirea tanrosnti iteelgi aptpii vneg p(eSaNkl P ) a
compresses the data wusing a | og square root
clipping window, after whithethevedasal Rvagn s qun:
et al.,l 1988ntrast to the other baselining me
the baseline at the (KR¢dgbshgkovhetsméctr 2I01i8nt

Prior to determining the efficacy of basel
usi ng -ianvsacralaent sum normalization t o mai nt ali
comparisord.i Nextportdtei on into cells was quant
the area under t'R®l ¢220800Ad@)H M ex3hEDOY cm
region of each spectrum (Fig. 1A). The AUC was
the interval of wavemuwmnbearbsovaen d hien tl @ girea tainrdg bte
trapezoApdpéndriixgeB (SM) cofhent was then used to
met hods for both -8ra0Hatmdl wheodt8r,®ROEL IBradD (t 2h50
requared value wused to dApee mdRnxg.B hSe3 )f.i tT hafs ¢
showed that there was no statistically signi
spectra or betweenApphen diiaxs e®,i 81 h g hme dbhaodasli ifrgi r

met hod had HHi ctwl euéfat eéon oémoBn Reaofidin sspgeut da be

the | ow background observed in a pure culture
|l ow natural Efl coorlesakenhcagofn mini mal backgrou
We elected to use the SNIP baselining method

studies investigati®hBerSny ethcalr.p,or2aGl;n Einc lter

et al). , 2021
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2.3 NanoSI MS Analysi s

The next step in our whr&kdéhoentwasf te®acehkaa
previously measured by Raman usi ng?2HNama SUkMS i(n
cells by NanoSIMS has been p@®¥itH(oDonuegdh tuys ientg aeli.t
Schaible etCHIECH(B202%) et al., 200T%; degemmi ate
choice of mass ratio | eadHs otnat editf foefr ecnetl lisnt ewe
HH 2ECHIEH, Wt d?€'H mass ratios using NanoSI MS. |
is a statistically significant difference (p s
th’d content of cell s?H®t i Bat hAwpeeddAaxgr(B tSis5on o
aver adg€HtGHher ati o indi Hatoend enthe i MitGRdEH wi th
ratio indicating tHht satctioomdshoghegtt aedl o wWest
part due to a kinetic isotope or elecitren af/
counts) observed iAp ptehnediima.sBs,S&)p.ecT &kl rc dunt
could also be contri butbi nagt otnb ptelrec emitg h orhe adsewr
H,O i ncubation. The | ow =spent f iwkdHd&€H kakrpnpd not
1€2HIEH mass ratios were concurr efttH ymansesa srua teid
was measured on separate cells due to the neec
the | ow mass. BecadH soef ocfeltlhse bveatrweaetni otnhse idni f f e

our RMarawmnSI MS comparithomre uwmaissgralt i os.

2.4 Siendl eCompari son of Raman and NanoSI MS

The processed Raman and NanoSI|I MScdht al weektk

revealing a high degree of comparability betw
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*H/H G 2HICH C,2HIC,H

y=0259+1.52x R°=097 y=-486-1.19x R*=097 y=-0.608+1.18x R*=0098

25

% ?H atoms Raman

’H, O in media

® 0%
® 15%
® 30%

50%

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 0 2 4 6 8 1012 14 16 18 20 22 24 26 28
% ?H aloms NanoSIMS

Fig. 2. Single ®eelclondemparoifs ocneldfs tahse measur e«
using specific mass ratios. Each dot represer
di f fl20esbncentrations in the culture medi um.

i s shown for each comparison of Raman to NanoS
to-i gterceptssqgslaope, anghlded iratbhestofused for
Raman .

30 %, 50% inchbabnbest bheb543 cells was measu
correlation of | abeling percentages deter mine
LCPHIEH mass r stqiuar (@i} Satidd?€'H mass ratios sho
correl atsopwar(e0d)97t a t he Raman resul tHiHahadoug!
a much | ower degr eée&H®fi nscpurbeaatdi ofncsr! atsheeE oGrdp ar e
Considering the slope of the models, each com
estimating a higher amount of deuterium in th
great estHvi mans & hreati o where the slope of the

intercepto wBHbiHnal®dfHI£AH whi F&@HMEHe mass rati o ha
i nter cde.p6,0frepresentativeH oifn tthlee hd eIHIOse sft 6 Mma

i ncubation. 2Hoompmtred nsto ni o f é&@ hi ncced W a thiaosnesd aosn m
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NanoSI MS each or Raman revealed statistically
(Fig. '8JH!EHhenass ratio was not significantly
0% andHQ5i%cubations. Together, it appears tha
t e cont ent&MHitEtHe lalss iits strongly agrees with R

robust i on counts.

2H/H C2HICH C,%HIC,H

30 Ekk ns ek Rk ke
30 g 30 :

25
%I 25 %I 25
hhhk

m '

20 20

% 2H in cells
7
i
_|||_ H
_D]_
o
i
o
_m_.
com
o
>
o
-
—m-

0 10 20 30 40 50 4] 10 20 30 40 50 (0] 10 20 30 40 50
4, 0in media

Fig. 3. CéHmpaatroins opne rocfent as measured by Raman
mass ratio i s showhMH orascsomm@madri ios onre.askiore memd s,
a | ogvedontent in the cells thardH/Ra maans.s Trhaet ioop
which NanoSI MS Hezont esH/alHTihehd€s to similar r
for the OH0 ainmc Ulba& i ons b%t cmeasateshanl|l RBauman
and 50% i ncubat,Hd s . maBes arustei d hao iCsai cal 1 lye dii d
to the Raman data, this would be the ideal m a
measur eftentAsl lofstatistically signvdlicang Hiodfoe
5, *xxyxg|l=uep €21 n8 x1@ot significant.
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3.Concl usi on

This study addresses the need for a direct
the context of SIP experiments to explore sin
the upHaiket ofthe bi &E&maeel bé usidngi doath Raman &
were able to establish the extent of data equ
the comparability of studies employing either
investigat ed -fphmec edesftihmglepn f or Raman data showi
orgaki s,motlriuncati on and various baselining mef
ofH in cells. AdditionadH Ingas swes ifnovre sNad mgmSIleMS ta
comparability to RaHACHamassshawi mg wialsatmost
Raman cal cl ations for

Single species microbial popul ations have
requiring ana-tebls |l emela tsondl é€ferentiate phe

(Schreiber & Acker mann, 2020; Schr eiOuer amtal gls

revealed a high degree of similarity between
met abol?2lsmnoéingle cell s, supported by a rob
supports the interchangnecadllMS uwhee no fa neailtyhzeirn gr a
wi tHFO, of fering researchers flexibility in cho
experiment al requirements. This is especially
from inherent l i mitations, damabe aas | omcur 0fii
(Hatzenpichl er, 2,0 2d0r; dvasatnr wect iaoln. ,o0f2 0tllBe s amp

(Nufez et al ., 2018)
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Il n summary, this comparative investigation
of spectroscopy and spectrometry techniques i
further exploration and applia@adtisystefmst hdser
continue to push -¢dlel bowaldpsiie,s tolie sfiinmdiengs
of Raman and NanoSI MS presented in this stu
comprehensive wunder sttanrdi,ngi nafermicei olmisal aadt

l abel ing.

4 Materials and Met hods

4.1 Preparation of I sotopically Labeled Cell s

To prep&seheel KhRPa(DBEMAI98) was grown aerob

(200 rpm) at 37 AC for 13 h in M9 medium (0.:

been amended to a final concent?H®Ot i(®BH ;6% ei t
Cambridge | sotope Laboratories). The optical
hour for the first six hours, after whis€oh mea:

reach€d9p. 8 mL of c¢ Alptpemaliwgga.B,SEAmpaed ¢hemi cae
addhg paraformal dehyde (PFA; Electron Microsco
of 2 %. Samples were then incubated in suspens
then washed twice with 11 phosphHdtueyaltd fofneraad 1
for 5 min, after which their supernatants wer

I1mL of 1:1 PBS: et hanol
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4. 2 Preparation of Stainless Steel Coupon
Fixed cells were dried to the surface of mi
as a RamahLewibstetat®he ,s28il7l)ess steel coupon

describedet.Na&Skhmaibblee eBraéefl y202R2¢ coupon was
with a 1% solution of Tergazyme-Q Alademgox sulMesw
onmi nute washes in acetone and 200 proof et h:
orientatiosn, odsiydimeeedsxenp |l veer e et ched into the m
using a whppemdisxgpBsb2pf @dach sample was spott
aidrr i ed at 46 AC for 1 min, after which the co
and then air dried. The coupon wasdiiand2dh antoe d
phheyl i ndol e, Ther moFi sher, Waltham, MA) for 3
The coupon was then rinsed t hdriepep etdi mmehrsearl d nftroe
Mi IQ iwater to rewovedsalstisigacdmaressed air. T
platforms, regions of interest (ROIlIs) were dr
Laser Microdissecbobrpar&8ysboem Wdahmiamgtro DC) u:
a speed of 7, aMpdp eanpdeiirg uBr,$3 i ze of 7 (

4.3 Confocal Raman Microspectroscopy and Spec
Processing

Raman spectra of individual <cells were acgqg:
Raman microscoffgofHoeghappetdi with a 532 nm |
di ffraction grating. The instrumentstwamsdarad.i |
Spectra of cells were acquired usingiaz2amol d

cimt, with 3 acquisitions of 10 s each, and a | @
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LabSpec version 6.5.1.24 (Horibg)Teamhe29®Regqt r
t he Al(kRarheersebeaund P@A3BdDjna hermagc ka@zxd). Each spe
smoothed usi-Ggl ¢ hWea(SGav itttskkpy & odoll cawe d 10y 4bha c k
subtraction and baselining of spect(rEa | esisn g
Boelens, pd0Oym)pmi aberf i &-Jdalsa®chg vaZ2wdIl0I3i)khge ena | &

Annegarn, od 9 Séemtsii g4di iveee anro pietxdri aptpiivne RY &MN 1 €9 al
1988)Only the SNIP baselining method was wused
Settings used for smoothing and baselining c

(https://github. compgpbbongeschaka@bclhe/ Bgpreart r um v

normalized to the sum of its absdH uitret os pleicd maa
was cal cutated pbfmsing the integr atttHon 20f4 0t he
2300 ch®H ( 2BDO®OY) cmegi ons of the spectra. The
trapezoidal 6fYdl-e a@as ¢f ol lows: 888 ¢ ® whehies

t he width ofxiesadhthei Mftuemrcwdlo,n v aniwe taite eaanb ed a tc

points.
4. 4 -NSaanbe Secondary |l on Mass Spectrometry
To map the el ement al composition and the r

i mages were acquired wusing the NanoSIMS 50L
Sciences Laboratory at the Pacific Nowdrheves't
acquired usitmrgi marlye ikernv bmsiaxnelatr 64 @1 dt i5dm® wi t h

13.5 "ms Apal ysi s -sapruetatse rveédi ewn pnhe i OA0 t o #nal ysi


https://github.com/georgeschaible/Raman-spectra-processing
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anH-secondary ions were accelerated to 8 keV
multipliers (EMs). The vacuum gauge pressure
consistent!| y'%easrs. tGtamer3d dnalloyt i cem Dclo mdietrit aurr s
30meentrancm spernt urddas leixti,t asnd t1sO0 Secondary
an#-an-peaks were monitoredThet &eie® moamygsesart
for finding Tthheies®O pH aVBSt eprl uBggogn. f or | maged was u
i mages pixel by pixel ©H ox [Dlaetdgd. ftrioome ROH4 wnass) eax
custom spreadsheet for data reduction:pAHyYydr og
primaryi ekedimng a primary beam si ze?Hofnabout 1
ions were situated near the <center of t he me

centering characteristics.

4.5 Statistical Analysis

All datasets weil deamad idreg@ )ti me GINiIUdYRv er se, r
packgdKeas sambar a, 2019; SMcaNamariac,al 21 &)f er enc
vari abl es were dettegani 1 ewi tulgpiaad g Bigrafeawinerih o d .

used for anal ysi s hst ge:p/o/sditteldubon o@®bgEHdbb gd¢ s ¢

procegssing
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Abstract

Consortia of mul ticellular magnetotactic ©b
example of bacteria without a unicellular sta
cultivation, mo st previous stedbepscobbM&MBv dtai

study the biology of these unique -ondeaepeéesdsni
approaches to analyze the genomics and physio
We separately sequeBedntdhei dedalagbNMBmesnsebrti
new species, and quantified the genetic diver s
counter to conventional Vi ews, cells within

met agenomesn wesrea tt o recprstifuct mehabopeci oot ¢
physi ol ogical capabilities of MMB. To validat:
probing (S P) experiments and interroagated

hybridization (FI SH)al ®eo mskkeicmendd awiyt h omanmass s pe
By coupling FI SH wiathto nbhicadr tamo ggaon alcimon aggi ng
their in situ activity as welkllas Wardaemboat i

MMB consortia are mixotrophic sulfate reducer

bet ween individual cell s, suggesting that MM
t hought . These findinnggsofexMMB ddiowe r suintdye r sd camlc
physiology, as well as offer insights into th

their unique |ifestyle.
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1l ntroduction

Mul ticellular I ifeforms are defined as org
of t he saMm@r osspheecriges& Str at hma.nnBe y200n0d7 ; t hKiasi,s
characteristics of multicellularity include a
cell autonomy or competitiomebbet wegmadelnlgs . ,anai
response to (eNitkelransal & sNewimda , t 2Q@d48)ti on from
cooperative mul ti cedrltudmtr ewaqglawmtiisam airsy aenv einmp
occurred at | east 26Gtosmesr gcé&oStsrHathieanamnegg @Di(
the devel opment of multicellularity can occu
(Cl aessen et al.. ,Pra0Ird;r eBekas,h 2M08&)he transi't
organi sms has | argely focused on eukBrymeét c&m
King,, 20@@gavhan gt aandt(.thelrgr@o2n3 et Maill t,i c201 ul ar i
the domain Bacter(Rhi sBeco&pRegemivet dq, s20E9 est)
evol ved approxi matel ¥y Shibr rimieli Isit@m Ewdanpmedl e 9 g @
mul ticellularity within the domaien. gBhaachtaeerniaa i
cylinhdri mgwmalmiag acei g9tmyemetso my c e)s, csoveal ri nei onl g
myxobaet,&yliyxacopccus xerdttdinnge tcearb lee. Bbh 2ctt smpit § r, { x
and the rmeceretdt sy sifiud d Meil oNd feisd@edageupsp. Ssacc
nov.3)HGSlI aessen et al ., 2014; Gee.r | Whmiglse ed a mpmd b |
mul ticellular growth, each of these microbes

l'ife cycle.



106

Currently, the only known exampgle of gpoipgm
without a detectawWwiehiumi tbhéel Wdbami 8¢ Bepedler s pe
mul ticellul ar magnetotactic bacteria (MMB; W ¢
interchéaAbeablg) al ., 2007; C..N.MMRI ar, e Js L mmeic
singpecies consor-86 adq e&lelenp o 8 eodfa blfe, sludl Oflorb)act er ot
Del taproteobacteria)hvaedroaonoagd ainn ax edilrud laeg ,| e
1AB) . Consortia #1&nd®en i m( Al menet &0 ma 3. , 2013; (
Keim CN et aithi 2006r Desul fobacterota, MMB
family that is distinct from -skbaereaatephysdolno
rel atives, suggesting a common (aAlcreessu oat tala.t,

Lef vre & Bazylinsk. ,MB 1&8r;e Telngbsedt!l faldii, s t2b0rildda

and marine sediments but typically ar-€%f | ov
(Keim CN et al., 2006; Mar.tilms,adadad9;onSitmmdrs
mul ticellular | ifecycle, MMB h@®ree emi nogr gé&a nleil tl
2020)The magnetosome is a |ipid vesicla® that

and/ or g®&eilBBige 1€ and all ows MMB to sense &
geomagnet ipch efnioerlech oinn ta@r med magnetotaxi s. Ma g n
by a magnetosome gen&Tektuyt ehat MEGcoAppensadiver
in the formati on, al i gnme(nBta,z ydn dn srhkat uw& artriaonrk ed
et al. , TR®&2BNnesence of magnetosomes in MMB ca
from environment al samples using a magnet. Thi

have not yet been successfully cultured.
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MMB are distinctive among bacteria becaus:e
|l nstead, MMB replicate by the entire consort.
separating into two, (aAbemungltyailidenf2i0d8l €oMNs
al ., 2004, Qi an et al . His2®@2i,ccalRlgn BMBahaye
Aaggr egat(eksedi no fe t¢c eallh. s, ¢c h2 OcOo7u)l d i mply that indi:

a multicellul ar aggortagatseofabClodetdseheoeenadl .0o,n

edl .,. 2007) his study we use the terms fAconsor
describe the unique form of multicellularity

Under external stress, an MMB consortium be
|l oss of magnetic orientation and motility and

deatAbreu et. avMMB, cdhG®)rtia consistently exhi

optimization, excluding the possibility that

c

nder | yirmgg nd(eRaftriaomn oni et al ., 20B8c¢chWcekl hwf &

consortium has mul nhgpie fhagwhdbdlae cessorti um ¢k

~

Al mei da et al ., 20 MhenClremnwi ebonmént al20dédndit
alterations in |ight exposure or magnetic fie

fractions( Alfmeai dsee ceotndal ., 20T8Bj sSkapiectetveal ¢

n‘ced |l ul ar communication among individual cel
centr al acellul ar Vol (uAner etuh2adtl 3tale.ecied s waorl
hypot hesized that the absence of a single cel
acellul ar volume at the center of each MMB or

by pr(oQ.iNs.t sKkei m, J.L.. Maurtrienrst,| ye,t tahle.r,e 20sO 4n)o
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refute these hypotheses. While past studies h
organi zation of MMB and their diverse abilit]i
mi crotédbpgu et al ., 2014; Shap, roheitr al e¢ al2dil

cultivation has hindered progress towards a be
With the exception of a study that demonstrat

mol ecul ar wadigdwde nbegamwicgadesti2onis9)about their

unaddressed, and hypotheses about the potenti :
bet ween individual cells within a consortium

To address these knowledge gaps, we i nves
physiology, metabolic differentiation, and cl ¢

the diversity of MMB within thnsoebvumoNetager
(SCMs) of 22 MMB consortia, representing eigh
we were able to quantify the extent of singl

composing individual MMBe ¢ otnlsatr t MMB ©xihli aintal g

within a single consortium, indicating that t
predictions were establishedpaddirfoiugghmdthab oleic®
tested thesdyppediforimomg stable isotope probi

individual consoritni dyuwsii flg zf&t U esnceagl ded 18 c,0 nrdam
mas s spectrometry ( NanoSkMI)o,ni aald & mio o o t haocgi
( BONCAOuUr. results demonstrate that MMB are m
indi vidual cells within MMB consortia exhibit

indicating metabolic differentiation, as well
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2Results and Discussion

2.1 Genomic Features and Phyl ogenetic Anal ysi

MMB were recovered from sulfidic sedi ment
Sippewi ssett Salt MaApphe if FiS>gMB LA ATMO 5t Is a mPA e
selected based on the ability to magneticall
previously (dBédmpn gtor aettedal . , 2011.; ISndnmwinduad B
consortia were sorted from a magoeitvaanéedycehti
and the DNA of individual pobet @d spMBcemsntamptlt
before Il lumina sequencing. From this sampl e,
(Fig. 2 ,C TAapbpleen dS1x) . The GC content of the SCM:s

i's similar to the GC content observed in

Fig. 1. Mor phol ogy ( AQuadr tsotornu cdteupriec tofn gMMBh.e mor
organi zation of a MMB consortium. At the cent e
t hat i s surrounded by a single |l ayer of <cell
pol ygons nal icgynteotisikéed ceftiolnament s) , compartments
(gray circles), as wel/l as other, (CBScraemmtilnyg u
el ectron microsctowy NMEMMhadmatgiec aolfl y enriched
undergoing divi ¢ Back SScatlteerb agl, edt Omn mi cr osc o
chains within MMB cells (arrow)-8 Wiaginklt ®sbmee
are appro&0 mameiltry @&iOameter. Scale bar, (8DP0 nm.
was increased for better visualizati on.
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Fig. 2. Genomic and phyl ogenetic analysis of
gener ated (iAax ihmgnksettludchyood tree, i nferred with
set of six conserved COGs (Table S3) present |
selected genome statistics are | istedameThe ¢
throughout( Bvér dgeg ufrelsl. | engt h (@63 errRaNgJAe ggeenneo n
nucl eotide identaitgghthemdwlnyapisdeonfti fhed MMB s

available MMB r@é&aM.r emuwlet igceblaMebsa st s man-din. s p.
For a phyl ogenetic tree of all/l publicly avail ;
an exhaustive sequence identity analyses of 1

5.
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previously publ i sh(eAbrMMB edtr adlt. ,gen@®Ine;s Cui et
2014)The average and median size of the 22 new
Mb ( Ap CeThadbilxe S1) . Prior to this study, onl vy
sequenced. These genomes exhibited sigha fican
Magnet omor-i(mK slpi.n KHK ,etl1 2a.l 5CaM@Mdlgimet ogl obus mul
(Abreu et aihd, 82061 MH (Caoi MR aXl t h@0gRJ)YLt he MM
genome i s not publiclyCaM.airmuwlbtliec €&@lhwl. agreipo melrKc
1 could be conflated due to contamination or
bin, as discussed( Amr dtheetr eslp.e,ct2 0bUds tekva liderskcoe
by our own evaluations of genome contaminatio

Only 14 of the 22 SCMs cont@Taklde 185) .r RN
sequences, together with publicly available 1
si nge lel rDeelsautl if wessa r cain@a vDeersiud fialmps us -1Ima gweerteo mc
used to constr uddtp pa nplaybll dgg eSn2e)t.i cT htirseean(al ysi s
of five phylogenetically distinct genera of N
(Fig. S2). Analysis ofiamphisostsedgquandesedguar
study JtSimndMs & Edwawesd, t2@a07)Group 1 MMB wa:
the sample site, constituting 61% of all 16S 1
6. 5%, 6.5%, and 5% of the 16S rRNA genes, res

Phyl ogenomic analysis of six bacterial Sir
SCMs yielded a topology <consistent with the

sequencelApgdendiaxb2C, S3, Fig. S2) . Similarly,
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speci fic ANI anal yses resolved eight uni que
identity. We assigned type genomes for each n

who have greatly adyvanAcpepde noduertkmeomwd eklig€ $4) MM

2.2 Clonality Wi thin MMB

MMB have historically been assumed to be <c
cells during division, which should result i
consof(Ci MNm Kei m, J. L. Martins, A&Addiatli.gna20O0ys4,;
mul ticellularity has traditionall YyFbebharthouec
2013)Al t hough MMB maintain an obligate multice
exists within a simgheenoaxmpetti menn thalsl yn etvees t
evidence suggesting that <cells within MMB are
rRNA genes from cells of a si@hgdlei glon oated almp | |
a FI SH study demonstrating that cells within i
(Si mmons & Edwards, 2007)

We set out to test the hypothesis of <c¢clona
SCMs recovered in this study. Reads from each
genome bi ns to quantify single nuncgl leeot MBI B p
consortium. As a procedur al cont r oAs,e uld0o, mo3nOa, s
putwelme sorted to construct a mock multicell ul
P. paodntoweorles ampl i fied awesmargt maurhpli ipfl iec atiis@rd aan
Il I l umi na short read sequencing. OQur analysis

consortia are genomically heterogeneous and t
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Fig. 3. Clonality anal y#8)i sl mdi viinddu avli druead d sMMmBe 1
same genome bin for each of the 22 SCGs. Thi s
MMB consortia have a higher single nucleotide
per kb) as omohpauedspoacorctiroo?, (p =< 10.,3 30,160
Pseudomehls) and other envireo.ngmedt Bd rTodel It@shr @
sampl e categoritescadHowesd gmao fstcamnit s di fnfoenr enc e
synonymous to synonymous substitutions (dN/ dS
neutr al and there i s necopddsnigt igveen esse lienc twhoinc ho f
The color of each SCG corclkespondegetospebieesol o
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mul ticellular organisms (Fig. 3A). MMB from L:
SNP differences within a single consortium as
clonal cont ol wWip h< a7’n. 3e sxt7i 8Ba t SeNdP sr ainng ei nodfi v1i 5d7u :
BAppendiabl @, S5). Other esvrtedment &l MMBc sbbwese
similar to the cl onal contr ol and a SN® ,rate
il lTustrating t heelugatgpaEmfecsrsmed aMMBi. miWiar analy
of the aggregati veMymuwlctoicaaulisinuxhaamrit dilmascat ecroi nupma r i
genomes of cells in fruiting bodies reveal ed

a recent singl@e@Waalcegesds adtFgeinbeypeti @) near |l vy

detect &d xaqdrha@mes occurred in the same si X (¢
selection for socially rel eviasntgngénetsr,ansuaalt
met hyl transferase (gene expression). Positi Vve

diversity within the organism as a mechanism
environments and hperao(t&eckti caegra i& sMo ss o c2i0al9 ) c

To investigate i f the genetic heterogeneit)
of the organism, we identified the genes cont
of -eapnonymous (dN) to synony mosuss h(odwse)d stuhbastt itt
di fferences within the SCMs of MMB appear to
genes exclusively impacted by the AiNPesndix hC,n
Tabl e Swi)thSa&Pki gvwe rdeN/ pdr8endtchnyii & o un dg einhe um@am nad
hypot heti cal @BSruacthe iunnsa n(nPita.t e886)g.enes that ar e

selection could ultimately drive f breateifonal od
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genomic heterogeneity within MMB are not rea
during DNA replication or damaging effects of
mutation can | ead to (aKidmvdatsi @lAt,of 2l m@dpoi mnin, b
whet her any of the changes we observe in the

|l ead to phenotypic differentiation between th

2.3 Genome Annotati on

Met abol i c Metabolic reconstApupcetnidiiaxe | @,f ST h e
revealed that all MMB are capabl e of heterotroc

and propionate as <carbon donors and/ or el ect

anal(ysherseu et al ., 20144 heK®ICiMsk e hotw dlh.at 2ZGBBM)
similar metabol i c pCoat eM.t isailpp eOmies seextcteepntsieo, n W hsi
ut i | i zceo eanczeytnyel A ( CoA) synthetase and is unabl
| actate deehyodrnoegearbaosl i ze | actate, a substrate

None of the SCMs contain acetal dehyde dehydro
al cohol fermentation. We resolved a ddmpaset e
reductive CoA pathway in al/|l SCMs. The presen
are capable of both heterotrophic and autotr
hydrogen met abdlyiadamlBy by oiBewd rex e@aft amd pRodphory
MMB are genetically capable of shuttling el ec
phosphoryl ationhypat AWRys wurstimagser compl exes, al
synt hase wkar eMd pruentdoglnob €a margtnien Limoe uand i pp e

I n addition, theéyraeamcpdeta nfgulNADRMgmub({Mai none
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t hat can move electrons from NADH "tacrwlisquihrec
me mbr ane. Cytochrome bd oxidase subunGa s | a
Magnetogl obus farina, and could bei nmgedl ¢ot re
cytochrome (cBoorri spwi neotl Sl . speoiLéy of MMB fr c
rubrerythrin and superoxide redoouhde,i nsttggd
detoxified by theApptetaodhaxkd EeASbride w xe td asle. ,( 201
al . ,. 2BPl1&9dtrons can adsoctbenremopedtbns)t he mo
by group rbnnihyldelogeamstelsen Thief fHuse across t he
could oxd4d dytrteldhegHt wo el ectrons and two prot

the electrons to the Dsr and Qmo compl exes fo

The MMB SCMs encode several divalent met al
and FepBDC ferric iron transport proteins, I N
Fe(lI11). Al | SCMs encode phosphatebrtambesemor t ¢
amino acid transporters. Genes for polyamine
provide resistance to environment al stress su

(Gevrekci Ada@ontlivdopnaéhgoademic he SERIt ai ndommanspor
encode a betainet hraetddwMBas é, usedigtgtcing betain
but as an dMVMukproeptaadhtyalytrltl aMMB s2p0elc6i)@aM.i n L S S
Si ppewi ssettense, encode an Amt transporter t
converted into glutamine or glutamate and fed
encodes the NitT/ TauT systhkam aftoer tnriatnrsaptoer,t siunl

SCMs showed that MMB are capable of synthesiz
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and | ack cysteine prototrophy genes. Cul tures
found to require the addition of cysteine for
including MMB, cannot s(yLnetfheevsriez ee ttThaedi .ri nogho [9a)
synthesize a sulfurous amino acid is surprisi
al | known MMBr,i dh veen viinr csrurhe rutrs .

Previous studies using transmission electr
MMB cell s that have been attribu$ieldvd oetcaalbon
Met abolic analysis of-CbAec&CMd bBbaoweddeéehsaedaa
polyhydroxybutyrate (PHB) for storage. b-Furthe
oxidation using triacylglycer o3P swintChh dasd ¥led. f
4 Appendiaxbl&, S7). Uss$ mgc tRracorsacno pnyi campl i ed t o i
demonstrated the presence of PHB a#mdclhi glirdgp,| e:
within ceAdpendriagl@,S3¥88). This is, to our know
energy storage compounds in MMB have been wunar
shown to support t he mul ti\iedrliud a stphlresnudg dduwtschte

specialization of c el (l Ssc hdwarritrzgname seotui gnagje stt Ih a2t 2

MMB may utilize a similar mechanism to suppor
Al truistic behavior in biological systems
is high and the benefit is comparatively | ar

mul ticellul AVemygceba&t®lbae aSemMmodo9)evealmad EY Fat N
hi c Al 8red M/tywepfeB talnttidxixn n ( TAAp pg s dlexod @ Bi7g.. 4

systems represent an extreme example of altrul
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contribute to the organism by sacrificing thet
organi smés multicellularity. But, selection f &
those traits (Guplarrit o R[detleacttRiOodm® )of CRI SPR (¢
interspaced short paldAndraaai(ptplarediablt®, Sy st e mq
the TA systems could be U3edenasredpmahesy 08 W2 I )
al trawmospgercati on in multicellular organisms has
str e(sGuwlrlsi egindicatk2fng9) he presence of TA syst
for MMB in the environment.

Previous spectroscopic analysis has indica
LSSM MMBchai bl e, ethalgh @&®re€y relating to grei
have not previously been identified. Genomic :

Wadden Sea) revealed they are capable of syn

magnhemes t hough greigite i s most common due t
(Cui et al ., 2022; Kol i2akb7etSiamnmo.n 2Wel 4iEd evretrai dfs
core greigite biomineralization gemamAin Bt |

E-Ct er-Nt, e @*,-5*1I -IMEKe*, a@B*as QWwegnlald 12s -1 9 4-3 @am7d

mamkKa)nd magnetite biomineralization genes in
magnet osome gene <clusters (MGCs) was conser v
greigite biomineralCai Mgggeneg!| whkue muimi i ael I
1, alCaoMghsi ppewi ssettense appe€aMaghet bgt bul
species. The synteny of magnetite biomCaerali:

Magnet omoelr@an M&gnet ananas r onge€lh e neesrskuil sSf aRPA ,u s
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magnet B rAtpipse n dFeixg .C,S18) . Greigite and magnet
been identified in the genomes of aforementio
used over( Comagredtiatte , 2022 ;whKalhi nko cethgalu.ent2
of LSSM AR Nn@dde&Ex gC, S7) . An explanati on for

bi omineralizing genes in 33000340 @vceul dr bl
Abr eu, Kol i nko, de Al meniotuaghc &ithoera/lrr. g1 e2 0ilB ) t he
uncl ear. The SCM MGCs contained additional ge
genes including geekatedcpdotgi a®mi mocdg spapee
and chemotaxi sp@trenteiial ICGheiFRvallMed in the for

magnet dAppme dieixg .C,S18 C TADpZn &ilx

Genomiicn awidtsred vati ons indicate | ight ©plays
and position of MMB in the sediment col umn a
triggering Acberlelu deitviasli.on 2014; Qi an TerhdaB d . |, 2 (
kaig@énes, i nvolved in circadian <cycl e, and ge

yell ow protein were recoweTabhdl ef rSO7 ,t hseu pHPOMS i

observations of LSSMSMMBaIlr.e s ed0risled dtda tliioghht mu |

of -twmponent chemotaxis genes were identifiec
related to magnetotaxi s, phototaxi s, and chem
environment al gr aditerftisc.at Mome v e rg,e ntelkse pirdd ect

(Appehdalxl e S7) i mplies MMB are potentially ca

|l ayer s. Taken together, our finding suggests
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along chemical gradients in their (dAbreocaurdi rad
2014)
2. 4 -taeedlIll  Adhesi on

One of the most intriguing features of MMB
bacteria maintain their mul ticell ul ar shape

mi croscopic analysis of MMB suggested,thad @&y

'V pili coul d-tme | il n\a@Abersa uvoinnt call 1|, 2014; C. N.
200Q04)Extracellul ar matrices, specifically thos
to be important forenhbheceevée! bpmeretr i ahd mmht ni
sever al emergent properties that benefit the

energy for (8edivad&aHMygbhbascspnZFEsE)aheri cavea col
both been shown to use exopolysa¢€Chavhadaaes et o ¢
2023; Wr- zenwiakc ka . efThal SCM280t®8rovered in this
extracellul ar polysaccha®Ri ¢j¢d yciosyyntrhesiferase
have been shown to secrete diverse poNysacch
acetylgluBiosami alk. , 2015; MpMamdraadétl yal t he2 @
the SCMs were homologous to GT2 Bcs proteins,
secr éotle@l wlmcose ep gl yoreelrl ull ose) duAhpegngdiXiadd,iel m f
S7)Serra & Hengge, 20The &&8SMa MMB &iIncod20 3Ry
the production of c e(blcgdhost@E sgzglr Zbmid oxf iblum fl carcrka
corgani zation of genes at a s(i%@grreal &chHesn@ge 0

Further hom@ldctsfidbunits were not identi wred, b u
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genes that may be involved in th(El slyamhetsiasl .of
The catalytic activithye off| Bersde ch alsy bteleen ©dhroove

di meric guanosi wweGMPONn ovhh acshph ast @ n(d urn affecte

| evieOnsadj el a et al ., Uh@Ee3; oQii cetc oald.i AddiGNE9 )t h e
has been shown to increase and bind( Qo &8tsal.
2009)Because ™MIMB eximgitbef ncoegwpgenedi ments, cell

triggered wunder oxic conditions to stimulate

cultivation @a@Abeeptet ol MMB2014)

Filamentous hemagglutinin has been shown t
facil i-ttocaedlel caedHesi(dPr aistmda edi afli.I,m1I”h; pEersrea c
filamentous hemagglutinin genes in our SCMs s
as a me ¢ h anti-aserl | f oad heeslilon, as( Ajpr ewi oauts| gl .s,u

Further mor e, the SCMs encode genes for OmpA/F
have been suggested t odeisntleeraadcitn gwittoh( &kgxgobpaoglayt si
et al ., TePO8)V pili, whi ch havet-gbeeleln asdhhoewsni otn

interacting wi t(hMaeixeorp o8l yVoavegcrher@ldseos i dent i fi ed

pil i could alternatively be used f or( Cmatiigl ietty
al . ,. 2PUOtY)her investigation into the use of t|
predictions can be made from the available ge

Previous studies on the membrane of MMB L
cytochemistry have shown that the consortia a

cells into the acellul ar centr al comp artthmesnt



123
pol ysacchari de Abemai nest uwncl,ea2013,; &si nNNg RKaeman
mi crospectroscopy we identified peaks corres
presence of an exopolysaccharide within or su

enouglsal uti on t o-acdidsdoiwteg wo;fs hFcieghle Si7Tn  Appendi

Cellulase hydrolysis of the MMB resulted in e
MMB are indeed cover ed8).y THo geeetlh eurl,o steh el saey ean a
structur al and functional significance of e)

mor photype of MMB.

2.5 Abundance,i mMisgdtttiuvbh uatyi o, MaiBd
in LSSM

Tempor al shifts in MMB groups aftSLBBMnbaete
al ., ba®04)he abundance of MMB correlated to s
MMB in the LSSM subsurface were quantified by
determining the fractional abundanrceu o wta cthh
core at -scceanltei meetseorl ut i on wusi nign regiviilryy dd esitg mend (
probes AfFpgndlid&®| @, S9)ivencehei mepefs of sedim
accounted for >75% of al | MMB b, e dependt hg
sedi ment depth. The total abundance of MMB dr
horizons transi tnisened afyr csme dsd amechyt tcoondeai ni ng p
to MMBs preference for | ow oxygen conditi ons
(Sobrinho et al ., .20Allsi nelmaired d ege hapr. 9 f 121060 9W a

obser vheed cfloorsetl yCaeMat end!| MBBet i ohares al ., 201
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Bi oorthogonal noncanoni cal amino acid tagg
anabolic activity of MMB Group 1 in the top 6
of MMB. Using this approach, we i de rMtMBf iaecd i a i
from 1 cm dept h3 ccoomp(apre<d a3n.d4 xtlh0e m2 3 -E mc moMmp ax e
3.9%20 bel ow which the MMB population diminist
MMB in the first 5 ¢cm of the sediment could b
pot enr2t6i0ad60® mV), as previously bibsavyaieldahiol ibtey

and sul fur s(pkKeocliiensk of cert MaMB. , 2014)

2.6 Physiology of MMB

Pr evi ousangde ncchmrebreosteadk isst udi es suggested that
sul fate reduction using sMmMAblearganit. ac04d4a
2014; Wenter HdweMer,, 200009di rect observation of
reported. Our metabolic reconstructions revea
capable of coupling sulfate reductionltoashe
i norganic car bowmctfiiwebdAogtaywlhawatyy heToetdest whet
carbon sources to support theirl€Cdrabwtl e,d Wea bisrc
(acetate, bicarbonatien, spdauapnahwntzed andi suduoah:
scale secondary ion mass spectrometry!®% NanoSI
acetate exht® bliakkal ihnggheessr compared to the othe
preference f Appaodiabtle, (S10g).. S5TMMBdgmtoiufpy , s e
was performed prior to NanoSI MS anal yses. Gr o

'€ from acetate as compare’d FogGr8ups. 3Wanal ¢
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significant diff er entébibcea rwecdrbptiGo paunpch 4t enup 4 a |

3. 9%aln0dd 5°% 8k é&@6pectively).

Fig. 5. NanoSI MS &®ad rytsdé st odf t MMB meid i cudibasri iao @
with isotopically | ight o¢r €haecaevty&-bcieagrabrobno nsaotuer,c
€& propionat®sucoai natz, for 24 hours. The kil
enriched MMB that had been filRadet at e %a pdir taif a
negative control was sedi ment containing MMB
the naturall€ab ®odarece doefscr i ptAippre naT exxbt€x pll g est
i mages show representative Nano¥HMDehwa ssatbwsrt
anal yzed. Color scal-2% atnho mSh.er Sremaylteessmbaar rEs da rle%
S1CD s$hewincubation setup. For a comparison o
and 4 see Fig. S11. Fig. S12 provides an exam,j
Materials and Methods detail thri gc.al%W3d.ati on
At | east thr dae, egierneeurpas olf, MMB and 3) assimilate
(Fig. S15). We were unable to magnetically en
l€acetate and molybdate, an inhibitor of sulf

are in fact sulfate reducers. |l n summary, our




























































































































































































































































































































































