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ABSTRACT

Met hane i s a potent greenhouse gas that is
sincienguetrial times. The majority of methane
mi crobes, and the i mpacts of changamgctl nmat e
mi crobi al communities. This relationship betw
the nature of which is crucial to characteriz

This dissertation discovers novel pat hways
cycling microbial C 0 mmdui nmptaicet se df reonnv i ar notnhnreonpt osg. e
and performed various microbi al e cod otghye sasend m
mi crobial communities and the physiology of t
conjunction with the collection of -ralvéev a@amtmen
environments, including thawsng permafrost s,

Through this research, we demonstrate that
hi storic assumptions. We identified a novel p
conferred to E. coli by the hetengl pgomaferpt
hi ghest methane fluxes emanated from sites wi
the surface, suggesting that the highest meth
per mafrost thaw and momdedu mag imed haawt fduxwh e o m
characteristics I n the Yell owstone River, di ¢
flux, a result that al se nmhasssiman onro diemp lnigcat i o

Additionally, our results indicate that mi
met hanogen physiology and prevalence more tha
met hanogen was -nmddtsttarnve rfeldux inndigdi | s eatnhda nber 0 u ¢
yield and proteome from cultures of this meth
salinity;-cthlotwervierg wioth a particular bacteriur
expression patterns. Il n per meafsr dosettst,e rmeptr headn ocgt
presence of syntrophic bacteria than by envir
di ssertation highlights the i mpact of communi
met hane flux in changing environments.
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I NTRODUCTI ON

Met hane and the Carbon Cycl e

Met hane is a potent greenhouse gas with wa

di oxi de -pyear [@aklMéO&dhane emissions to the at mo

S

e

me

me

t

t

t

h

h

h

me

o

nks, resulting in rising-0cdncdlklnttroatgiloonbsalt hwaz
dustrial.i 2dgeumnes of met hane emissions are
thropogeni c categori es, wi t h natur al sour ¢
thropogenic sources including fossil fuel p
Pr odu[clt]i on

Across both natur al and anthropogenic sou

sponsi bl e for approx[inat @&hye 0% mafyabkloueme

thane 1is met hanogenesi s, a form of anaero
thanogens. As the most reduced form of car b
e biological cnaerrbgoyn rceyccolvee.r eTdh ef rforne er ees pi r i ng

|l ower than the free energy rel é¢dieldhilsy | tohwe

ergy yield means that methanogens are outco

ceptors af#®] cCoasumedel vy, met hane oxidatio
ermodynamically favorabl e, and the Dbiologic
at conserve energy through this process. Bo

thanexfdizeng | arge amounts bgBor &@ni tadids te m

wering methane emissions, methanotrophs are

at mospheric methane; the remainder is[démoved
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Hi gh Met hane Environments are Chan:

h-aywel i ng microbi al communi ties are favo
c carbon and | ow oxygen. Such ecosyst ems
: and | andfill s, are knownl]fAnrt hiraowiorgg n
nces that alter these ecosyytcémagamscr al
ities. These changes can increase metha
vel 8,eeWoaeker , the response to climate
nces di ffers by environment. For e X amg
ation efforts are expected td¢9i,ndODgase
her hand, changsegpptrteen ps t aedooe amdt h.
s, grasgit®adEnvameod nenremplsamédn even shift
e sources on anfrikal Ttdhde rdeef coadea | itni noer dsea a
of the feedback between biology and cl
evolving ecosystems.

extreme examples of environmental chang¢
| akes and arctic permafrosts. Saline |
sdgdUgphlainmdi tst udi es examining these effec
ations. Increasing salinity Ha#%9aneden sh
p26fwkiclte emi ssiomsntiabmdpesedi maatg hav
se dirilnyhidreugaltisnity and competition

ogens i n [2A2]pnaer teincvuilraorn nteanltesp hi I[i2c3 ] met h e
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derstanding the physiology of methanogens utl
cling is affected in these altered ecosyste
War ming arctic temperatures are thawing p
nversidmoakenooncgani c [@dr.bdrE] tios nceltehaarnet hat
thanogenesi s wil/| i ncrease methanfe6emi2s/s|i o
wever, the successiothaw ahdsé¢ henvimpdmmeant
cling is a tppBe 25, A8 ERBDhdEeEbygf emany quest
e drivers of extreme spatial wvariability of
ctic[ &&/di ons

Met hanogenesi s

The primary source of methane enji3s]sarommsa ea

at conserve energy through the production o
rmi nal el ectron acceptors for anaerobic res
e |low free energy Vyi el denf rsoem smettihvaintoyg eonfe sk e
zymes -coMdaetztyyne M reductase ( Mcr) iI's the ke
talyzes the fi nalrorugdd atoioeemeqy fimgtl Me[ t3me] eyt Ih a r
r is essential for methanogenesi s, it is en
mar kgpBadpmwenfeor met hand3ylen phyl ogeny

Three primary met hanogenirce dpuactihmga y(so fetxeins tr,e

drogenotrophic), -atcieltijp8i0mge t3i3c, | m3Mdd) y chred dheyd o t

met hanogenesi s, met hanogens reduce carbon di

ge

nerated from the oxidation of mol ecul ar hydr
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the carbonyl carbon from acetate to provide r
to methane.

Metfuyli | i zing methanogenesis can Wbedfucritniger
and meit hmdt ati ng met hanedeceéesigs.mel hanmoeg ehnye s i
compounds are reduced to methane -diiamutrhge o0 x
met hanogenesi s, met hyl groups are disproport.i
carbon dioxide providing the reducin[g3.2lqui val

Mi crobi al community structure plays a | arg
and consequently methane production. The anox
the production of hydrogen and acceaen abtee dxhirdoiuzge
hydrogenotrophic and acetoclastic methanogens
bacteri al f er men[t3ea]sl heen d amdterarmogpd s benef it
met hanogenic consumption of fermentation end
t her modynami[c3a7l,.| y3WBfjelaes isbylnet r ophi ¢c rel ationship
producti on, competition for sud%tr&ypls ogam B@ac¢
acetate are aireduuosed bwpcseltifat € SRB) that co
sulfate to sulfide. Sulfate reduction has a hji
generally outcompedecicaagrebtaond! @disd x icd eme trh a&arhog e n
environments whe[n39s.ulfM@v er ti hse | persess,e ntithtei |siuzbisntgr
met hanogenesi soapetusualel windn SRBs, enabl ing

thrive undeh s¢gI28Bgdt e ons
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Aerobic Methane Synthesis

Met hanogens were | ong thought to be the on
sensitivity to oxygen | ed to the assumption
anoxic environments. This assumptOos wiatme t m

observation of supersaturation of di s[sdll]lved r
Despite repeated obserpv4é&?R]iotn swaosf ntohti su nmeitlh a2n0e0
for oxic methane pl{d@UThi ®npattswaly sktkavesience
aguatic ecosystems and involves reduci4g the
|l yase enzyme as a mechanism dfi mhteai reind&d r pmone
46] Since this discovery, oXxi c methane product
and sever al new sources of oxi[c4ddt hane produ

One of these new sources of oxic methane j

Lake bacteri umAcofdovdl@axigrenudidisscoewl ¢d met ab

monomet hyl amine is converted tAcmedblRapaxt at a
ami notransferase (Aat) enzyme. | mportantly, t
met abolism and is shf@il}ld adcartoes,s oanllly oefn zbyinmoelso gc

organisms have been shown [t3d, c adtd4al hyzS] mmeekt ehsa r
ubiquitous encoding otvAbhviongi guneymeesngamet ha
t he metvibdve ng Aat phenotype across organi sm
understanding of Dbiologicalelndasg,ogietn iasn dy ente tuhng

the metrhhawei ng phenotype of Aat is widespread
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of Aat enzymes. Further research i s-pmreadaded ntgo

Aat enzymes across taxonomy and the relevance

Technigues ta€yStludcdy Match orba al Communi t

Two types of met hod<s ydloirngstmidgrn olgi athet d@am

traditionally-ibedependedde poeunldeeuntiteupréen d ent e met h

involve growing organisms in the | abundCatlitarm.i
approach in microbiology as culturing microbe:s
requi rements. |l mportantly, culturing all ows f

through the modul ation ofpophgsbobwktabdgicoanldi t e®spen
i mi tati arepefndewnltt mted hods 1 s that observation

|l i kely not representative of hdvwR¢dh eAsdad i a ri gopanmil

only a very small percentage of organisms hav
a |l arge fraction of microbial di ver si t[yb,a,nd f 1
56 ]

An i mportant compl ement to -icrud & pen diggn ts tmelti
These methods alleviate many of the difficult

communities directly from environmeéeonpyaeld- samphl
independent met hods, gene amplicon and metage
DNA from an environment al or complex sampl e.
amplified from extractedeDNAowmailny mgroimpére meat
diversity of sequences. This enables a survey

singdd&t sever al §eB¢Bhane pmetaHddked can be espec
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met hanogens which can be idemicjrfard T axohemiec
rRNA) mark®&1t]lgne nmest agenomics, all extracted D
all owing for the prediction of metaboli sms e
assembling the sequenrcsede nibN A di ngteon omeetsa geennadbmee s
taxonobmy functional potenti al i n i ndividual

met aproteomics are analogous to and often pai

MRNA or protein, respectivel vy, thus etmamt i alg
and activity of [nbi9,r o6bOiJal communi ti es
The | i mitat-iimdhep endecnutl tnuertehods-baarey Imegt hed

are the most effective-catarealcu eird ateidn g aoprhpel dxy
provide predictions about met abowhet pet emit ¢ adk
active or if that metabolic potenti al i's real
the detection of activity and metabolic funct
characteri zp89 s ampAdedsityipoensal | 'y, these techniqu
the average of a community opo pwlpautliadn owmar itahbei

Nexteneration physiology apmpdepemhaendr ened hg
address some o[f5.2t]Adiers el imuaitthatdisoresnabl e t he st
particul ar pihre neoit tyapneesn duendd ecrondi t i ons. Cell s cz¢
from the bulk community 468 ]meseddgébpdojmpmplui ¢ on i
[ 65]This all ows for directly linking specific

Using combinations of the approaches | istecf

of how -onyed lhiamg mi crobi al communities functio
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environment . Performing these combinatori al m
environmental metadata and methane f{ux prc
cling communities and howeddheystcdhmasr1ge concu
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unpublished data that builds wupon the PNAS p:
environmental relevance.
ChapSiedrescri bes a projgeantr ahiaon uplbkygsiaolnoegxy

compare the active river mi c ruosbei ognrea diioe nme tahla

Yel |l owstone River. Thi s pr oj eFcAtCSr eomr eas ernitwse rt h
umfrtunately, | ow biomass and contamination pr
dat a.

Theveobhbhpter is not directly related to me
met hanogenic enrichment cultures. I n this unp
visualization of a member of t hed a\pears @ earnadh a e

independent techniques.
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Abstract

hanogenic archaea affect the climate th
e. However, it is unclear how a changing
ogen physiology and consequEe®@3IL)meitshanan
nmen-t t hat has been heavily i mpacted b
tration since the | ast methanogen was ¢
met hanogen, for Cahidcibtbaeweh aprob@ad ®@ ht has n
he GSL at a time when its <L£aMinhitll emarmi
ot increaseorxpreststi omeomdneamprygyt ei ns w|
alinity oCaMaxyhgdn.emamicpntiroagtt,i zes tr ac
ons in responseredutheg peaetéoie it St hhileu
ene amplicon data from GSL shore soils
ted tCladl. phiekleamaniof CuaM. r @asul esmashowst hi

nged wi t hs oernsvianodn nceonrttarli bsuttreess t o t he met

| mportance

hanogens are microbes that affect t he
ouse gas, met haneus e hmatgteesr nsn arla@ mdart yei re
ng their unique economic andobeecoflaolgli,c ail
r how met hanogens and the amount of met|

we measured high methane output from
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identified a novel met hanogen as part of a | a
these methane emissions. We cultured this nove
that i1 ts methane production iwass.| &uge lfyi nudn anfgfs
met hanogens in saline environments, incl udi ng
sources of methane and will continue to produ

|l ntroducti on

Met hane is a potent gr eenbhoB steo ggalso btahla tw ahransi
the start of t hé 1j. n@psptrroixailmarn eV ¢l u6tOi% no f me t
atmosphere is produced by methanogens, archae:
conser[\Vatifywme to the oxygen sensitivity of ke
the comparaéetneeygy Vowl 8ret met hanogenesis, it

are restricted to anoxic environmemtld ywi twretll a

mel ting permafrost s, rice paddies, and ani mal
fl ux2nd have been extensively studied, toget
influence on climate change. However, many ac
cycl e. Environments experiencing fafstparmhtaingels

interest because the magnitude and direction |
on annual t¢ZFdecadal scal es

The Great Salt Lake (GSL) and other major te
by human[8Cjti wncrgased upstream water consumpt
temperatures are caupilklhyy] lakeetmveabk Lt aked$ uma

volume is accompanied by an increase in salin
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produce methane unddrld4inpwesalindowondthieyi ores |
salinity, and how this I mpact s met hane f | ux,
increasing salinity in freshwdiS5dbusyatsemstHdat:
wi || i ncrease met hainreunamitegi[dsesldStfmechmessonesepeeci
examining salinity gradients have shown mixe
bet ween salinity [alm@dh dmeotthhaerres e minsdsiinggnisd ,. n& g ht i
These results have contradictory implications
including the GSL. Unfortunately, data examin
rare and to the best of oure@¢noeiledge, floankXxyf o
|l ake0]which measured | ow and spatially homog:z¢
Met hane production has beledhl Joabnsde rav ehda | forpohm | G SL
Met hanohal gplwialsus smd laitied [f2a2dh Dehsep iGdSel tine sleQ 8dbk
many microbial community analyses off 287he GSL
M. malksi ia -dnedrhwytlati ng met han-& g @&n NBERLThtehr i v
Met hanohgkopbBi inasl udes six desc[r2&.,edB®lpiece st
GSL, these species were isolated from deep sec
and sal 2®3gdakKsown memblet barmdhaldoeulsi laulsl -shar e
di smutating methanogenesis fr om 3¥WMAan dD Mre,t hTaMA
but are incapable of 2greadwicn@gvihy da ogtean®lt a ©tpiha
The salinity range varies by organism, but t he
from 1% 2.8]T2h0e%y t ol er at e o0s meatnidoc sdtrrad g itelsr avd g

symporters and antiporters, and via tHhe8&43i osy
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Al |l members of this genus also uni¥erismallludi en
thioredoxins, peroxiredoxins, alk8hydroperox

Il n this study, we cultwWMeedhamohdVYehit hes iGSd

for which we @aopoMetibbaeomalmephi |l us hill emani
and metaproteomics, we describe its wunique fe
environment al stressor s, i ncluding salinity.

identi fgbdeadheresmgonsi bl e. We combine eomiiadonme.]

techniques to examine bowhbhgesmekxpanogecedes

Materials and Met hods

Collection of Samples and Cultivation

Mi crobialite material was collected in July of
(Suppl ementary Figures 1, 2) . Met hanogens wer
fiifsterilized GSL water. Lake watsemgnwas bgv fratt @

Smi[th2]ori ginal | Metulseerdo t ol g pshbillau sa dpaulsitied t o t h
current GSL (16%).

Met hanohahopbhmaest cultures were grf&ywr i n F
with differing concentrations of salts and TN
solution and sodium sulfide. Th# MhG@td spraltiee rcto
pressure (~90 kPa in Bozeman, MT). The anoxic
salinity of GSL'2wa2t3er 1f0r0o ng /Ap rNa Gl13 459 Lg /KICI Mg
Cagl 0.13 g/ L 58GCIQ. 5149 /gl ANIMBAt i onal |y, the med

500 OL of 1 g/ blsoddiomm A@€sambupfinDSMZ 141 trac:
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of 1 M sodium bicarbonat e, 18. 87 -melr cla pM osed diau
sul fonic acid sodium salt (Qoenmg)ymdée Mo di amd da
reductant. The pH was adjustemLtof ~mMme&i amdi u
serum bottles. Vancomycin and streptomycin (1

OL of carbp@wé¢oeraddemdxto each bottle. Bottl ec

the previous culture and grown at 30 UC for a

Met hane Measurements

Met hane was mdddDDuraesd pvrieavi @S] y hdeber iflmdd c
modi fications: (i) 1 mL of sample was injecte
mL plastic BD syringe equipped with a sampl e

(i1 1)1 a@CRCaxpi |l | ar yi ncsotleuand® aomfh san BGS®d c ol umn.

Gene Amplicon Analysis

16S rRNA gene analysis was performed as de:
Mi crobi ome Project primersmb#S5ndnd8@P6IRM¢ 3,
and the touchdown amplification prladgryan hfer camh p
subunit -oodenmetmeylM reductase (mcr A) [ 39]. Fu

suppl ementary methods section.

Met agenomi cs

A combinati on -roefadl lalnudmiNaan osphoorret | ong r ead
establ i sh[edWwiwoh kssdmev modi fi cations, wa€f€aused t

M. hill emani str. BB. Fragmented but compl et
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Hal anaeamwmiesum fovepmi culThe genomes can be f ol
accession ICanMb.er &1 Ifloerman i Desaktlovgeepnandul us
Hal anaegprbeisupnect i vel y: SAMN5411960 3, SAMN541109
on sequencing, assembly, annotation, and genor
met hods section.
Salt Stress Experi ment

For methane producti on aMedt hmeen cahpa hoo pebohnhnecest
cultures were grown (i) ;5a0s/ 4t5h25M dOgbne B dosl p a( cle7)6, g
with az2hlefa0d% pNace, (i ii) in506vus5¢aNN ©Omeldisp aCckd 4
(i v) high salt ;5€di4dsd /B &BXheppd/dls paaxlet)s oxnat (V)
conditions (;506 4¢h/HN ©Dteadlld gedadicdesL,. odt driil ltiezed r
air injected into tdlaggshe adchp ewp ongyv kEiray sTfO@iBN5) % cC
ratio of the different salts for all conditio
each salt being decreased or increas@ul tpurogor
grown wunder control conditions were transferr
acclimate the test cultures to stress condit.i
three transfers beforegmdthteatfle ganar avtaisom.ecDh
then used to inoculate a fi fltdg gemaegeat((imasedvha
production) for the metaproteomics experiment

rep

|l icates for each condition).
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Met aproteomics Sample Preparation and Data An.

The harvested cultures were sent to the Pa
WA , USA) where 200 Og of protein was used fo
performed using an Orbitrap ExploWalst 4d8®, mMA S
USA) . Peptide matching from the acqui[(8é]dat a
against -paogeomemetamposed from sequenced geno
Peptide abundances, i ntegrated as area under
spectrahawssengddwel oped 3§ MABRECep MMASI €e abundal
transformed to remove skewness in the distrib
were corrected for the relative abundance of

curves mappi nmg. tor emsxcfhoromgdndlundance val ues ¢

were normalized wusing mean centr al t e[nd8&]ncy r
Unl ess otherwise indicated, al | proteomic da
protein abundances. Raw proteomics data has be

MSV000100495. Further det ai |l shedsn dbectfiomamd i n

Met hane Fl ux Measurement s

Met hane flux data was coll ected in transect
in the south ar m-CoOR t7h8el 0G S Lr awsiCrgda ,sA lalinirad g lzre r
USA) . Terrestrial flux measurem8Ai{ibutwewiet maa e
mi nute measurement period and a -rlels clewerch d1 & ard
gene amplicon dat a, soi l cores were collected

which registered thechilghesmeamet hament $-uwer A&Qq
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made floating flux chamber to take duplicate,
calculated from the Iinear c¢change in methane
[ 4.0]

Results and Discussi on

Enrichments of a Novel Met hanogen
Mi crobialite and water samples from Bridge
in July 2022, when the water | evel was at its

Met hanogens were enriched usiMeg htameo hgarl @wthh | mes
[ 22]We increased the salinity of '?2h0e 3me dpiruonv itdo
a headspace caonsd4d3%iding 2b6f% BIO%uU HHed tri met hyl ami
met hanogenic substrate. The culture also prod
not from glycine betaine or hydrogen and carb

After 21 months of enrichment, 16S r RNA ge
cul ture condiedsthacho b | GBEH ull $§ ov € @amiscuull fuast e rec
bact erSIRBmMm, aHal| dde(rami amaerobic fermenter).
contributed to the remaining <1% of the 16S r
sample with both Il lumina andc:cOwmeahadndaalopphi
genome (2.09 Mb ) . Sequence coverage I ndi c at
Met hanohal D@kiul § ® vep mjHcad Paunnsa esm.b,i uwmi t h 9% of s
remaining unbinned. Il n addition to these thre

16 8 RNA gene sequemnNdesg i be,lcdimegsiengh @thsapl.o,bi amd ar
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| at e t he meptihcakniongge n

ot i

| zi maplpasmaAttempts to iso

from solid media, and additional anti bi
Characterization dofa.t he Novel Met hanogen
Met hanohal ophilus hill emani

CcsS

This newl Meassaseambgeédpmel sbarb®sANIleswi tthaal 19

genomes within i1its genud,hdi mdil oya Miln g@iuwged vhe |

1A) . The 16S rRNA gene i

S

ess than 99.

3% i

den

Met hanohalpeghielsust o each ot her (Suppl ementary
Candi Mathanohal ophilus hi | emani strain BB fo
the supplementary online material s)
AAI , ,
: .93!4 5 92‘2@ M. euhalobius I95 B Methanohalophilus euhalobius DSM 10369
93.7 93.2 93.1 92.3 [(:5] M. sp. WG1 90 Methanohalophilus sp. WG1
93 92_3@ M. sp. RSK 85 Methanohalophilus sp. RSK
B QZ'BEM' p ortucalensis 80 = Methanohalophilus portucalensis FDF-1T
i o>
B QRS V. profundi 75 0280 Methanohalophilus portucalensis FDF-1
824924024 929928 9349290 M. halophilus |\ 70 Do Tart
0.05 i :
2.4 92.4 92.4 93.2 93.2 91.9 92‘3 Ca. M. hillemani Methanohalophilus profundi SLHTYRO
91.391.391.291591.591.791.2 M. mahii | +Mefha"0ha’09hi’us halophilus DSM 3094
76.9 76.6 76.6 76.8 76.8 76.7 76.8 77 M. levihalophilus Methanohalophilus halophilus Z-7982
ANI§§§§§§9’§§ Ca. Methanohalophilus hill i
. — a. Niethanohalophiiu flilemani
888333 ¢
5 =S T g3 g 8 f L— Methanohalophilus mahii DSM 5219
S§QR8ITF 3
< o ’ 5, 3 g- . Methanohalophilus levihalophilus DSM 28452
« > 0 = Methanosarcinales
& : =
Fi gu€aMelt:hanohal ophilus hill emani represents a
Met hanohal ¢ahirwise average nucleotide identit
identity (AAl) on bottom | eftCaVvwd htidp ermagnhit ,
represents a neietshmpeoihegs awibtiHigm )t iveax i mum | i ke
65 aligned and-cogMectahtaennoahtpetdo pshiinhgelseconstruct ed
v2. 14828%d 1,000 bootstraps. Circles represent
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were coll apsed. AcceMastilbananhanbeplse§wgan hlee oft dt
Tabl e 1.

Comparinegogrogeisrequenc@asM. enlcioldleedmalny to z
Met hanohappphshowed it shares the major- char at
di smutating methanogenesis f[@®, MEA keBMKk,e ToMA
speciaMs, hil Il emani | awkhsl dggeogedasSerns nevwadtydgenc
reducing mebthlmhemmgeoreséesved functions across t

transport and synthesi d%mspot aesids @dydreoosgger

tolerance via thioredoxins, peroxidases, supe.]
feat uCads difi | | emani as compar edettd amtothearr empdéimb e
di scussed in the Supplementary Results sectio
l ncreasing Salinity in the Great Salt Lake

The biomass th@am.l ehdi Itloe ncanlit uwaisngcol | ect ed
2022, when the | ake was at its | owest recorde
sample came from Bridger Bay, which was cut of

to a salhi rhiitghemu (~24%) than the restamd Glhe s
concentrations at this time were 3.6 and 4.2
of these ions medsyurdd. By aBds 11 . Ske Mhlraa oithna [ 1o p h i
mahwa s i sol at[led2]irn ghi©98DHefore GSL reached re
(Suppl ementary Figure 5).CaMhi il éémasit mayheée

hi gher osmotic strM.ssmdhiviel s as compared to
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Met hane Production under Sal t Stress

To understand how stressor €aM.n hihlel é&aB8dnie,c oc
cultures were compared to those 2i nantdamiedr ond
conditions (see methods, above). Proportions

which contrasts previous work on the[B32nu29t h

44] The | ag time for methane production increa
Neverthel ess, t he GaM.r ahill Imeemamain ec wliteurde sf owa s
conditions tested (Figure 2A). Mass bal ance o
after 167 M¥aywass8converted to methane, econsi st

di smutatingsmehbdanbgenkesen reported [45b5,sdEp ¢
16S r RNA gene ampl iCadn ddat & emboiwedvas hate

me mber in all conditions (Figure 2B); howevert
di ffered si gnitsfpiecca retsl ye nfrricchh memd 3 ndi cated by
l ow salt, and hciognht as anletd @ o nCdaidwr.ii d yis | (| 2 6n@ %)

Desul foveami thleusnly other organism with a re
of ampl i cocnosndiin itomeCh®.| omiglelde man i . Byormadinttirars t
40% of ampl i cO@GaM. bheillolnegneadn it oa nlMe d welsfso vtehrédmi cOu.| L
| zi mapslpaescmees t hat was absent from alll ot her
and Haheenaespédciuens t hat made up <0.1% of amp
constitutedcd®®O®¥ am. theespN te di fferences in cu

composition, ecsupletcuiraelsl,y ailnl tchoendN ti ons yi el ded
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A B100% —l---
20 A
75%
o 15
§ 2 Genus
(7] 3 l Desulfohalobium
i 2 5 Other
£ 10 | 2 50% Izimaplasma
f o B Halanaerobium
(&) ® Desulfovermiculus
o\o E 22 ca. Methanohalophilus hillemani
53 25%
0 2 4 6 8 10 12 14 16 .
Days 0%
&égg&g&d‘b
-o-Ctrl -o-N, -o-Low Salt -e-High Salt o, & N
Condition
Figu€CaM.2:hill emani produces similar amounts of
(A) Met hane pMeotdhuacntoi hoanh oopfkh htheeat cul t ur e gr own
stress conditions. Error bars (where visible)
(B) Community composition of same samples tha
assessed by alnepS ircRONMA sgeegqnueenci ng. Amplicon sequ
|l ess than 0.5% of the itnottoalt hceo niinQutnhi etryd wceartee gcol r

Met aproteomics

To understand t h@aMi chliddiemamlni®assiconfsaorst ent
across stressful conditions, we performed met
mi-dog phase and peptides from cultures of weac
from the acmesnbl Beédcagese no binsl zd onalpdrmad ma r e

Desul fohaloobctomd Nt i on, we were not able to ma
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Stress Conditions Do Not I mpact Methanogenes:i
Expression

For al | conditions, the-dpsoueiamns ng nwmelk had
pat hway were amohNgtharohnhpoplktidscfexpressed (
Figure 6). The proteins responsible for the 1
subsequent reduction t o met hane wer e al | a
(met hyl cobami de: CoM nmetthhey Ltboor mprt € fd ehrka $N o n ) . The
met hanorgeln®tsed protein that was 4dethysdémmaakbl
protein found in the coemamailticomd(Fii@aM.eoul3) .nc
hill emani encodes two copies of this protein,
expressedondithen® suggesting that the met han

It was previously repo-teeth hhgtsahhd seEpps.
Met hanohal ophituanggoritptcal easi snet hyl ami ne met
proteins wef €4 Ju@oanrvgeurl saetleyd, Calkl. shiolwl @ marni trhet h
proteome is highly and uniformly expressed, r
possible explanation for the | ack of observed
hi gh basal exgroansteiravma pIf oteeniemgygy( Suppl ement ary
advantageous in an environment with constant

tol eir@as.eno(i c and oxidative stirealslsy) .f elahdgisb Isd ria

where methyl ated amines are | ikely always in
precursor, [g4d,]aishea keotmpiate bl e sol ut e.
Anot her possibility is that methanogenic pl

translationally regulated Iin response to str.
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Met hanohal ophiflawn d otritautc a2 6% safs t he phosphoryl
met hanogenesi s, energy consfe4.&JaTthiaotn, s taunddy ofsomio
mut at ed gl ycimea hgatcassher d\s e (responsi bl e f
modi fied to act |i ke a phosphoryl ated version
tolerance whEe.n .ecoWNhridses adeiyn did not have anal c
met hanogenic protei nMet htameoyh ot eophben tss actaen thhea t
beyond the | evel of protein expression. The t
toget htelme wliadhk of differenti al expression of
wor k Maethherohgbophi bbheul d examine forms of re

expression.

Limited Number of Proteins Differentially Exp
Response to Changing Salinity
Contrary to our expectations, l ow and hig

proteins that were both highly and differenti

Both high and | ow salt conditimnisr arhotwreadn ¢ pvor
FeoA and FeoB, of which FeoA was not detected
encod€dM.byhi |l | emani , none were both upregul at

expression in the ki o -rd3dfiAi rc omrdattaiom . e XTphree sl sa
high salinity 4Wd¢s honghpoéasatl expression of S
observed in the control. Al ternatively; the
tolerance via high expression of compatible s

and I mpest age in the top 10%saft-spaptgbard pocC
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conditions. As dirsacnwsd sadgd omladv e,egudat i on coul
tolerance without requiripg8differential expr

Protein expression ga®whndhr € oafdfi ¢ ctoend Qdwot Ip
with protein modi-rfdmaitri opr catredy utlsadwesldNeA nudp e x pr e
the median (Figure 3)r.epfan r addiottieo masl wehrree eu pl
expressed abovmindei snednawn Tbiaonfer antioxi
proteins involved in thiamine biosynthesi s, h
synt hase, were 2cpmelguli ®inad ISwuw pmbhee Oof t he oXxy
genes were upregul ated. Constitutive express|
oxyfdseaperoxide reduct ase;peperxdxiarseed axien,aldnd n

expressed pnoreins in the co
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Fibronectin type 3 domain-containing protein

PGF-pre-PGF domain protein 1

PGF-pre-PGF domain protein 2

putative ABC transporter PGF-CTERM-modified substrate-binding protein
Tubulin like protein

UTP--glucose-1-phosphate uridylyltransferase AglF
FKBP-type peptidyl-prolyl cis-trans isomerase
SAMP-activating enzyme E1

putative carboxyl-terminal-processing protease, deltaproteobacterial
FlaB Archaeal flagellin

Chemotaxis protein CheY

cobaltochelatase, CobN subunit

Cobalt/magnesium transport protein CorA

FeoA Fe2+ transport system protein A

Fe(2+) transporter FeoB

- hsdM: type | restriction-modification system 1
hsdM: type | restriction-modification system 2

hsdR: type | site-specific deoxyribonuclease

HsdS Restriction endonuclease [Defense mechanisms]

putative nuclease of the RecB family [DNA replication, recombination, and repair]
DNA sulfur modification protein DndD

Transposase, IS5 family [DNA replication, recombination, and repair]

ATP-dependent DNA helicase PcrA

rexB: ATP-dependent nuclease subunit B

N-acetyl-alpha-D-glucosaminyl L-malate synthase BshA

Heparan sulfate D-glucosaminyl 3-O-sulfotransferase

GDP-mannose 4,6-dehydratase

putative cyclic pyranopterin monophosphate synthase

nitrogen fixation negative regulator NifL 1

conjugative transfer ATPase

TMAO reductase sytem sensor TorS

putative ABC transporter ATP-binding protein

TIGR00297: family protein

HD domain protein, cyanamide hydratase family

Cohesin domain protein

508 ribosomal protein L15

Monomethylamine methyltransferase MtmB1

Iog21
u

5

{I):old Change
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€CaMe3t:hanohal ophilus hillemani differenti al
c dMakii tmuam «d.i f ferentially expressedz protei
itions, all of which were -mogel it gl yr exei
Nndition included proteins involved-in i mi
ace. Proteins shown in this figure meet t
ession fortathiasticoaldliyioingnifig¢astly di ff
(ii1) funct i ohay.pcootunledt ibcea |lpsr endoitc tiendc [(uded) .
cates the protein was more abundant iin th
condition Asterisks in the boxes indica
tion or the control-l@andasa I gkt édl dBehdad
cate that the codinge s@kaMuemd¢e | feanrant hiasndp m
|l ogs were MetemandhageopmebueuhRroteins with
cate absence in a specific condition, but
e See Supp7 efmern traarvwy Vvlalbu eess. 3
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Uni €ca®. hill emani Proteins are Differentially
Expressed@oinmithenN

When comparing the number of differentiall
t est condi2domaist,i otnher eNsul ted i n twice as man
(Suppl emen8) ar fhirablweas consi stent when filter!
expressed above the median for ea®% h Nomwnabtil yon
26 differentiall @aM.ndhihlilgehnhayn ie xmooroetkésitend® ni et b
abundant than in the control (Figure 3). Addi
expressed protei nGaMar ehiudregummgMiepthheat neo hngsk atpob i | u s
(see Supplementary Results). However, none of
detected in the N condition; in contrast, al
expressed above the mediahintWe bypboehesexereh

Ncondition are due to the differences i n comm

Met al Uptake, DNA Repair, and I mmunity Down
Reqgul at ee€oini t henN

Dowmegul at ed f unacrdiotnison ni nmdleudNed i mmune r e
cesurface features, and metal metabolism (Figu
transporter wereragtul deoddlcl 8dc sgprext bpchadvert vy pni ( Fi
3). Additionally, one irofnoltd amrsd otrwee ro twhaesr dior
detected in all other coodditti oms., were absent

Hi ghly exprreseasgans eaamamai DNAroteins were not
thecdNndition. Seven proteins in thi scocnadtietgoorny

yet were expressed above the median in al/l ot
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i n i mmune response or DNA repair wernre Tahessoe d e
included #trwd aCRIDSPRoOteins, twompdofecasi onvof
[ 5,0]f our DNA helicases, two DNA repair protein

modi fication system protein, HsdS.

CaM. hill emani I's Adapted to Sulfide Stress ar
Competi tDiecnul fiotvlker mi cul us

The genomic and proteomic data do not sup

di sti nCgaii. s he $ | dMma mia hBhantdh s peci es are geneti cal

and taking up the compatible solute, glycine |
osmotic baCah.c ehi IWhea meaen i encodes uniqgue prote
i mmune response, it encodes no unique protein

(Suppl ementary TablsalltO)c oncnenftactt,i odaisf freersiun g
proteomic change in this halophilic methanoge

|l nstead, the main proteomiccdanfdietriearnc.e sl mve
response-rapdi DNArotei ns, I CaMudihmng | pmanhej nswe r
expressed in al/l copddititopne. extewhsf prreegvahieru Bl |
transcripts were upregulated by met hph.dbpens
Additionally, high | evels of ¢$6R2famd&]kaowrmhet a
damage[ DANJASul fide i s pr oxhawsced beyl eXSRBD nudiomg r H
conditions in ourcehddyjoerxcepht &bnextl h@hiNleads
we did not take sulfide measurements 20o0rfithg t|
headspace yieldedbO0Od®ulttiumeess highera rk% ati ve €

Desul f ov,e rcnoincpual russdo ntda ttihoen N Fi gur ®&e2B) f oA ad iofofi 4
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was presendndint itdire &Nt | ower rel ative abundance
was retrieved from our metagenome, we were un
these results indicate that ei thercihfiigh $SRE e

Desul foviemdnuncerd ua di st i nc@€alp.r ohtielolneinta nrie.-s plonni sgeu
response -rempdai DNAArotei @aM.exprkebemdnibyin t he
Desul foveomércti alsl y r etpiresento npvetl eatda@rit ar ep
rel ated damage.

Additionally, reduced expre@G@aM.onhiolfl enmeatnail i
N2 condition, compared t o al | ot her conditio
Desul foverGumoibcaulltusi s -drsmubbatifog methghogenesi s
in corrinoid proteins used to transf grb.5inet hy
However, the conversion of sulfate to sul fide
cobal't t?H+ sowlgfhi-pd@e c ¢ @[i &.6a]tAidodni t i onal | vy, SRB uti
enzymatic cofactor for various metaboélFi,sm8] i
which could | ead Des «clofmp\weex mii @ @ d ntdveee dgobal t
the control condition, one just bel ow medi an
Tol erating sul fide shDerseuslsf oavred md carmmpeatsit n gnag g aien

factors Ciamipakiliingmani physawvéiolggbwden H

CaM. hill emani Uses Pyrrolysine Sparingly

Met hyl at-etdi laintiinnreg met hanogens "dami nkon oavani dt,
pyrrolysine (Pyl), which plays an i mportant

monomet hyl amine methyltransf er[as=®y [(nEtaMeBd, Mt b |
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hill emani encodes the genes requtiReA Ifioga sPey)l.
MRNA secondary structure el ement, PYLI'S (anal
suggested to enabl e 6P,ana3|B¥LtL Soal eméot proeeer
CaM. hill emanamsnememkeyhgt edansferase genes. A
identified in peptidesmapqamnget meahlyl thanesftey
byaM. hill emani

Kivees dmlve recently proposed that some met
Met hanohal gdhi ¢ wis,a Inihd i 8 v i hhaal voep hrielpurso,gr a mmed t
codon to universally incor pocgaadcen,Pydcr dsssttelnd
[ 64]Whil e the authors confirmed-gtudespbchwapethes
met hanogen, experimental data on halophilic m
and if microbes regulate the i nfcoaruparembtd odre baaft
65] Having already identified Pyl residues in
we used Kivensonodos [mpldasi watl oastouProdngeabdi
topredict and &LaMot hit el gmaers. fdhi s resulted i
containfimgmanTA®G codon. I n this reanaiPwydi s, Wwe
containing proteins -Rlylwnrsd giecaure .o fThihe @aowldd cdt
codon isgriesuatPyl resi deedomot Hoevien@rreddras
met hyl transferase proteins predicted to conta
peptides associated with those proteins contai
(10. 7%) peptides associate with methyltransfe

nomet hyl transferase peptidesicdeatit haedTAG cooc
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contrast to genomi d 6pirffladecpr omar Chiyy. t Badgeaesaus$§

hill emani

Hi gh Met hane Flux from the Great Salt Lake

To assess metihmanegwaens measwrigdd met hane f | ux
focused on Bri d@aM. Bmiyl,| ewnhaenrie itnhoec ul um was o06b
Figure 2). Met hane fluxes were very high but
CH #hday observed acr osA, sSaunppplliennge ndaatreys F(i Fgiug er
are compar-méteane fhliwgh environment[39samtb] as

freshwat dgr6.7y&€heéahdghest f | uxCHheadaiy e(dS uwmmsl eSrierr

Figure 8), which greatly exceeds values repor
FIl uxes were measured in transects perpend
terrestri al and aquatic measurements. We rep

met hane flux between 5 and AS5. mehies swd g oao u rmtee
as we expected that theomdsasti a@ogbodianidomset th
shoreline. However, this trend was observed a
Figure 7).

Our results contrast the only othef28tudy
which observed si mi-0 a0 8 aQdhahitdi acy )f,| ubxuets nfuOc.h4 21 o+w
fluxes-0(.0L 4moMday). Their findings of similar
mi ni mal flux variability between sites did no
di sparity is due to the differ eetcpl@amipme¢d al

di fferences between basins, over kil ometer sc:
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over a kil ometer from the contemporary GSL shc
and centered on the contemporary |l ake shore.
small er scope), that we obsedr vielduxe xvtarreinaebliyl ihti
Cobod6s and our results show that the GSL does

however, the zone of highest flux is | ocated
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e 4 Met hane flux and methanogenic commu
Met hane fl uxes measured from soil within
showing a zonel%fm hfirgdim meh eh amnheo rf d luixn 1.0 ( E
fferent methanogens in a mefdliumengi tceorfer dr
025 based on 16S rRNA gene amplicon sequ:
one at CGaMe dehl shalmeuvad Was cat ego+ri zed base
otide di fMlee hmamod A6 RNtAsgrenes i n their
nces that could not be assigned a genus
|l tured MethanogensoMépbasabDbh,yg tsiredenbmsaaibne otf €
the most abundant sequences.mcOydrmnye met han
con relative abundance in the sa@a. core
| ®tehiteert ih.a n o h enk ogpehniel ussequences were al so pr
could not be classified to the species |
e species |l evel. For taxa that could not
dednamet

Met hanogens Likely Contribute to Great
ne FIl ux

examine the ecological rel evance of the
rmed 1nbcSgle R&Aampdi con sequencing on sampl

ramee etr Aamlmpl e, where extremely high anc

ementary Figure 8). The 16S r RNACg@.ene a
' I emani was the second moMedat hamwrmdad rotp h m
nces were the urdeCPeEBUmMd SuaUuNanmmogt-Fi @b
of SRB (Supgh®mehi at gem&ngumwas9Opi mil arl
s, and it represented the | argest fracti
suggest st csloemea n ceev,e kchoerf shibsgtheenrt rweilGa®.i ve ab
mantcdmditthernOoudl t ur e wrx2pBe)r.i memd s md &ti gab
nogens, by far, were repaeaenheterdzédd seq

I figagmhet-A&®Buadl66 r RNA gene database coul

me mber s Meft htamoef ag 68 Hwhislaed eBLAST only retr
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archaeon cloneoO sequences. The relative abunct
ranging from ~0.25% at the surfade8 tcon aweern h2 %
The most matglemcamtmpl i con sequencesitweeier al s
top BLAST hits were to sequences rec@Gv.ered
Met hanohakgpknktes that could not be assigned

abundanMet DAnohaeakgpbhtes that were iM emaihfiiied

was the most abMndpott ad@dM. oshdsl | eynani . Li ke t
gene amplicon dat a, the poeadegd chmarnetati zed
increasing depth. Inmc rpAe b ampl 16&n r RANtAa aentds

met hanogeni c sequences were poorly characteri:

domi nant c¢ommumeitthyalniex ©Gisée Isiog h .

Conclusi on

CaMet hanohal ophilus hill emani I's a novel m ¢
the GSL when it stisnad ihniigthy. wwiest aaptr catne carhilc anal vy
t hat met hanogtolesn an aen dp rostmoi ns Thhaed ehx pgrhe sbsai soar
these proteins was not i mpacted by salinity c
t hMet hanohgkopbBi shoul d rfamcuatomnadstmodi ficati
regul ation, for exrammpelteaboonl opmeo tleeivne la.c tLiavrigtey doi
proteome were inssteadi bbearvetich thekdd a | a
Desul fov.erimmi ccuolnudsi t iCaMds hhinldle®mahai canwe ma chud tuls
present, the methanogen highly expressed met a

with suffiSRiBerdti rldctly compete for and reduce
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CaM. hill emani to invest in uptake of metal s
two also |ed to the urpgspad sad-ri eomd iod N ratMtqeuien si n
hill emani, indicating the adapt ateisaun foofv.emram eclu
Hi gh methane flux was measured from the shore
idenCaM. eldi | | emani to be present at significar
of this noveal smenmaarwyogem.i sl study cultured a |
demonstrated that its physiology may not be

community interactions, and identified i1t 1in

Suppl ementary Materi al

Et ymol ogy

The newly cultured archaeon is a methanogen
family Met hanosarcinaceae, order Met hanosar
Met hanobacteriota, foCawdi dat wan ohbblpsEemid die 9N
nov. strain BB.
Me. t ha. no. h ame tlhoa. n wpenti Hd nuasl,. o s@&.l. th i Grd.sownwer ;
M. LMetnh.anohal npthhmdmeaci ng salt | over.

hil .l e. mabdni N.il.l egi@mii, Imaesman;n.named i n h
Hi I I eman0(Q5)9,19a microbiologist and vaccinologi
graduated from Montana State University and,
vaccines i nctl ualuenrge eeti bgghme ntdhead ahdr adnoitilde edni t «
St at es. HS isg nviafcicciannetsl y r educed mowma@bdicdeinttyur g nd

influenza pandemics, and tisdicuend| witi resa@winnhg
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l i ves worhtdiwp e/ /| ISielethd hd fefonialnmoa em/ichrf or mat i on.

the results ofCavhi shidtlwednyndhowvtelrsats heavily i
The strain name BB refers to Bri dCienrdi Blaayt ugn

Met hanohal ophilus hill mani was cultured from.

Suppl ementary Figures

ppl~e.ment:ah/lﬁy‘:rléibg-la'|1étle material from which th
terial shown in the spoo@aMeash atnlopeh ad xogcdti | nuast
'l emani was enriched.


https://hillemanfilm.com/dr-hilleman
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Bridgér Bay_C,a_rﬁbgrou,nd' ; ‘ \.‘

>

-

Suppl ementary Figure 2: Me2t0h2abn. e Lfolcuaxt itornasn soefc tt
A, B and C as '2@0rMapl.ed hen pdwinye dl 9 ocation repre
measur ement . Measurements extended further in
perpendicularly, from this point
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C Salt Lake Water Elevation and Salinity
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< 4197 10
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4192 po® 5

Methanohalophilus mabhii collected
Ca. Methanohalophilus hillemani
collected
4187 1 0
2 R
., A e 0 ; -eo—Lake Level ~®-USGS Salinity (%) -#-Bridger Bay Salinity (%)

Suppl ementary Figure 3: Change i nGotohgel eGrEeaartt hS
satellite imagery from the Great Salt Lake ne
its recorded | ow in 2022 (B). (C) Lake 1 evel
ti mesMwhmah@aM hill emani were cultured. Lake
Saltair Boat Harbor from the USGS website. A U
website startingnitmy Adguatpoiforl9o90sé.t Biasiwas r
Stephens 1990 Salinity data from Bridger Bay
refractometer
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Suppl ementary Figure 4: Me t h alrhee p&rSd.d unett iham ofgre
enri chment culture produced methane from MMA,

glycine kehdp€6, or H
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16S rRNA Gene % Identity Heatmap 100
Ca. M. hillemani 01 oo

Ca. M. hillemani 02 98

Ca. M. hillemani 03 97

M. profundi 01 i96

M. profundi 02

M. sp. WG1 01

M. portucalensis 01

M. portucalensis 02

M. euhalobius 01

M. mabhii 01

M. mahii 02

M. mahii_03

M. sp. RSK 01

M. halophilus 01

M. halophilus 02

M. halophilus 03

w045 .=. M. halophilus 04

o s B . evinaophis OF
09p SXXXXITTTETRTRTEERE
e L T T 2T T O II LTI
SE=E33FP88 S 0dod o ° 2L QO <
I~ S~ 2 3T T T S 9 o0 =
g 33 $§$SSSE SS9 0T T T T D
==Z==2330888 ool 5
? o0 TTRLLSI[YXETEFTEES
S35 282335 :R5585%
5 3 3 =% &< TISRS
(- -] o O o
- N W - M -
ppl ementary Figure 5: He.dlemamapf sh6®&%i nBNAheg
entity of the Me@&$harnPNA bgpepriel sl ikl tclogpi es fr om
own, should they have multiple copies.
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00000
T™A MttC CH,
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00000 o0000
MttB McrA
ooocoo | 99990
MibC — » CHy-SCoM
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MtbB |
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MMA — CH=H,MPT oo00e
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@ Top 1% CHO-H,MPT 00000
@ Top 10% Ftr
O Top 50%
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, O Not Detected
L | High Salt l FWdA
Low Salt CO,
Suppl ementary Figure 6: E X p rdd sssmiud ma t d fn gp rneett ehiam
For each condition the normalized protein val
to assess the percentile of expression. I n th
copy was used for this filgaumien e AMebtrheylitarta nosnfser
Tri methyl amine Corrinoid Protein; Mt b B, Di met
Di met hyl amine Corrinoid iPreotMe tnhy |MtrmaBn, s fMornaosnee;
Monomet hyl amine Corrinoid Protein; MtbA, Meth
Met hyl Coenzyme M MterdAic tTaester aShuybdummemté@y hanapséer
subunit AmetMeyl, erbetldt r ahryedlrucmetsted e @it tde reirm 2 0
met hyl enetetrahydromet hanopterin dehydrogenas
cycl ohydrol ase; F-tre,t rRachryndyrlommeett hhaamoofpureaan n f or n
formyl met hanofuran dehydrogenase subunit A.
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Methane Flux - Transect A - Great Salt Lake Methane Flux - Transect B - Great Salt Lake Methane Flux - Transect C - Great Salt Lake
8
2 = 35 30
2 g° e} R ©
%5 ;Sz.s N§2°
o3 b 315 é
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g © 3 @ o @ s °
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Suppl ementary Figure 7: Met hane flux across a
GSLT.lhe time points were selected to represent
the highest seasonal |l ake |l evelCa(May 21, 2025
Met hanohal ophilus hill emani was <collected fro
Figure 10)

Methane Flux — Transect A 10m Collar Jul. 15 2025
600

a
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o
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Suppl ementary Figure 8: Met halreeg rfelsux i day n & miux

measurements made over the course of 6 hour s
variability of methane flux. This was the exa

Methane Flux (mmol/m?/day )
3 g



coll ected that was used to generate the ampl.
the most extreme example of flux variability
pressure was dropping that aftersoponsandl ehéeh
pressure system evacuated gas from the sedi me
pressure continued dropping, as did methane f
that had been fAsntorwas upwad wmat éack, smati ener ol ogy
the extreme variability in methane f | ux.

B

o4

§ . Genus

o B msBL7

3 B Other

< B Desulfopila

o Family Desulfobacteraceae

5 . Desulfatiglans

© Desulfosalsimonas

EE Desulfovermiculus

R

2-

0.

S & &S SS

P P @ g \'V\b ,@"%
Suppl ement abreys uHifgowres niltel |l mest abundant SRB pr
Rel ative abundance of the different SRB gener
10m flux site from July 15, 2025 based on 16
pl otted belong t ®etshue f toaDiedsmuol rdirogbaGs| tiaksfsoebsu | b i a
Desul fur,Dbmeohtiono@Dcwllifatobaodeexcauded order
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he | iterature not to perform sulfate reducti
han 0.1% of the total community were cluster
hat could not be assignedt lme greaames. are | abel e
Great Salt Lake Water Elevation
4196 T
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0
g
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Suppl ementary Figure 10: Met hane f |l uxResdampl i n
triangles indicate the date that methane f | ux
data was retrieved for Saltair Boat Harbor fr
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Methanohalophilus halophilus
73

50 [Methanohalophilus halophilus

20 Methanohalophilus profundi

Methanohalophilus portucalensis FDF-1
38 ; Methanohalophilus portucalensis

——Ca. Methanohalophilus hillemani
45

-Methanohalophilus mabhii

100 |~Methanohalophilus sp. RSK

— Methanohalophilus sp. WG 1
0.020
78 66 | ~Methanohalophilus euhalobius
79 ; 2
Methanohalophilus euhalobius
Methanohalophilus levihalophilus
Methanococcoides burtonii
Methanosarcina acetivorans
Suppl ementary FigurbMetlhanBhWcogbattaentneene o°f
|l i keli hood tree of 573 amino acid positions ¢
bootstrap replicates.
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Supplementary Results and Discussi on

We identified 64CaModihnd | eenqumenddéedsati mave no

the oMeéehabh®dhgkopliBekppd ement ar)y. TWihémsand&l yAi7n

uni que Meamamphpa!|l opdhhuémuses, there were many pr
of potenti al operonsCaMIl hrheiel | eprearnd n sg emfe su n ing/w
response were found. One consists of three ge

proteins. Typditicasti oincsiyesmnems ar-BNAechosdS) bl
modi fyirIhNDJA swmiddafhy | ati on (hsdM) , and destroyin
endonucl ease [ ®0t.ICE@Mt]ly h( hsdRani encodes -a sec:(
modi fication system operon, however, these prc¢
ot Mert hanohabephebusA second unigue operon enc
CRI SPR associated protein, and two antiviral
antibiotic resistance ABC transports anadl a pr
predati on may drive Met haino h alipdedcfeBedsin®urat idarn a
corroborates that i mmune resggaMsehiilsl eamanif fam

Met hanohgkoapmebus

A |l arge operon of uni que coding sequences
proteins was @dM.o hfiolu nednainn tgheen o me . This puta
coding for a chromosome segregation protein, ¢

and a RecB family nucl e@asM.. hinl |aedndaintii oenn ctood etst
DNA helicases and a uniqgue doubl e strand break

across the genus, incl uAdi nBg, tahned DONA HQCepeavier ,p rt
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hill emani sequences in this <category indicat
i mportance.

Cobalamin (vitantionntBl 2n)i nigs carcobald cof ac
metdylsmutati ng [meilhandedalrdenvihsslpeghielsus hare mo:
required for i tCaMbi bslyhéemasi senWhdbkse cobal ami
al so contains two operons with unigue coding
operon encodes the Cobalamin i mport-bipredimeag@se
protein, nBABD, tamdsaorter. The other operon ci
ABC transpdMetbmamnoh@bpleghebuencode genesDannot a
howetZaM., hill emani appears to have acquired/e

BtuC and D proteins have |l ow (<50%) amino aci

Supplementary Materials and Met hods

EnriciMmemobi al ite mat ersieall ewla sb oitrid welsa twa d hi
sterilized GSL water collected on July 12, 20
MMA to enrich [ffolrj]Fmemhdndge2®22 to December 2
maintained by transferring inocul um, In a 1:1
GSL water collected in July 2022t enis|l dzed eGeU
water colplred202a8 o(nsaAl i nity of 16%) as the |iql
water was then replaced by [me2dioai desniadhegdulsed
Met hanohal gpiultus dmaksitied to salinity of GSL w
2024, TMA replaced MMA as the methanogenic sul

producti on. |l n December of 2024, we stopped a
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solution from the[ Page¢eirngpé& | arpdh cI miwtalks 10D&=r ved
producti on. Enrichment cultures have been mai
More details on exact conditions and media pr
Conditionsd section.

DNA Extracti onGe nfAampd i3603 ernRNAMApri | of 2024,
~660 days of incubat-clhihoacioddo®my It ralnsdleals, DA ee
were done on the methanogenic enrichmmrRfs bei
1.5 mL of culture was harvested and pelleted
di scarded and the pellet wa#ilCiespsip8hdead@ Oh b
was added to the tubes, whic®L wefre25:h24: Vorte
phenol chl oroform:isoamyl alcohol was added t
rack to mix. The tubes were then centrifuged
pipetted into fresh-calbiesogpoopanonli ngTHé&s OLt wlh
vortexed, and spun at 20,000 x G for 5 minute
75% et hanol was added to the (frequeB80l YCinvi
overnight. Tlhkexnewdr elaypun hat t20, 000 x G for !
decanted. Tubes were then dried in a 37 UC in
mi nutes) and the (frequently invisi-BCk) (pHII e
8)

16S r RNA gene amplification, barcoding, se
anal ysis was performed p%.2fTehsec rM4b ehdy penr vKar ruikaebnll
16S r RNA gene was amplified wusing the 515F a
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all owing apprloxvardatreeé yolgwetniusn of mo s t previ ou
archaegarl3 .t aflxae ampl i con sequencing was perforn
(Pittsburgh|[| 7®A. uQedME® process the data an

forward andf néelver se reads

Met agesrgme nMetnggenome | i braries were constr

DNA of a 16S rRNA amplicon sample that contai |
Met hanohalloméengd usequencing | ibraries were prejg
(SXKBK1-24; Oxford Nanopore Technol ogies) accor
Sequencing was performed on a Minl ON device e
Nampore Technologies). Basecalling was conduct
Technol ogrnds$3eq®@opncitng | ibraries were generat

platform (SeqCenter, Pittsbur emd RA,adlSA) gen

Met agenome AssemiNay ogpmod eA rrnecatdast iwoenr.e as s emb
2. D.149B7]1Manual evaluation of the resulting 8
(BBTool s Sui)@leanvd3d 8.L9MS,Tn (va2MédhamdDhhilaephi f usd
contigs (2.21 Mb), including a 1.78 Mb fragme
mapping | I-deaad snawisthhorBBspl it (default paramet ¢
Mi ni map-21l¥27/m92%6 ng def ault parameters prior to
vO. 5m®ddd [pb®0dNHhe curated assembly produced 4 s
subsequently used for a second round of 111l um
with Unicycler. Curation dMetthlain® hshd da@imd oanss s g

(2.120 Mb), which were fur[téhéird cNamsoepo rwa trhe ad nn
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The closed genome -waasdoudisrhge df ovut hr8d2Wmays
foll owed by one round of Medaka v2.1.0 ( OX
r104_e82 400bps_hacewad. @.o0 i mbdalg. walsorpter f or me
Pol ypol i[s8h8 hwWO .oh.el round [cBf4]BOLGAuUY 4] 1z11Hh8§8BWA
[ 881l i gnments. The final circular genome was 2
%. Genome completeness (99.99 %BO6EWas esti mat e

'l lumina reads were also ag§s8&gmnClovcker awgeé h w;
calcul ated with BBmap (ambiguous=random), and
v2.12.1 (with an&s8,JwiMakdByt8,990R0RC AT OWIAWOtLt Omet a
vl (archaeal and bacteri al mo ded3l;] andl|l Méi adPert
vi1l. 0.9129 Fi nal bin evaluation was[ 9B3dmnfecrurhégd nwi
fragmented but compl Hakarn e®9odeisith f gespmesabibs
~17X and ~25X | ower coveMagdanobagicapii eneyn,t ac
Table Ga&homes were annot[adtded nwi tbho t lhr adkekf-aa uv 1t . 1a
house annotation databases. These genomes can
f oCaM. hill emaniDesulk f ospdrndiad winwaes prba uprect i vel

SAMNS54119603, SAMNS54119604, SAMN54119605

Mar ker Gene Analyses ®nudl Cempamatai vabGenom

Met hanohappphilb&®&sr RNA sequences weAlel @GNigned
v0.[198]resulting in a final alignment of 1,376
performed witH 4RRgstngr ee fvai.llt. Iplar amet ers. A si

pol ymorphism iGaMoné idfl etmaenit HHr6eSe r RNA gene cop
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phyl ogenetic placement. Average 16S r RNA gene
pairwise BLASTn comparisons.

Sequence aMegmarohspbephMcuéd wer e gelnienrsait ed
v7.bp28Bhd trimmed witHh Otdrkii mAL av 5.04 .% evap2 t hr e s |
final alignment of 573 positions. Maxi mum | ik
| Qt ree?2[ 9WZs.iONn.g6 t he LB+C60+F+G model and 1, 00
(Suppl ementary Figure 11)

A set ofco®py smamdglea pr otTaibi)e W&ue pd @lmleend tae o
genomes o0 Me ti hsaon caht eeldpp hi lalsi gned wi t  h9,9MUaShCGdL E
concatenated to generate a final al i gnment 0
performed withwaag)stulgiereg (o, pdGd®nul trafast boot s

Who-penome comparisons were conducted to c
(ANI') wi t-thr dgqalse AN DD ;average amino acid iden
vo. 1.2 (def ault parameter s; https://githul
Additionally, [MduMale w22déd 5t0® 2i6d e n tciofdyi nogr tsheogl uoegnc
(070 % amino acid | D(S8adpDe&me bt -d151) gGiratiH celsongyss hw
further evaluated with BLASTp alignments, and
<50 % amino acid identity oMe tahlaingonheglr avwifetiHnss 2

(Suppl ementary Table 16 |, 17)

CulturingSConodi beoeEmhMer h2DPRPd mani cul tur es

Paterek and gnmi2tlwi 1 h8%iméedirang concentrations

the addition of volatile fatty acid solution
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50/ 45/ 5 JrphC@a0 a@aimbHent pressure (~90kPa in Boz

served as the control for the methane product
grown with 10 mL of I iquid medium in a 70 mL
ouredma were increased t o mat!d2h0 2@BS L alsa knee awsautr e

the Joye Lab at The University of Georgia. Th
100 g/ L NaCl, 5455 gg/LLCM@Ed!,0.11.35 gd /LL28@ C10,. 51 99 /gL/ L
NHCI . This results i*'n ,CBGa MMognhk a wiblo f&10O2 oh40 f 02, T
14, 221, 74, and 134 mM, respectivel-mindhes s.
sterilization |iquid cycle. After autoclaving

with 900Q@&s Nt o.pdhge m@di a bottle was then sea

cooled, the following components werlLe odddled t
g/ L sodium resazurin solution, 10 mL of DSMZ
mi neral solution), 23.81 mL of 1 M sodium bic

of 40megrda@t oethane sulfonic madcia swodal lumspat al
2 mg) of sodium dithionite as a reducing agen
bottles were to be inoculated, 9.5 mL of medi
OL of 50 mg/ mL vancomyeciand deendd tsot reeapctho nbyoctitnl ew ea
M TMA and 300 OL of carbon source mix. This mi
33.33 g/ L of trypticase pdRt2dfe) tandsl@&eb6@ gh
with 1200 OL from the previous culture and the

grown for approximately a month before being
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| sol ati ®nl Bf font o0 extinction a@Ga. pl ating

Met hanohal ophilus hillemani. Solid media were
before autoclaving. Pl ates were poured and st
chamber (Coy Lab Products, Grass iLmtke-,a Mgdas US
sealed metal container (Liquid I mpact Water J

incubated at 30:2alh@. 5Wel M5CHEEe ddd P @ we-Bleahed he ga

container. Adding additional antibiotics, chl
medi a, was also attempted. Dilution-to extinc
producing cultures, bet theasee@esahnhtmidci osaopy s

Met aproteomics SampharRPespadatciudbbures were

Nort hwest National Laboratory (Richland, WA, |
usialga® microfilters (Protifi, Fairport NY) f
the manuf adtnersemwdd hguiedeglent s purchased from S
pell ets were resuspended in 50 OL of 5 % (w/v
mM triethyl ammonium bicHM8hoache ewdtTEAB; ampdH 7y He
al t er nagamigc adtriiced and vortex agitation until ¢
protein concentration was quantified by bicin
Wal t ham, MA, USA), and 200 Og of pr oitsedlInf ifdeo m
bonds were reduced by addition of dithiothrei

followed by incubation at 95 AC for 10 min. A

residues were alkylated with 40 nmM i odoacetam
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Samples were acidified with phosphoric acid tc¢
fold -wiapm Binding buffer composed of 90% met h
mi xtures were gent |l yTrvaopr tfeixletde raricdaira 3 p ldigeeds . tca p
the filter by centrifugatih s,t arpdhrricoxuegrha it veahsy
reapplied twice to ensure complete binding. T
of binding buff erntetrggemdmower dr eind wani ndant s .

Bound proteinsfiwetreer dwiggehsatdeedg tioeng pshg ( Pr o me
Wl ) anrd (WFyusj i fil m Wako, Ri chmond, VA) in 150 (
buffer) at 37 AC for 16 h. To pr ewmerutb ame mmmr, ar
digestion volume of at | east 100 OL was maint :
stepwise buffers (each 80 OL): 50 mM TEAB, 0.
containing 0.2% formic adrided Thyey vambumedemt n
desalted usspgnCt8®| mamcs o( Harvard Apparatus,
peptide samples wer e s u80s eAqQu eBtiMS dla@ aIdy saingl. s

Raw proteomics dat a has been deposited é

MSV0001.00495

Met aprot dembsar BifndnDat aM@8nahglsysi.s was perf.

an Orbitrap Exploris 480 mass spectrometer (T
with a homemade nano el ectraespreaydeintniazaguiien t
(DDA) (mpQlepl ots in SupplTementoar t r aankslifeerl &@)ube
voltage were 300AC and 2.2 kV, respectively. I

min delay after completion of sample trapping
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acquired from 300 to 1800 m/z at a resolution
HCD MS/ MS spectra were acquired in DDA mode w
resolution of 30 K (AGC target QeS5dymamng a n
exclusion time of 45 s , and detected charge

Peptide matching from the acquired|[@&faset
against proppsetietmegebmmesad from sequenced
Assembly and Annotati onbDeswekttooBHhmababoeamidume:
Met hanohgkophial t®taling 7CaM03 hprldteeniami S @q we read
i ncor por a[t9gdi eRdriocktkead pr ot e isnt asnedpu edn caensi nwi tahc i rdc
(symbol O in FASTA fil e) and common contamin
coll ection used. MSGF+ was used in target/ dec
trypuie with static carbamidomethyl ation of <c
for the oxidation of methionine (+15.9949), d
and a melhy0l15opssfdr pyrrolysimhe omMO)t hree MiISdGlres
were filtered at 1% FDR based on target/ decoy
guantitat(®dwmp mlneamerrsti.assr pdatbd &1 1®9ounts (SC) an
abundance factors (NSAF) were derived from co
peptides without @omgieder astpieccn fofci pgpt  Fde MA
pepipirdbeg ei oi tsypeamdi protein coverage, the best
based wlnl tsheet-pfept pdet mappi ngs.

Peptide abundances, i ntegrated as area unc

from raw spleaciuga desvealgoped 3sdMABACe pMASI €e ab
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|l og?2 transfor med t o remove skewness i n

(Suppl ement.arTyr alnasbfl cer n2e0d) abundance values wer

tenden

Met han

CaM.

peptid
sampl e

21PRPepti

(7]

Q

di ffer

~

-

sout h

Thi

—

—+

Me t

h

peci f

nal ys

Suppl

epres

cy met hod I mpl emen{ 88] For |edela.csRaRmslc
ohal ophilus hill emani peptide abundance
I 11 emani by dividing the <LaMmedi &t eamani
es by the summed AUCCfadr Rilll ewmani dpespt il
was t hen eipwicddd cby etl mit§ Yeep mpihbeumeaemtnarey v
des were then aggregated to the protei.|
i o Sppel eimest ar Ypofoatbelien 2 2e)v el C esmgpoarei s on
i's (standard deviation from the mean)

ences I n protein expresscone wot h 2siogni
ement7ar yWnTlaebslse sot3her wi se indicated, all

ents normalized protein abundances.

hane FIl ux Neatthha Ceo | fllecxt idbant.a was <col | ect €

S

arm of the GSL on three different dat es

S the same | ocation where theC®@R i78In0al

racaenaglayyL®OR, (Lincol n, NE, USA) was used to m

errestrial -GORI x8§@ D Sunsaerdt aChlLaimber pl aced on ¢

collars (10 cm diameter). Three replitecadt ed we

a oemenute measurement with a 10 sneicnountde dpeeardi boadn

—h

used

|l ush

t

prior to the next r€@WRi,cdtacoTme 8l&i | RIS

o analyze the data, 8anhtatbBemekpanentl ak
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Aquatic flux measur eme-mbadewtlreattong tburgc
plicate, one minute, flux meddwrheamentfd.eeTlta
th a foam floatation coll aras The58Atmlt.nalTherc

s removed from the water 6s surface between

return to atmospheric conditions. Aquatic
thane concentratilgndesa@nmni]tbiemie, as previous
On each sampling date, flux was collected
y shoreline. Measurements extended toward t

om the shore.

Soil Cor e @alrGeencet i AorBaoliayinsdicso.r es wer e col |l ect

undary of the terrestrial c odll5amr fwirt hMatyh e2 Oh2

d trahGmcftorA July 2025) and transported baclk

e | ab, stehpearcaotreed wanst o sections of three or s
ction was extracted with MP Bio Soil Extrac:
guencing was performed, as described above.
sscedu for amplifying and sequencingudmunamploifc

tdopwlenzyme MmcReAUuUT bhacd|l amcdrrAeRF pri mers and t he
uchdown amplification progrfalmDfjSe@qudmgiehgeart
alysis of data was performed as desmcrnMded a
ne amplicon, the merging of forward and rev
ccessful mclTrpPenefampli tbe data was analyzed

om the forward read.
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Abstract

Permafrost thaw is transforming boreal for.
Topographic controls on hydrologic@H) dndixecol
contributing to unc€Hbadgeysi anldo aabHoebajheaici tnigweal ¢
of this stud¢CHWwWhexeo a&xepl dbheir dri verfeessnt n a
ecosystem (Goldstream Vall ey, Al aska, USA) .
di scontinuous permafrost and -hiearcrrolgameelus, ma
mounds of permafrost soils. chaoméefal sxuasv eiyndlinu
fen areas with intermedii@3®. XAMyVv2rdi h) ghclewms:
|l ooatsi WHuptake (72.CHmMmid d®WdDlYy, mgnd three ano
hot spotisg73.3@E@m&?2 di l) that were | ocated near
Some sur f swea faancde weari abl es parti aCHfyl expllaogqe
transfCoéof meack had a positive | inear relationshi
0. 3Yal pes)< alned negative |inear relatiomdhieps v
< 0.006) and wsladpes MBRRane. 2&j spi ons general |
gr amidnoomidn at ed fCeHnusp,t avklee roecacsur r ed on per mafros
feat her mosses and woodMWhowtegmrdatas i oac urHoevee ven,
sl oped |l ocations witshurlfaweomeuthdebgena@bandas:z
CHwas produced in deeper soils. WheamstChbie meat s
flux had a positive -slurnfeaacre rneeltahta noongsehni pa bwi nt dha
vale = 0.0023), and stronger | inear relationsh

concentrations. Our CfHenrd isnsg so ns thgog essptoQ tsh acto ud amn
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deep taliks. The inference that met hanogenesi
identification of i ntraper maf rforsetq uteanlciyk sg eao@rhc
i nduction. This study asseso@ast extr bdcsudbpari al

conditions and hi ghCHfglhuxs ptahtet eaomsp |iewveiti naanndsfi t
ecosystems. To bCGCHBwdgaeatnst,orfrurrtelgearonradsear ch i ¢
spati al di st raildHult d tosp ootfs taenrdr etsda r i essuorl fvaec et, h ea nr

subsurface drivers.

Il ntroducti on

Met h&&mHe has a high wadmimgr pat e LtHihalv,eat mo s
contr DO.UE edf gl obal wa rimidnuge rfail ARt h bheglprwet | a
comprise only 18%¢lafitidaece ntofedtijihesyinr araé talh @wg h
substant iClsobircgaeni &oarttiCtidlrdnel dheaegst iamat ed t o r an
11 toCH®Y*Tgaimedy are uncertain ashowecabyasdbses
di sagreement -bame@adelps oards at mogghMdudlt ofnvehes
uncertainty stems from the ncleaxlolsggrsg e no fmoplred se
predat€s#ipofoducti on and tohxei dda tfifoinc,ulitnyc loud iancg o u
per macdfandsitt i ons and spati g5 h®e3jkmopfdin, e &5,y sowi tir
NeCGHf | uxes are heter ogenead uedc wwbigtshtienm atnydp easc rdouses
spatiotempgraligl i otic and @Hpoobduocdirowmeandt b3
includingdemtiH, tthemper atur e, soi |l corop s4iutrieqn,

vegetation, and SOLCi)| ¢@itd pmitc car bon
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Northetltat htgtde regi onfsl,4]aen dr appeirdaay rviodsramniisnogy
adually throubaAdyerodeepsnivegacbrvebrupeéel!l y¥ha
ad to ground subpsbppdeckeane helrmadaregtos y $ me @

ansition in redmpownsB8oreawarf mireg t@Bnal nlBOk.r2A ai n

i scontinuous persmasfaepstti baree[ tlebs,ptelida@ fanbdokyaeraslit f «

ansit opwestilnatnod mosai cs, CHhepks ah[ols3y,Btdotdtje § r o
t hanogenesi s and mertehlaantoetdr otpoh yt eampee rpactsuirtei,v e:
sponses are medi at eealn vbiyr osnomeln tnaoli sftaucrteo rasn,d to
der stodndhi g H & tu x respond[s:®Lp |Ilwargme megr al , W
mper atur ¢ © am@Hdemicsegiha Asatiin uldiegrread 9 yngt ecms:,c e
out permafrodtlOcgarldgn 2f2ee 28B4 c k s

Water table depth is clamdltyo dedtnhkeerd tthoe ymi ccc
I ngoriasdtivuernet s and t he exzemées, otf hwxi @M faendt ian
oductoixamdaarndn over fiHnh2AT7s|planiddr sxlal gpesat(l<dn
mmocks (small mounds)ahgaer aderxieperomw&dHeranmnahb
odurceliatni ve to su24pufdtijem gndaifaflrelscotwesd bor eal f
so adrctraoitropography featuriens saonid ansosi osctiuartee d
cludidngipreeldlaf rost moundst sawrdapde&gds Bghsvet t

Soi l mi crobi al C O mnuuinvi etri sees aanrde fnoeut nadbaot!ii ocnaal l

andlecomposi t[i3oln, o3¥2}StGCc al and Hdirciyzcd nitnagl mi acrrioe

co

vV e

mmuni ties are drredvoexn pboyt etnetmpaelr,a tsawleg tl radti d 1 q

getation covephysocbcbpémi[add3 @ieéntcchrda n oagyesns a
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thought to be mnmohre vadtudjd pimd b thed wveoi It t he su
benefit aer obbactmernihandde otpdCiHahnax y i 86 Aceos f |
a thawiogr acdieenfanana River fl mettpbhaogefi abenda
pote@ipraodduwdrieonhi ghegscam kodd apskragsvei tb ot
per ma[f3.70]st

Vegetation compositidonves- ahioCOtHhfégléu kitdor t at
Wet |l-mchalpt ed vascul atri 994 mens s( ehearveen chtoyy mha)w t hat f
to the rhizo€pberr dddtiopveodptriondlguced in safbouaeed
upward through aeroexnicch ysnoai,| bzyopnaes sainnjg3i8ried anat 6 n
al so supply 1i ttthanr agomdviadet sedbisd[a2ad]Abt hougmet
net result of -stpheeci &9 fcaycrn tohess iiss sstiudei es- have
domi nated wetl|l andGH dmingds itoonshavte thhidglhec 88y s t4é]
Graminoids can contribute to high emissions b
by tr arCHg dirrtoiurgdje vveel lolped aer enchyma.

Permafrost thaw increasingly exposes ol der

the at moAdlfheReecent studies in interior Al aska

situ observations to find that tali ks (perer
underl yinghaw talbbemummaokar st |l ake are | i&HdIYyYy con
emi ssi on[ 4ddo,t sfdlther geophysical studies in in
structQHien atnhdke context of soil mi crobial, geoc
evidence of met hanogenesis in deep thaw 46 nes

47] At the rICHdioasplotsc alre, associ ated[wldfh high
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Our objectives wer e t oCHafslsuexs sansdp ait d @ht ivfay

environment al drivers i-fne na etcroasnyssitteino nu maye rd aar
di scontinuous permafrost. To do t hiCHflweesomb
and soill conditions; analysis of soi l mi crob
vegetation model i ng; and geophysical characte

t h@Hf | ux woul d be strongl gaseusrsfoacciea tceodh dwitti ho nssu,r
moi stur e, soi l temperatur e, soi l chemical pr
abundance, and terrain variabl es. We al so h)

contr i b utHee nti s shioghs .
Met hods

St uAd w a

The study was condiuetnenmos ai @ dooxrwdt dmrierst
(GSV), 4awaltOeor skhned | ocated 5 km north of Fairb:
Uw; figure 1). This region is wunderlain by
wetl ands (Walter Anthony et al 2021) . Mean al
incre®dseldl 0Ug over[#tBe HAETreasmsuiy temperatur e
l ed to deeper active |l ayers anfi4w) d&Efxcresad (tct
2018) tali k formation across the Alaskan di s
increases in active | ayer depth and incompl e
hydrologicdl5.0dbnoeetasedtgroundwater flow can
thaw through adjv®@ti ¥yE] heat transfer

Permafrost i n GSde hasi tcioanpd le xs tprad etour e, i nc
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bet ween Yadhadm#&OCEihceseyngenetic permafrost that f
remains abundant in paged opi A¢émEk.iAgT aa ed avipd Pie
of disconti myuweus, rkwlod keerde Yedoma | d.&8hS diel & einrs
GSV valley center are primarily <classified a:
consi st of col d, pbocky odgainned | sgekrs we2B c
rewor kgd.3lloess
We coll ected datafen mostanoslbOoomimgrfloreft
an active thermokarst[ 459dRe voneéat thennvwal $eyra
sout hwest D0o.wa% ds |BoTpLe )(. Such permafrost and r e
mi crotopography and hydrol ogyrtidatmouamaeast eanmo S
scar [fléns 51 We54jote that, i n addition to wal
ant hropogenic disturbances (such as the prese
Goldstream Creek) might have contributeld to tfF
features[#d4d,.tBb$ ar ea

Mi crotopography and vegetation are highly I

1li4) . Femr eargecanser al ly dominated by graminoids i
canadensi s), t EsSsSophocomt,vrgrndadLtedhges ) ( Smal
per mafrost mounds are generally dominated by

mi xed trees anSalsih)p up sPiscBepapc B IAD wsbpdpe.r) Bebut ah (

spp. WMacansdpipum Suppl emeBt adypsewvides further de
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Figure 1. Map o study area in Goldstream Vall
region. Star shows the study site in Goldstre
| ocated in the i scontinuous Openr mafrt distofz Bn @.
Lake in Goldstream Valley. Blue points show f|
over which geophysical measurements were coll
di splayed in figurer@in&tasg i amge aind thloe t Bminge rc:
(UTM) Zone 6 North coordinate reference syste

Met hHnuBatCal | ect i on

Chamber estdHialtuexs wefr enectol | ected at 15 site
over a 6 d period in July 2021 (between 1100
the 15 sites was |l argely random, but we tri e
contdions pfesfesst e modyhetem WRIr ef ieggurienal)e.d Rltu>
|l ocations wit2dairrraameaveriaegee Homever, fluxes w
sites 8 and 9 due to thee dvidrfyi cwmdtt ysiotfesf,| ugi w
sample |l ocations. Fl uk&k0 wterac e odd i @albmpase tng

ChambeQOR,LILi ncol n, NE, USA) placed on a cylir
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cm diameter). Three replicate fluxes were est

each replicate, the Smart Chamber was placed

changé&elgas concentration in the c¢hambmberhemarsipa

FIl uxes were computed using exponential or 1
guality of the flux est?vamhues wéstbdealmoateed d fl
version 4.2.1ladjU0skeed| baesdwemnevi sual esti mat
vol ume occupied by vegetation. Suppl ementary

calculations and adjustments bas@HIf lonnx veesgteit naat ti

were binned into five categories: very high
l ow (0, 10) , and negat iCHem?[dt 2s duy ar0e , b rtaakeethso
inclusive endpoints and parentheses indicate

Sur f abeaSanmnfddcteilLafyed€h ar acteri zati on

Vegetation composition was recorded at al

species or genus | evel when possi bl e. The s

classes based on visual assessment hiom ¢ dbdiel coaw
mo s s , sedge, field horsetail; (2) sedge, gr as
variegated horsetail, mo s s , sedge; (5) grass,

(7) moss, f ideMad fh ocsrhsreutbgi Imos(s8) fi el d horsetai

class name, the most dominant plant types ar

an

highly mixed and many sample | ocationg cont g

abundances. The <classification was an attempt
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sampl e | ocapliamts tbyapseesd aomd a b uenxdaammpclees .p hSot o g rgau
each cl ass.

Neamurface (active | ayer) data was coll ecte
20 ¢cm depths using a Hydrosense || sensor (
temperature at 5 and 10 c¢cm depths wmemigs,a F
Woonsocket, RI , USA) ; and soil pH at 2.5 and
Vol umetric water content (VWC) was estimated
organic pbeteat hsoHydrosense |1 measurements of

from a subset of 1711BoiR&BIBE&HBSIB8Btc mhouiSodeéptshasnp

transported to a soils I ab at Mont aea &taig8gOuU
UC for sever al montbsesmmumi aydanalonste® MsecoDibo
wer e analyzed for gener al chemical properti
ammoni um, phosphorus, pot aswli fuant, e cad rcd eurmt, r antaig
cation saturation (Agvise Laboratories, North

across the study area using thead®@S d3 @i ¢laev:
model (DTM; 0.5 m sPpaattineelr sr e2s00213u)t iaogng)r(e@GM e d t
The | ocal mean DTM el eBdt bgn 3wasn enalvd wlgad tde dh dw
cell microtopography was calcul ated as the | oc
5{5)7] A window size of 31 by 31 m was selecte
el evation trend over the study area (i.ce. s |
mi crotopography calcul ation iFarePd@iMy drae mo wad ta

used to model gr tpd keed leda pgeh blbasheod desn 8 n Augus
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t he -innefarrared (NIR), red, and green spectral ba

the study area-4LCsisnegnsar mwintbio R EIC an eBee dro

Switzerl and) . I n July 2021, amagddywei s ptelce r W
cm spatial resolution) -MAs seonsbectedd caSenge)
SwitchBl ade drone (Vision Aerial, Bozeman, MT

index was calcul at e4dC faoddE dRbE hd atthae. nmiu IstiinBbRE G i e
cover classes (graminoid, moss, woody vegetat
the study area using supervised random forest

Det ai |l s arseupprloevmecneedariyn secti on SI . 3.

Mi cr €@ mmamb mMniayysis

For the soil samples described in section
Power Soi | Pro kit. 16 S rRNA gene amplificatic
analysis was done as desf5b5.8pFur time rKrduekteaniblesr gc
suppl ementary section Sl . 4. Briefly, t he V4 h
amplified using the 515 F and 806 R Earth Mic
g e nluev el resolutiah ahd mafdh badlDNPA ax@quenci ng
performed at the Mol ecul ar Research Core Fac
Sequences were deposited at NCBI 6s GenBank wun
sequencing data was|[ & ok emeregde du si Snigh T leD AVvDEARu | t
amplicon sequence variants (ASV{)63we rd\el }aostsail g

1591 ASVs were recovered and 1463 ASVs were r ¢
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R package[ 6dé&ijcd nmhaamu a | curation. Sampl es were |

to the | owest number of merged reads in any s

StatiAsal gai s

We assessed | inear -trreanastfCobfnisendi pasn d ed wieveenr |-
ThéHf |l ux observ-armbos$owmed begause the flux v

skewed. We used an alpha | evel of 0.05 to ass:

El ectromadgnry é feesr (ndaMCp mditt i ons

Veryfregwuency (VLF) methods utilize EM wav.
transmitt® sMWVt ypTltad e ysi gnal siipmoppdhaetre wiatviei
as ffiaerl d pl ane waves. VLF wavefields are ideal

the subsurf atcel | 0hwacvnegalgmastéuor e of t hese sources

at frequéhkilkHdz ofalllbsows depths of i nvestigat.
meters, depending on the EM frequency, |l ocal ¢
such as permafrost all ow grpegatva rdeeddmmgiwboi ohal n¢

inversiomesopthykydad and e[n&6 Jrpoanrmeinctualla rvlayr ifaobrl

i nvest][ g&lt]iiomsl udi ng pe&OhphfArostvi pevgDdn¥LF t heo

applications can be fouph€@6] n McNeill and Labs

We utilized WVWddodmaoifn fBEM qiuredhuwccyt i on to deri ve
evaluate the horizontal and vertical extent ol
di stances (200 m and 300 m). Dat asweueenbdl [ &e
Systems, Il nc. , Mar kham, Ontario, Canadai)), me a !

from primary wavefields generated by the U.S.
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measurements recorded approximately every 6 r

approxi mately perpendicular (Transect A) and |

the valley (figure 1). Surveys3WOr eandondBdWdt eAc
Daylight Ti me. El evation models were obtained
VLF data were inverted to reconstrudt7.3rj8&ei st

empl oyed the nofloinsd ara,i ne tho atnhvreeg ssfo/m3] dhger it
inversion technique is 2D and is HdHdaedddirorc dila
i nver[sHAGhsFor ward modeling in the VLEZBMENpPpTr ocq
met hod, with topography incorporated through

details are provided in supplementary section

Resul ts

Spati al UdMBboatcen and Sinks

ObsecWHedHuxes i ncl uwietdh wiett éd eme éiratas t o very
i635. THmgFdY) and dr i erCHuopctaatkieo n(si 2wiQtdm¢dot) 71 0. 7
(figure 2). The uptakeord |umalsl weaowenddsyp,atwhad il ga
hi gheoy high fluxes wertespateas!| ylolueteaelegeds
6v érriyg &0 O( Craign'2dl) . A montghrtehee sseampl es were | ocat e
i635. EHmMgd?Y) , and t hweeroet hceaonstihdceereed t o bé& anoma
772. €HmMgd: hereafter reflTorredrtee aotlsEios p ey
W)were | ocated on dri erb,etsvleiegnhtmoyu ngiso paendd bf ceunr

consitdheerseed ts@a mpd eassnomal ous weorte pnoats |boecCaHtuesde itrh
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emitting aendi becrmarste t hey dQcun)r esda mpeaers (wwitth

inter medi ate emi ssions.

461150 461200 461250
. R " A ' 1

S CH, flux category
B (mg CH, m2day)
) N ; - @ Very high [200, 722]
"""""""""" ey () Prié e AT Sy T Pl @ High (100, 200)
s a5 B Ontermediate [10, 100)
& OLow [0, 10)
« @ Negative [-2, 0)

7200000

< Q Denotes CH, hotspot
3 ' emission sample

M T TR A\ W VG PO gl T W gy | e e Ry S B W

Geophysical
§ transects:

7199950

hs display theC#fsuxi but
high, intermedl%&tien | o
CHiermd Isess ot hittsgo t 3 sam
I 0nadg &g arsalnyz ear Ldnd S me
d survey.

Figure 2. Circle gr
categories (very hi
white boxes). The s
Met hane fluxes we€®
during a July 2021 f

Char actSerfiazdcNegduund ActeiLaieer )
Envi r o nGonennt tr adlHEl 0w x

LogransfCé#f haak had a positive |inear relati
dept?k0( Blal e ™ ah@ionegative |inear ref=ationsl
0.1¥alpe = 0.006) Oa®R@| spoE® 2( Ri glwre 3, SI ta

associations were also present when the sampl
sedge adthadmigmratsesd cl ass (ve@hdmitd vino rcd asrsd 29 a thu
(mean 70% VWC at 20 cm dept ht)o Iwdw hmifdraat osploog

samples dominated by dwarf shruil®9 amrdef datler
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42% VWC at 20 cm d€piulpt aded badgmbbkyl gt eeper
mi crotopography. ®hef vauiHdd iuxnaiya vde gsehtoaw i on ¢

Il n contrast to CtHeenirsess wint hodlspwe, |toltati ons
and -dvredilned (mean 48% VWG ratn s 200+ fiod @udx d ehpatdh ) mo r
significant |linear relationshiOps8Wiuteh’rs &ihld Omo i
sl ope0 ( B23 | wpe =99 wheln CHleotth@mamiel es were omitte
regressions (figure 3, SI table 1).

We did not observe signttfriamasnQdirfmeaildka ta nodn sshad
temperature or soil pH, when including or not
We al so did not obsertvreams fCafl megd oanrsch i i rb ett evnepee
the stationary weather sensor, with or withou
samples were collected, t h-er anwiE@dlfrhaeadk r ahdt isoi
macronutrient conagarntirvet iconmg.elhadvaowdEbib breale e n
and some macronutrient vari abl es became signi

including phosphorous, potassium, <calci um, ma
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e & (mg CH, m2 day™) —e lr;mteartmc?dell \évgg
e @ \Very high [200, 722.36] SOPEES
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01 . O Intermediate [10, 100) ~ ==eee Linear model with
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Figure 3. Met hane f | u¥X( cob sseorivla tmoo nsst uprleo tatte d6 ,w
dept ice) (g9gi |l temperature at 5 and 10i(chm dept
soi l pH at 2.5 and 6.4 c¢cm daptnhsc;r o(tio)p omga caeplheyd
flux 1 s plaxtetsed exmprGdises &d 143 ,CHipF ®hie b x Fi n  mg
CHmdady. ?Ral uesvradrmucesp are shown for th@H+inear 1
2.11) and each adnrdi vweirtCidphuott stphbee , swmphes i ncl ud
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(a) Vegetation class (b) CH, flux  (c) Microtopography (m) (d) Slope (degrees) (e) VWC (%) at 20 cm depth

(mgCH,m?2d") 55 (00 02 04 1 2 3 4 5 6 40 50 60 70 80 90 100
1. Moss, sedge, field (@R 203.14 l 4 et
horsetail (n=4 collars) +203.12 ® O ) \ 4 ) |
2. Sedge, : 172.48
moes(h=12) +19300| © O@ *® O VY WY
3. Moss, field horsetail, o 100.91 - 2 2
grass, sedge (n = 8) @ +271.33 @ x> @ vV W
4. Variegated horsetail 45.83
moss, sedge (n =4) O + 6.55 (©) <& v \V/4
5. Grass, sedge, 14.82
moss (n = 7) @ +1991 [0 CD SO0 \V/ V4
6. Field horsetail, moss, 1.68
grass, sedge (n = 4) O +2.54 @ ) ) ) «)O <> ) ) ) W
7. Moss, field 1.09
horsetail (n = 4) G +4.25 08 ® o Ol W
8. Dwarf shrub, moss, 1.01
field horsetail, grass, ‘ +5.84 Oeee o 2004 vVvwW
sedge (n=7) 014
9. Moss (n = 6) +280 | O Cume® » ® & W
CH, flux category @ Very high [200, 722.36] @High [100, 200) o —

p 5 ® & pot

(mg CHy m* day™) ) Intermediate [10, 100)  OLow [0, 10) @ Negative [-2.11, 0) & & & Voo
Figure 4. Methane flux and soil moisture obse
and sl ope, byCHfdguext,atmiom odlogsosg.r aphy, sl ope, a
(VWC) by vegetation class. (a) The 56 flux sa
cl asi9es(b) DiGHfrliuoxutciaotne goc€rHif d s xanfdN meéamdar d d:
each vegetation class. VegetatClml exas@ce)s ar e
Mi crotopography of sampel ef| caampil ens oc@d) obs¢ a
USGS 3DEP DTM -pazxell omrighfbthoods. (e) Soil m
sample | ocations, measured at 20 cm soil dept

|l nfl ueneSaurdfache drActi ve Layer) Microbi al
Communi €EHEBu»n

Wet | andscapes in permafrost regiorcdd are t
due to the anaerobic degradation oCHBOCspgt ar
|l ocations, the relative abundance of methanog
considering all sample I ocations, we did not ¢
transCéf med asnudr fnaeecaer met hanogen relative abun

previous studies (X%®V)B.gwhkawe wne &KKiwfomh et h tatl 8 p200t s
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removed from regression analyses, there was a
met hanogen r el aGHfvleu xa,b uinndcalnucdei nagh=da 0]l 198 mpl e de
pvalue < 0.01). This correlation was ei2&n str
cm depth, with the=hote@lote =st0l0023Ii tftiegun & !

Met hanogen abundance and activity in perr
interactions wi t h ot her organi s ms t hat pr ovi
(hydrogen, acetate). Anaerobic fCé o me mainaldi iu wne
Acet obaacrteerkinuoown t o be syntrophic|[ #Hahdewsr €0
found to be significanti=y Oc ebrdrleilpa t<e d .wWiOtlh nje ti

Met hanot CBiphsausarbon and energy source, a
most hi ghl y GHbhuontdsapnott ilno ctahtei ons (figure 5c¢) . )
was corr €EHat ed wictbss al P=G.a2dpdjese avwd0s0 @ ks f(l
When CHlh®et spots were omitted from this regress

although consiPded atv@&y,uwe sk &r. 01 ) .
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Figure 5. Mi crobi al relative abundance dat a.
highé flux site for which we have microbial d.
bet ween methanogen relativei@buondananod nat samp
transfCedfmed. (B) Linear regressiCtiil baet weaedn na
met hanotroph relative abundance across all sa
relative abundance amethédrerogen@t ovieamdbaoamiiance

Acetobacterium
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Characterizing Permafrost Structure and Subsu
Contr @HEIl onx

To characterize the per mafrost s plaitneadd y

inversions of VLF data to generate resistivit
upper per mdio omidletpabhl)e c(oOmposed ofi dipenomaf maos:
(figure 6). Thi s umpesirs ttiavbil tey cfoena tau rneesd (h> 1IgthO O
frozen permafrost, above and iadp aOkemt mf o Banea
as intrapermafrost taaleiakss a(te .7g .m tdheep tIHo2we Droensgi sT
m di stance). The inversions 180 s midSehpdtwie)d cao nhpoonse
of cold, continuous perma7ro80® @hmhmhi ghhir® sl
i nter preetdeadmitmat ed by syngenetic, foliated i ce
identi fied.
<S¢:)um A I " : ‘ | . ,North]:w
1(5) _____________ — Raadysmll. 1293,5.
=15 etron oy mssé
Ex 8719 S
£25 >
g 30 on £
035 464 2
:(5) 257 H
50 . - - . - 50
0 20 40 60 80 100 120 140 160 180 200
‘E‘;" B Site 13 Site 30 ste 2@)(Dstee 11 B’“’"‘)’Z00
N - ’ 3 ptrapermaflrost talik ’ e
10 1S A = S s o s e e e e e e £
Ex ol
£ 25 z
g3 Sl
035 9 2
:(5) R —— 214 e
50 # - o 50
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
ﬁn”; g‘lf": "’:_?g:;_‘{) @ Veryhigh 200, 722.365] @ High(100,200) (O intermediate (10, 100) (O Low (0, 10) @) Negative [-2.11, 0)
Figure 6. Geophysical inversion results for T
west ). Darker blue colors indicate frozen Qrb
10 mMiANn® frozen Qgs (Yedoma)f pes tmat a bsOd nf aNe b thie
10Re.d and orange colors indigedterghawedmaot ks

saturated conditions.



96

Model ed Vegetation Classes, Microtopography,
Across the Geophysical Transect

Figure 7 shows a portion of the Tr &msect B
flux observations, microtopography, sl ope, anc
map (SI figartehd49halDuenge of precisely aligni
ot her datasets, figure 7 shows the approxi mat
indicate that frozen permafrost feeaatlurye saswiotch
with higher milompaet ompangr ayohoydy vegstuatiiacme ¢ d\aaev
areas are generally associated with flatter t
| owmi crotopography feature | ocated at a2 umlitn

in the mid t[wed]ti eth century

EMoss OGraminoid ®Shrub/Tree MVegetation Shadow

a. Gridded vegetation
04 classification

®) 0 b. Microtopography (m)

based on 8-pixel
neighborhood)

= d. Inversion model showing
resistivity to 50 m depth
(portion of transect B)

E
=
S
2
543 3
]
7
@
-4

- u
Q&8 50 2
° 12
° & °
Ve, go0 © 8 c. Slope (degrees;
.-o..o - Cd
A
oy
L )

140 160 180 200 220

< East Distance along Transect B (m) West >
Figure 7. Resistivity along Transect Biwith t
300 m distance along Transect B, (a) vegetati
(classes include moss, gram)ino(bd) smhcubtopegr
modeled from the USGS 3DEP DTM el evation dat a
el evation data, and (d) the 2D inversion show
Transect B (from figure 6).
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Di scussi on

We obsGHfvleudxes r an.glilngt of CRHMZd4 MAmMgrecent syn
of Abaoct eal wetl and and upl andsesastoers ohgpmbere d
ranging fromCHM&ILt owi7tOl m@yxi mum dail y CHI uxes
m?dlat some wetland sites (Kuhn et al 2021). R«
l'ittoral DEMBWIi mMmordmemt our sampli n@HfSliuxesy mkegom@
for northern wetlands , CHm?2dy[idd]!l fnr omr8 s5 utdy , 2 4
flux observationsCHmpgdd) o sagmest 3eat mgbsesyspe
surrounding the | ake might &LHemi cembobmishutpe omp
to investigate the key environm€hthbhuxvariable

Samples with ICHegmi essi ovaesy mbsghy occurred i
domi nated fens, which GH-per addyuciicnag |an dc oennsii tdteir nec
However, i n contr aCGHh ottos ptoht e ssea nrpe seusl twse,r et horbesee r

sl oped boundaries between T8oumdsf amampfleenss ,wilt

intermedi ate emissions. dhoems en alt ®tds p stuglgesd ti in@
hi dMMemi ssi ons wer e -nmeodti adtaerdy etmr tb.y Ndraemdver, me
undetected or had | ows ureflaactei vEdiialbsu sptahtclee® ¢ at

i mplying a d&hH(p>e>0 sconurdeptohf) . These findings ¢
deeper permafrost structure and tOQHbWhu @it us i

The geophysical i nversions show-eée@esiant i wp pte
features, interpreted as froze-nespiesrtmaviirtoyst f e

interpreted as intraper mafrost tali«s. tdhle,i
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interpreted as Yedoma. Extensive borehole an
inter prf&884ajf iPornesvi ous studies have identtchjed
Hol oagrere Ready Bullion Formation (Qr-ape@and t

Gol dstream Fpopbmat8d8nSPgpseEbnent ary section SI.
on the Qrb and Qgs formations. Figure 7 shows
with higher microtopography, sl opeyr famade wtolbadwy
areasoaratadswith flatter terrain and higher
geophysical surveys in the Tanana Flats | owl a
associations among vegetation, hopowr aphy,er mha
al most always ab9¢nt under wetl ands

The geophysical results suggest that the wu
composed of saturated soils that might host m
at Site 3 mi ghHp rboed vecxepd aiinn etdn BE yunm ddeerpl tyhi nagn dt atlrie
t hrough thawed soils surrounding the R4bBHB] pern
obseCHMRadt spots in the BTL I|ittoral zone near
met hanogenic production i €Hdbeaepeel spnpgl $shaodghb
Results of the current study sufggrsdcddhydt amsH
from the | ake. MoreovefddlWaketr g €Heimabage yo nst (17
mgCHmMI 2 dil1l) from ther mokar svtedmanawe tnfoamaduise ¢ e
interior Al aska. Using borehole soil ChHrofile
concentration, and met R@OMogeaem ,abbwnndd amad ngt tdhe

occurs in deep taliks.
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Our results also sugg€kfl thaandebameosship

surface drivers werCédhodasfpoursde Whleyw the thhoteseo

r

egression analysess;traals dCdirfohreuskh | orsd bmed twreaemo gl ec

abundance and some soi l macronutrient concent:t
| otgr ans Céif meeax and sl ope and soil moi sture at
(figures 3 and 5, StHeepbltestUpsumlThasesoggdstso

ari atHfl uixn by giving rise to emission hots
el ati ons@GHplsubed we esusrufraf caec eandd inveears (see fig
' lustrati oGhhotAspbbugamplhes might be driven
he other samples were |likeiswurmace dmfilveesced
el ationship between methanogens aned 5tbhhei rAts
hawendgoma sites in Al aska, Wa | G Hefrl vAn t maon yweed K

el ated to surface soil moistur €Hamdsmi onet bp

dry surf[fat]el hseairl fsi ndings, similar to ours, su

acilitate methan€#lemesssoand | ead to high
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Boundary Graminoid- Permafrost Graminoid-

dominated area mound area dominated mound dominated
channel channel channel
CH
A hotspdot A
CH, g CH,Y CH,

emissions

emissions

I, 0 “Ac. veri ‘ ’ c%ea;,zzz'zgsn

8].1 . ." — I d ,,

2. vi:e t&awed zone

20 . — Frozen Qrb permafrost

o 20 . Intrapefrt taliks = = = « producnon ' : ‘ : :

g’ 16 Yedoma permafrost table.["-,”_I - ! !

Figure 8. Conceptual diagram ofCHfoltuexntsipadt ieanlv

patterns Frozen Qrb permafrost underlies sli

mosses and woody VvedCditugpttiakre. oWe Qrbbbusmedsss. e d\hest e W e |

observed in fl atdoen nawedt eh,anqredmiurdiidk el v dr i

production. HoweCHermi ssso noen theortrsepsottrsi @G#i ght be d

production and/ or channeling in intrapermafro

depths of subsurfaceofeaeaédlueeisnarki sotodcamwt ual
Due to spatiotempor al Il nteractions among t

chemistry, it can be difficuCHTf Itwx ddmEentdangeé

observationald8 ., i ®é]ddisd urddtesobser ve CHpdtuixalandel

soil temperature or Csibok spdHtf wamEgHés uwiSiveme L ta o

related to air temperature (with or without

i ncr eaGHep rboodtuhct i on and oxi dation, weakening th

acidity has beerHpsvdaicdtiwadr, wibtug fcamwt ors (vecg

physicochemical variabl es) miughli8dme &nBopriet ii ommpaolr

our sampling approach Ilikely diCHfhox aapt dmre

variables across the study area (and did not

our ability to obsE@Hfvleux edrad i dmisvhermps. bet ween
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We inferCHpabddeepon is | ikely driving sor
However, better understanding of the distribt
precise alignment with surface flux dat a, IS
extensive flux sampling in thawing per mafrost

di stributi €CHhoft spetsestAdidalt i onal | vy, our resul
extend beyond theesnmokmrditsdaktei boaumnmdaper mafr o
geophysical surveys are needed to deter mine t
|l akes. Additionally, systems with high SOC, 3
tranGioht cCiHgehnr i ched gr ¢ B®dWwha@liprn dd woved i n the
| ayer or in deeper taliks might be transport
upward to the surface. However, with the data
the observed hot sbpyotvserwwerceal movreer &iidsi Gearo gl yas i ¢ a
surveys and groundwater modeling studies migh
and | ater al transport.

Targeted analyses of subsurface biology an
CHemitted from hot sspuatfsa.c eWes odiels cnriith 6 ba saa d ecpot nhim)

with a focus on methanogens and their syntrop

D10 m depth) could identify the communities
obseCHMedi ssions potentially contain mixtures
deeper permafrost carbon. Radiocarbon dating

the relative esounrtfracbheut@Hprsddoefpenrecanr (e. g. Wal t «
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202 8)5] Additionally, isotopic techniques woul d
ver sus Qtesooluorgciecs t o thé¢ ddot 9®ot 9dmi ssi ons

Met hane uptake samples had dHom\dia gbnuitt uweerse
clustered odowmimadli edwwmodyds. The microtopogr a
mounds @accosisetthe study famaea n(@Sliprfoivg Wlrees SO@)p.or-
mi crotopography models to upscale sinkKEHfIl uxes
budget s. However, further CHeli lnkss aneedvéed espr «
mounds, and whether tpist-hpeatCtHedmn siss odi shrou pstpeod
broadl ys,cacibe@ ®dlemr ocess model s I|saca&kl & etpapeocsgerna pah
its i nfdHifelnugxeezqd 8i mi | ar t o Cr gs92] oAlreifnadethgasl
that future efforts should devel egamet topogfra
in cePaake process model s.

Met hane emissions are exipenchadedp wetrtuirf en
observed emission-dloont s@aotes iameadsi elSpamoas mi s
and subsurface conditi omas epdo seen d@ Hstthaatkil setpidceal If o
approaches that r-etyf @ame sdiattaacfer amdo mteiaa al |, t
sensors (e.g. |l and cover data, soil moi sture
and active |l ayer dymami mpdr triehstosl Dikiigoni gl hb e r r
i maging spectroscopiHcfommrcemapmitng nl dodlsipoad i r
environamémd st he potenti al for forthcoming spa

CHhot spots at[ 9.3]gi onal scal es
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Conclusi ons

Thaiwmduced ecosyst enCHfhlanxgeess, gp cetae n t€iHalf If ye cct
sinks to sources aswéwrasdsmosainscsti slbpwe wverf,o
remai @Hfflouxes and their drivers in heterogene
regarding the role of deep subsur f aeceseurcfoancdei t i
spati al heterogeneity in the context tof bsub:¢
understand how thesa&tidali ve&Hif &toixamr Aibmubheudlo ist
possible to conclusively determin€Ht hexésal| |l o8tk
results sugdHemi sshan sdomspoCsBparodudti vani byl d
with thawing discontinuous permafrost. This
terr €sdhot apots i n a-ftemamoistaii@niamg fi @dreengti f yi ng

that might cOHdmiiduiteng.o hi gh

Extended Microbi al Met hods

Mi crobial Community Analysis Methods

Soil from the sampling site was transporte
atsOUC wuntil DNA extraction. For each sampl e,
soi |l each were performed foll owiexgrabeéei onas ufa

pool ed prior to PCR amplificati ofnrreeA waltAe re xw
included in each set of extractions and was

sampl es.
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PCR amplification of the V4 region of bac
perfor med using t he revi sgdOgEamtems M5AS5EDbI
GTGYCAGCMGCCGCH)T-AGAN d 80-6RACBHBACNVGCGGCGGCGTWIEGYTAAT
[ 94]The PCR reaction was peerfermbdri nelasdfshahoc
DNA templ ate )(,tL1nBgn VDNA/ogen Pl atinush TaM) 21 I 2X
of each pgaLi marcflreeaesscewteer odbr DNRet € Bipeya DNAB
l nvitrogen PlatinumeJTa@M)2 o2 XeMabt®gr inMdezK ,e atref
free water. The ther mocyc3nirn tptreodg raatm 4o r C;a nipd |
28 cycles of 94 UC6@®oseddbnaeascoand, 75000Cf dor9
finadi nbbked at 72 UC. Negative controls using
wern@&@cluded in each PCR reaction and, together

used to determine contaminating sequences.

Al l PCR produacheckved eomual it5% agarose gel
using AMPure XP beads foll owing the manufactu
to ligate 11l umina dual i ndex bartlheremo dyc |tehr

prog8mimmboéd at 95 UC; followed by 8 cycles o
72 UC for 30 seSmi nfhobleldo waetd 7b2y UaC.f iPraolduct s fr o
on a gel, and cl eaned, ugps udd sngr iAVEPd r &b oXwe .b eTald
PCR products wer e TguPainctoi gfrieeedn vd saD NQu aAnsts ay (I nv
were pooled at 7.5ng of DNA for each sampl e.

sequenci ng DONA twaes peealfeod med at the Mol ecul ar
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State University (Pocatello, 1 D) wusing 11 umi:
Sequences are deposited at NCBI 6s GenBank und

Demul tiplexed amplicon data were received
subsequently processed [Bslihg QuMME rog e wissaedda p
to remove primer sequences and the forward an
bp, respectively. The reads were filtered, de
using t he deba@lMhe seesiuhgyg s ng amplicon seque

Ssubsequently assigned taxonomy using [th®] skl

resulting in 1,591 classified ASVs. Cont ami na
combination of manual curation of the data co
negative control s, DNA extract[i6obn Fiolramlex<) nt am

combined method with a threshold of 0.4 was wu

The remaining 1, 435] a&¥isngvetrtee avnad gz ealnd np I
[ 97, A&ENVMs were rarefied to the | owest number
to assessing alpha diversity analysis wusing ¢
Il nverse Simpson. Per mANOVAs weretesedetadaval
Bray Curtis dissimilaBi RMAmMampl ixcord ddeuamnead
significance in the Per mANOVAs presented in ¢t
package was used totveroinftyai nheati ggi édugandi g wn
statistically significant di fferences betweer
pairwise Per mMANOVAs were empl oy[eddO ¢u siidnegn ttihfey pve

groups were differendl deomf omet Ainotaral yFhe we
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mpari sons ushHaoghheireg Bneentahnoidn.i Si mi |l arity per
al[ylsOMs]s used to determine which ASVs contrilk
e Iintédmedkageoup Canfd uxhegrotulper. This anal y:
uar-er amoftor med rel ative abundance values an

re generatedOasing ggpl ot 2

Extended Microbi al Results and Di s«

erview of Microbial Community Analysis Resu

Ac

pe

Ac

w h

S a

co

i n

roi

ot

pr

Mi crobi al community analyses via 16S 1 RNF#
nducted at two | evels. First, gener al comr
rspective on the archaeal and bactelrdtailon ax
soi l properties (e.g., Adephababacctaerrbioan,, Bra
i dobacteri a, Chlorwhliehi ,pravdodslyni tatdesbee
rmafrost s[oliQ2fkcommuinfod b eddablVere®@8ot(E@dlbakitgeuri
I dobaah\Merirocao wmiec eomoadt abundrainth i sumfoa ®e cxa
e rhecatsi nobauwg@btelrarogtdal @ xmor e pr evalponar drn sdceielpse.r
me patterns have been documenl @3, pARLD mDpliseé ty
mmunity characterization is provided in sup
ferences from taxonomic marker [ §6BegesliIhepskr a
sks were mitigated by comparing the taxonomi
her permafrost and arctic environments. Dep

essures in microbial icnoendguendi d d leassct eMei d ouAdi ¢

anderrucomieceolmioae abunda#ut cihn tshue fracree saanmph er
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Figure 8a). This finding is consistent with s
organic carbon content soil s. Phyl a associ ate
| ower a car bon Axdan tnemta,cdasedalohiaset keown to bre
carboanrces, Chuohoéavweerkeh emor e ab ymdan td eierp etrh es acng
BTL 103, 104]

At a more resol vAdph&@aeaemmaopr ottaewoebnaecnmiyehrei amo s
abundant classes across samElHd d uxfe sd i( fSfl e rFa rgtu r
t hseur face sampl es QGHfolnux Rsioti ens mandewrn iad @emi cr obi
sequences comprised, respectively 26.9% and
abundances of ASVs from these taxa werCH much |
flux groups, where they constituted 35. 5%, an
these taxasamphesswoff aCGHef | iurkt esrimedcsi ehtaed hi gher
of member s fClomsttrh.a3i‘%alvaws.s 1 %) , as wel |l as th
Met hanobacteriagnlet hamothd8 cd bdiva, 0. 14 %) . Out
only 6 samples had methanogens at a rel ative
many sampl es exhibited met hanogevret hamwetf b oraetr
(previously called ([i1@¢& Jwhliwsht era sl Ip rmevti lbaursd gye
some per mafrost met h@hjwgendeommuedti@as only fc
affiliated with this family wer e Medtheamtodd oirre n
affiliated reads had -@a. r28%.t i €@ mmabruendd atnae e o ol

Met hano(frliocreencsl uster I 1) thus seems of minor r
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Al pha Diversity

Diversity and composition of these communi
which factors were associated with the microb
indices of alpha diversity were saimpniefsi d arotl Il y

bet ween 0O and 25 c¢cm) than the deeper sampl es

This indicates that the communities in shallo
small number of ASVsp,r ewhiiocuhs ifsi ncdoi hnggBsH (d esnot u I Wri%et,st
110.] By contrast, the total number of observed
and estimated with the Chaol index, was highel

(p < 0.05) ( Sl Figure 10). Thei Rs chgessd andr
indicating that the sequencing depth was suff
corroborated by the rarefaction analysis (SI I

of diversitgmplreseanhdi showetbhat species richn

50cm in the soils surrounding BTL. Across the
sequence sampling depth captured totaggurce® mmun
12).

I n addition to soil depth, mi crobi al commu
features, with elevation and microtopography
to waltle, MlXJrobi al community richness was si
el evation and microtopography indilgathigngaraasg
However, evenness was not significantilnyordi ff e

did type of vegetation affect ri chcroemssunart yevdri

2018, Tripatmlsioidt delp.t hf diardd | telsasst ef f ect on the
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than soil characteristics, such as total orga

and soil[ 1n0Qi]whiure organic matter was signifi

community evenness at these sites, we found n
Additional ly, no correlation was foundIlbet wee
moi stur e. Ri chness and evenness metrics of di
CHf | ux.

Beta Diversity and Community Composition

Per mMANOVA anal yGuuirst icsf dtilsesiBridyar i ti es indic
al pdniaver sity of the samples from different S
composition of the microbial community betwee
value < 0.01) (SI Figure 11)on Daff feeaiellCdesi smeu r
flux. Pairwise Per mANOVA deter mi neCHftl uxt stihes
were different from eher othenetbfedhgr ouaper
significantly different from each other (SI T

SI MPER analysis was used to determine whicl
community compositionChHfeltweesi tdhe amd erimedoah
analysis corroborated t hMetrheandh a8 Ve (sitcuurs 3)e dw a
significantly more associated with intermedia
Met hanobaatveripumviously been identified as a
met hanogen|[ ¢0Bmudd@dy ti onal | Met memblel asv eorf b & dane
repeatedly I sol ated from per mafr osrtedwaivng o1

hydrogenotrophHildtdmétAanogemsal | vy, SI MPER i dent
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Clostridium genus more abundant in the interm
me mb er sCloofs ttrhiedei aklneoswn t o be syntrophic partne
they are able to ferment carbohydr atled®lt]lo met

The vast maj ority of Proteobact-iemrti earl meAdSiVast
flux sampl es, wi wdh ABVEs elxeleGmilgliomgn feth dhiatcleaa @ f t |
Gammaproteobhadcteerisd i Gagll yi o nAhSe\ssecvwsemrearee al so i de!
SI MPER as contributing significantly to the
communities. As noted above, and showrlian i le F
abundance samphessuHbakretehe aINMP FRetcwenpmr s srofma
and deep communiti es sGaomneadp rao t ntyrthaateorde e odif a dh if o he
relative abundance in deep c¢dGamuniotnied s eatckeearmen i
shown to thrive in anoxic comgobundses swhhl easo
reduci n[gl In6i .t rTalt Tejsr epdacixr soufb st r ates does not com
so it I s noGalsluir @rmrie hshi anlagie tat entahte s ame i nt er medi e
met hanoge@Gal | il oanhtdadc alxeecare | mpl i cat ed 1 M 1elX8t, r ac e
119] makingoseeml @a syntrophic 1834t hemnnikdvy @ me & &
been shown to be memmeni namd e rc canuotxaitict gdoahrl déi] tai nodn
and this is consistent dvedpmert heamplienssraesaswealgl
decrease in OM withobseereadi hg tdbpshsthdy. was

| n additi @al I[tioondlales deagae SI MPER anal ysi s
Gammaprotobacterial moetehabandamhGH finlhuixnA seietmeesd. i

ASV from the Methyl obacter genus movas mabantdah
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met hanotroph identified Merbgksbh&éet bmrepl €sund
abundamtawimg per mafr ost [ 8a&Mveptl heysl dflracmanh edblvsad bla e
i denti fied pr envoisotu salcyt iavse baenidn ga btuhned ant met hano
[ 12ZB8mith et al 2018), wherkeypdbtehesdxrtdrvd ldlydda nt
depth afddciomcentumations, as opposkddead,®uirf ac
samples from BTL, Met hyl obacter r eCHftliwxe @Plun
Figure 13).

Pl ease refer to Po¥rSecthsnkeyy deetr eaelt (a2 0 1(42)0,2 1ADb e

(2024) f or dliismiutsastiSoaRbdsAodife nl@ ampl i con anal ysi
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Suppl ementary Figures

(a) Site-level (b) CH, flux (c) Site-level photos
vegetation class classes

S.1 Sedge, 9 ,

grass, moss

(n =4 sites)
8 2

Site ID Number

S$.2 Moss, field 1
horsetail, grass,@
3 6 P&

sedge (n = 3) 4

S.3 Variegated
horsetail, moss,
sedge (n=1)

S.4 Grass,
sedge, moss
(n=2)

S.5 Field horsetail,
moss, grass,
sedge (n=1)

Bl

$.6 Moss (n = 2) ‘ e % i

S.7 Dwarf shrub,
moss, field horsetail,
grass, sedge (n = 2)

CH, flux category ‘Very high [200, 722.36] ‘ ngh [100, 200)
(mg CH,m2day”) () ntermediate [10, 100) OLow|0, 10) @ Negative [-2.11,0)

SI Figure 1. Methane fl uxildnd (&9 miSnarts wedgdt s
domi nant vegetation types are grouped togethe
CHf lux. (b) Pie charQhsf |suhxo w attheeg odriisetsr i(bvuetriyo nh i
intermediate, |l ow, or negative) by site. Site:
together, and groups aCHf louxd.er(ead) bBh adtesgreanpdh sn
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(a) Vegetation class; (b) Photographs of flux sample locations
CHj flux categories (four examples per vegetation class)

m g m.
> W ’

1. Moss,
sedge, field
horsetail
(n=4)

2. Sedge,
grass, moss
(n=12)

3. Moss, field
horsetail,
grass, sedge
(n=8)

4. Variegated
horsetail,
moss, sedge
(n=4)

5. Grass,
sedge, moss
(n=7)

6. Field
horsetail,
moss, grass,
sedge
(n=4)

7. Moss, field

[
horsetail G &

(n=4)

8. Dwarf shrub,
moss, field
horsetail,

grass, sedge .

(n=7)

o S O3 % 2 @1 2000 O un) Ol @00

2. Methane flux by i%,egwittalt itome cn wamsbse
| ocations per c¢class. Descriptions
nt vegetati on htey pea s tIdikhtueudx ofni ros t
(very high, high, intermediate, | o
e orderCdd | uk . dd HgemPhionggmapms show
each vehgsetaarte olna bce laesds . wiPtithm td ahger dspa mp

category.



3 Mo und
by trees,
b) Exampl e
b view from Site

and contii

ver sus
woody
of a

f
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4,

channel . (a) Ex
ubs,f aoidndg eait dawer
terohenTbhanpbabt
showing the cha

n
nues southward, running ad
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(a) (b)

1. Moss, sedge, field
horsetail (n = 4) |

2. Sedge, grass, moss |
(n=12)

3. Moss, field horsetail,
grass, sedge (n = 8) |

4. Variegated horsetail,
moss, sedge (n =4) ]

n=7)71]° g

6. Field horsetail, moss,
grass, sedge (n =4) ]

5. Grass, sedge, moss ﬂ
o]

7. Moss, field horsetail | i

(n=4)
8. Dwarf shrub, moss,
field horsetail, grass, 1 P n —[]

sedge (n=7)
9. Moss { p -
(n=6)
0 200 400 600 800 -4 -2 0 2 4 6
mg CH4 m2 day"’' IN(Fpg + 2.11)

S| Figure CHf Boxpbypteeogét ati onCHfllausxs .b y( av)e gleitsa
class, i CHmtd &y VYdgemgati on cl asses &rHd larxder e c
(b) Di stGHfbluwtxi obny ovfeget ati o@8Ht | 2s51) eXHpmsewlsiedh
t hCeHf | ux CGHmM?chgly This transformation was done t
range from neg-2@tilOet ooTHMd@Eyhimdgor ( al | boxes,
l'ine shows 50th percentile (median), and the
and #&2%5tclenpile (quartile 3). The interquartile
1 and 3. The | ower whisker is calcul-ated as e
1.5*1 QR] (whichever is higher)heTmaxumper f ivbk
value or [quartile 3 + 1.5*]1 QR] (whichever is
higher than the upper whiescikreecl,esaye i dentified
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(a) Elevation (m)

194 195 196 197 198

|| (b) Elevation (m)
194 195 196 197 198

)

461150 461200 461250 461300 461150 461200 461250 461300

(c) Microtopography (m) (d) Slope (degrees)
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(e) Microtopography zoom 1§
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i’!’:.
[
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CH, fl t: Very high High | di L N i

(mg4 C:l): fna'zeg:yrx) .[2%%. ';22.36] .[1I30. 200) O[?:;r%%)late O((?,V:O) .[-Ze.%é:t,“(l)e)
SI Figure 5. Gridded microtopography and sl op
(DTM) generated from airborne | idar aggregate
carbon flux sample |l ocationsthEadtmiverasmad Noa
Mercator (UTM) Zone 6 North coordinate refere
el evation data was provided as orthometric el
converted to ellipsoidaligbkbtevttildn2bm, addsed
earth gravity model (b) Moving window (31 m
(c) Microtopography at 1 m spatial resolution
subtracted frompamel oa) gi Miatr T Mpo-@graphyg diSpl
all ow better visualization of mbufd ta:mmdl .flh )
Pepi xel sl ope calculated from the original DTN
package, bpsedl omeieggbhor hoods. FIl ux sample | o
Panels e and f show zoomed views of the micro
colcomrde@Hblyux category. Numbers in white boxes
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(a) (b)
§ 0.15] 1
©
>
o
2 0.10.
o
)]
o
c
2 0.05
@®
=
£
J4b)
@ 0.00
I I T T T T T T T I T T T
0 20 40 60 80 100 0O 20 40 60 80 100
Distance (m)
SI Figure 6. Spatial variogram analysis- of mi
based digital terrain model (DTM). (b) Empir.i
calcul ated as the moving windowmméear (0(BLlgmnal
DTM dat a
198.7 (@) .~ “| Elevation (m)
= 198
=198.2 - 197
2 £ 196
© R =
©197.7+ 5 195
= = § 194
197.2 %
= % Mlcro—
E 02 () topography (m)
Z 01- 1.2
s ’ 1.0
5 0.0 0.6
0.2
é -0.1- 02
S :
S 02 -0.6
= -1.0
461150 461200 461250 461150 461200 461250 461300
Easting Easting
SI Figudeménsiwoal representation of microtop

aResdcgolsihnd wini mes dhas s
l'ing mean. (b) DTM e

across the study area
smoothed using a 31 m
sample |l ocations. Note that the 3DEP DTM el ev
Here, the orthomevterritce delteov aetliloinp swoaisd aclo el evat i
of 11.2 m, based on the EGM2008 earth gravity
t
2
h

res

shows the USGS 3DEP digital tersaoun hmwedd! trRD
(tr
r ol

I
t
o

sout hwes transect shown in panels a and c. (
calcul at
across t
the origi

dngsmehpr sobtracted from the origina
e site calculated as the moving wind
nal DT M.
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A B very high hotspot intermediate
=1 | -
g@
- Phyla
" Other 075
' Euryarchaeota Taxonomic Class
Halobacterota == | Other
 Bdellovibrionota Methanomlcrobla
§ Patescibacteria § Methanosarcima
Myxococcota s n 1_u n—* Methanobacteria
% E Gemmatimonadota E E " Thermoleophilia
II - Planctomycetota §m ‘ jﬁ ﬁ Vicinamibacteria
g Desulfobacterota i Verrucomicrobiae
= I Firmicutes %
& Verrucomicrobiota k] m CIostrIdia
Chlorofiexi . - Bacteroidia
Bacteroidota Actinobacteria
i Acidobacteriota Alphaproteobactena
Actinobacteriota 28 ! Gammaproteobacteria
I Proteobacteria
U’P w'é
Depth of Snmph (cm) Depth of Sample (cm)
SI Figure 8. Microbial Composition of Surface
di fferent microbial phyl a, based on 16S r RNA
relative abundance in each sammpmlee N®ft hlee®s ctalh &
(b) Relative abundance of different microbial
sequencing. SamplCdid | aurxe coart cgpad kyhetyheéd el ong t
sampl e was recove-28&dcim) aoerptt ise0d sgusm}mea cNecant 6 geni ¢
classes that had a mean rel ative abundance in
the AOthero category. Met hanogenic classes ar .
pi nk.
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term df sumsg

Ge c(m)

esul

meansq statistic p.value

X 1 037 0.3710 6.07 0.017
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ts of an ANOVA, testing the impact of
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Sample Depth (cm)

Axis.2 [15.4%)]

02 00 02 04
Axis.A [37.2%)

I Fi gur-@urltli.is Bhiaysi mi |l arity Between Microbi al
rincipal coor di n@Quret ian ad iyssismiolfa rtihtey Blreatywe e n
he points indicate the soidced2@0h odhdlhimowdni c
1225 cmdeemi3d72 cm) ,-50eem) ( 3A. Ber mMANOVA t est
he microbial communities are statistically s
ro

S
P
t
(
t
g ups (p = 0.0001).



Species
300
1

200
1

100
1

SI Figure 12. Rarefaction c
anal yses, samples were rare

CHf | ux

20000 40000 60000 80000 100000

Sample Size

CH, Flux Category

#tvery high hotspot O intermediate O low @ negative

---------- Hotspots excluded
Hotspots included

o

Hotspots included Hotspots excluded
Rz= 0.24 R#z= 0.16
p-value = 4.8e-05 p-value = 0.0025

(=]

Methylobacter Relative Abundance (%)
5] £

(=]

8

[=2]

2 4
In ( CH, Flux +2.11)

SI Figure 13. Met hyl obacter
of a given site, and
from all depths are

sampl es
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SI Figure 14. Vegetation mapped across the st
graminoid, woody shrubs and trees, surface wa
random forest classificatriecm| mded arind dweme ctt rr ail
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Driver variable
Soil moisture (VWC; 20 cm depth)
Soil moisture (VWC; 12 cm depth)
Soil moisture (VWC; 6 cm depth)

Soil temperature (10 cm depth)
Aar temperature (3 m height)

Methanogen relative alumdance (0-13 cm)
Methanogen relative abundance (13-25 cm)
Methanogen relative abundance (2338 cm)
Methanogen relative abundance (3831 cm)
Methanotroph relative abumdance (0-13 cm)
Methanotroph relative abumdance (1325 cm)
Methanctroph relative atamdance (25-38 cm)
Methanotroph relative abumdance (3851 cm)
Nitrate concentration (ppm: 0-13 en)
Nitrate concentration (ppmy; 1325 cm)
Ammonium concentration (ppm; 0-13 cm)
Anmonmm concentration (ppm; 1325 cm)
Anmonum concentration (ppmc 2538 cm)
Anmonm concentration (ppmc 3831 cm)
Phosphems concentration (ppmy; 0-13 em)
Phosphoms concentration (ppm; 1325 cm)
Phosphoms concentration (ppm; 2538 cm)
Phosphornus concentration (ppm; 3851 cm)
Potassium concentration (ppo; 0-13 cm)
Potassium concentration (ppm; 1325 cm)
Potassim concentration (ppm; 25-38 cm)
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Comparison 1 Comparison 2 P-value
Intermediate CHs Flux High CHas Flux 0.02363
Intermediate CH4 Flux Low CHjs Flux 0.00132

Intermediate CH4 Flux Negative CH4 Flux  0.00044

High CH4 Flux Low CHj4 Flux 0.5814
High CH4 Flux Negative CHs Flux  0.7214
Low CHj Flux Negative CHs Flux  0.9898
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Abstract

Reports of biCHpesyatmeshanasgséoci ated with
steadily accumulated in the |iterature. This F
the process is poorly wunderstood at the gene
enviro@émeuapsrsaturation of oxic surface water ¢
because OHoYymPighesxails is viewed to be a sstrictl
sensitive methanoge@eson I maeregstged wihtisi phteme
the i mportance of understanding sources and s
Yel |l owstone Lake in Yellowstone National Par k
met hyl aGlHaedt osol ate aWMdi dbapraaxapiabéeantf t h
Furthermor e, we identify and clone a gene cr
phos pdlregpteend ent aspartate aminotransferase) an
transferred to Escherichia coli with this gene
unrecognized process shedGH,l isguhgtg eos remngvn & hoani me@
ecol ogicall yCHsy rtvlaensdi saeiro bliick el y of widespr ea

and shoul d bCHnooadresliichegr eed fiomr t s .

Significance

Observations summari zed herein contribute
ecol ogy, documenting an emergent property of
perception thatCHpi pgewniuct mebhhase s¢rictly an

met abolites, a model bacteri al Il sol at e, gene,



140

property can conceivably be broadly dCHtribut
emi ssions. Scientifically, this study wil!/ e
under st £Mesiymg hefsi s and emi ssi onCH<y nntahteusries anma

actually serve as a nexus for the C and N cyc

Il ntroducti on

The fAmethane paradoxo is wel/l document ed ¢
oad array of Dbiologists, biogeochemi[sts, bi
i s supersaturation phenomenon S i nconsi st
t hanogens, a phylogenetically constrained g

the sole sCoHur Mor &f | bi omgemnmine waters previ ol
thanogens active within anoxic|[®]cdolgalsit i &t

act s, or fecall[ bplend/lears|[ @f RjewehBahktostrong

icrobi al deal kyl ation of met hyl phlos®,maldh]t e (

eshwater [eln2v,ihrdbshmeeé¢e s presented and thus p
pl anation for this phenomenon.

Pel agic methane enri cheéeezaCGritasd X(iPVEE Zg c a werfr. |

a distinct region(s) of the, wh2 #MEZJo lod e r i
actable environment i n which to study the
r cChHiscy nt hesi s. Our prior effolrabeloend Ymét mavis

bstrates, 16S ri bosomal RNA (r RNA) gene bas
tdoplenzy me M reducttarsget(erdcri AGQRsgedemonstrat e

mogabl e met hanogehs$.2]ilnnsPRMBA, waMtPearr smet abol i
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associated with distinct populations of Pseud:
for magtti2g n

Efforts presented here summarize continui n
of methylamine (MeA) as an i mpoOH aMetbghott i ogp
met hanogens anaer obhHlzryawl diys groonyvenrti dreaAt it @n of |
an@H[ 15, IMelt hyl otrophic bacteria ca[nl7metladblol
nonmet hyl ot r o[plh7s, f10%a r@dr]jrboqé Bhld rN nmseathrydeov or e s
it as an ¢RrR2MgA wtoiulriczati on is viewed to occl
dehydrogenase, MeA oxidase, or involving met h
formati on odglfuctrameaythiyd m mo fd e -nffeGMAy)| gal nudt gNRedt, e ( N
23] In the current study, we report the discov
that QH,elicivyol ving a reacti-pihos agdneap epreceadn tb ya sap at

aminotransferase.

Resul ts

Water Column Characterization

Yel |l owstone Lakempvaddri cod ulmhsshared si mil &
Appenfaaibd,e S1 and Fig. S1) beThev PMEZapwen«ilmad
of the thermbbéide)] yaPMEQugeas 0.5 m «&eéleper (
concentrations were approxint e(lRyi gt.wolfAo)l.d IgnrceL
29 PMEZ water ismimpil @ased 12s A&ebrloebd cYP-hnai lalhmedl BT
Substcraptadwd e of supporting k(naoonent ariee , h afnoorgneantees,i

H2+ bicarbonatmedndg oe!Wihd emen@at o fon ( S1  ASpapnepnl dei sx ,



142
spi ked&CMeaA hpr odClHaendd 1| asmecBmaetkhoni ne as we
1B and SIFiAp.pe®2l) x,Lack of MPn metabolrrsesmowat:
the MPnNn act i vuep rseagmpolni,n gffo(l&bogou $PMEZ) as wel | as
bel ow wer e!&Me A &me twh it hni®MPn.andn this second s
1&MPn was the pri mat&H(sFuibgs.t rlaCt ea nlde aSdi M@ ptemm di x ,
consistent with [odRkr]Thei databsédowangonsat MeA

metabolite to PMEZ formation in July wa4] stri

but much remains to be | earned about its envi
viewed as an i mportant ni t[rlo9g,e n& bsposuer oqcuee n tn warr k
on its ecological relevance in this freshwate

On July 24, 2017, the water co-mumncwamentam
As in 2016, the PMEZ was well defined (Fig. 2A

(8 m)sanhubOated water (Figob2GYwd®@PMEFEDesanseabn
12.0 m depths (roughly 3,000% of satwuration) (
Fig. 2C) . Neither PMEZ could be Ilinked with t
PMEZ was | ocated wittdhi @ mhe PGRs$si aoszowgedéene
primers (SI Appendix, Table S2) and tot al DNA

S3), indicating rgeegnezabsenmebhahehbewsdet ec
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measurement!'€HgeBeandi 6n from | ake€&wabet esdampl

met hyl ami ne (
samples. On J
h

M
u
water from t r

e A
ly 28, 2016,
e e

) or methyl phosphonate ( MPn).

only water from 11

depths (as eséc oBvanl)#& @hist ¢;est ed

Targeted | i quimascshropmeadtéd® lpeptargyal y 6 €s  of ur

PMEZ samples found MPBaM wanrs

tbheil so wl adkeet ewd ti eorn  rdl

Fig. S4) . HoweveD2. .c8MeaAt waasm)praemscendeqr eased to

depths greater than 10 m (Fig. 2B). The | owes

PMEZ maxi ma, suggesting MeA

ot her exapearlilmdnt s examining

consumption may h

mpot eht abhl sommppbD

hypot heMPins.deal kyl ation activity!€iHgkineatagdd oMP

water depths of 8, CMéA5exhndifteaddmthehporanti al

synthesis only at 12 m (Fig. 2D).
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Met hyl ated amines are indicator metabolite
commonly assodqi2¥@p Miwirtofbbiallgaenversion of GB
has been d®@yum&hfed can then be converted to
di methyl amine (DMA) Y MeA (17), an[d3.DJMMA ctahni sk
study, GB, TMA, and MeAR=pOobBihl ¢e® Werd, c&Sir Alpa
di minishing to or bel ow the detection | imits
associ atfedA WEHRCtivity (Fig. 2 B and D). Th

consumption, and metabolism of the three meta
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Fig. 2 PMEZ characterization in 2017 for met
column methane profile showing two concentrat
with relativeBuwurbkumdlathBjei & abodl i t e anal ysis st
concentrations of glycine betaine, trimethyla
met hyl amine concentration below the detzection
saturation (or near lpyt hsso.) (all) bPRoetlha tmevteh anmeet apbeaal
microbial communE€MPastMeA 'EChveDdtiamgin D denot
mean N range of two replicates except for MPn
bottl e VPDB, VienntaH, PeatbDee oBeds!€mmihetpasbsope
thousand (per mil, a).
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