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Groundwater shapes sediment biogeochemistry and microbial diversity in a submer ged
Great Lake sinkhole

Abstract

For a large"part of earth’s history, cyanobactenatsthrived in low oxygen conditions, yet our
understanding of their ecological functioning is limited. Extgainobacterial matgrovide
windows into the putative functioning ahcient ecosystems, and trentinue tamediate
biogeochemical transformatioasd nutrient transpogcross the sedimemtater interfacen
modernecosystemsTlhe structure and functiasf benthic mats are shaped lipgeochemical
processes ianderlying sediments. A modern cyanobacterial mat system in a submerged
sinkhole of Lake HuroilLH) provides a unique opportunity to explore ssedimenimat
interactions=irthe Middle Island Sinkole (MIS), seeping groundwater establishes a low-
oxygen, sulfidic environment in which a microbial mat dominate®bgrmidiumand
Planktothrixhat iscapable of both anoxygenic and oxygenic photosynthesis, as well as
chemosynthesjghrives.We explored the coupledicrobialcommunity composition and
biogeochemical functioning of organiich, sulfidicsedimers underlyinghe surface mat
Microbialeemmunities werdiverse andvertically statified to 12 cm sediment depth. In
contrast to previous studies, which used low-throughput or shotgun metagenomic approaches,
our high'throughput 16S rRNA gene sequencing approach revealed extensive diversity. This
diversity was present within microbial groups, including putagivéatereducingtaxaof
Deltaproteobacteriaome of which exhibited differential abundapedternsn the mats and

with depth in the underlying sediments. The biological and geochemical conditions in the MIS
were distinetly.different from those in typidaH sediments of comparable depitie found
evidencesforactiveycling ofsulfur, methane, and nutrients leading to high concentratibns
sulfide, ammonium, and phosphernm sedimentsinderlyingcyanobacterial maténdicators of
nutrient availability were significantly related to MIS microbial community composition, while
LH communities were also shaped by indicators of subsurface groundwater infllieeee

results show that interactions between the mats and sedianertsucial for sustaining this

hotspot of biological diversity and biogeochemical cycling.
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Introduction

In the distant past, cyanobacted@aminated microbial mats were the dominant forms of
life, and are believedthave flourished in low-oxygesnvironments lacking multicellular
grazers and herbivor¢Bertrandet a/.2015).Cyanobacterial mat metabolic activéiiaped
biogeochemical cycles in the Precambrian and drove major turning points in thergieathe
evolution of*Earth’s surface (Hoehler, Bebout & Des Marais 2001; Hayes & Waldb@QeY.
Although mats in coastal oceans are often assumed to be the agents of such global change, recent
work suggests.that terrestrial and freshwater cyanobacterial mats may have played a critical role
in Earthis oxygenation (Lalonde & Konhauser 2018nder certairconditions, benthic mats
proliferateonthe sediment surface modernaquatic ecosysten{Stal 1995) where they are
powerful engineers of ecosystem condition and biogeochemical furiCémfield & Des Marais
1993; Paerl, Pinckney & Steppe 200@)thesemodern, sometimesxtreme environments, mat
consortia provide insight into how living organisms shape the biogeochemistry of our planet,
both now andsin the distant pgBaerlet a/.2000; Sumneet a/.2015).

Benthic microbiamat communities are tightly linked to the microbial communities in
underlying sediment®hotosynttetic matsstabilizesurface sediments (Decho 19@Mhdexude
labile organiessubstratewhich in turnfuel heterotrophic microbial metabolismstablising
physicochemical gradients of oxygen concentration, pH, and redox potéh&aksharp
gradients are strengthenadd maintained by the physical structure of mat communities, which
slowsmolecdar-diffusion and preventsmovement of particles across the sedimeater
interface(Stal 1995; Paerr a/.2000).Together these physical and chemical effects of microbial
mats influence biogeochemical cycling, especially the mobility of metals and nutrientstheross
sedimemwater interface (Batties a/.2003; Nimicket a/.2003). &dimentdeneath microbial
mats which.are/typically organidch, serve as a reservoir and source of nutrients that fuel mat
growth andfunction, a role that may be especially ingpario mats that live in lowautrient
waters(Bertrander a/.2015).Whendisturbance from grazing and bioturbating aninmels
limited, resource suppled from underlying sediment may be the dominant comivel mat
structure and function

In the absencef oxygen, the sediment environment suppaltsrnative terminal
electron accepting process, such as ironsaitfate(SO,%) reduction, fermentation, and
methanogenesiSchlesinger & Bernhardt 2013). Byproducts of complex organic matter
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breakdown and fermentatiduel SO,* reducing microorganism@legonigal, Hines & Visscher
2004), and in turn the sulfide produced can then be usdi/gtwo forms of primary

production: anoxygenic photosynthesis and sulfide oxidation (Voo#iies2012; Bertrandet
al.2015). Methanogenesis in deep organic sediments praidesergy sourder

methanotrophic organisms, supports carbon breakdown in anoxic environments that lack other
terminal electron acceptors, and produces a highly potent greenhouse gas (Megaigao4;
Schlesinger&Bernhardt 2013)espite themportance of sediment microbial communities and
geochemistry,‘underlying sediments are often overloaktesh characterizing benthic microbial
mat ecosystems

Submerged groundwater seeps in ksirgtholes of thé.aurentianGreat Lakes establish
chemically‘distinct ecosysterighere uniqudenthic microbial matommunities thrive
(Biddandaet a/.2009). Low oxygen, high sulfate, brackish growater seeps into sinkhalén
Lake Huron near lbena, MI(Ruberget a/.2005, 2008)which contain lusimicrobial matsof
filamentous_cyanobacteria and sulfur-oxidizing bacteria (Biddand#2006; Ruberget a/.

2008; Noldetal2010a). In the 23-m deep Middle Island Sinkn®#S, Fig. 1), the sulfidic,
anoxicconditions and lowevelirradiance(~5%) supporta metabolically flexible cyanobaaial
mat community dominated by relatives@fiormidium autumnalend members of the genus
PlanktothriXNold et a/.2010a; Voorhie®t a/.2012).

As a whole, thé/lS mat community is capable of high ratdprimary production by a
combination of oxygenic photosynthesis, anoxygenic photosynthesis, and chemosynthetic sulfide
oxidation (Weorhieset a/.2012).Beneath the cyanobacterial mat, #irekhde is filled with
organicrichssedimen{Nold ef a/.2013)thatsupportsa diverse microbial communi{Nold et
al.2010a; Nold, Zajack & Biddanda 2010b). Preliminary research by Nold et al. (2010a) 2010b
indicatedSO,” reduction and methanogenesis in MIS sediments, as well as diverse and active
benthic bacterial sediment commue# However, our understanding of this benthic diversity
remains limited by the shallow sediment depth sampled (2 cm) and by the numbaer of ta
detected using clone library techniques. For example, none of the clones retrievedatezieéae
known SO;%sreducing bacteriéNold ef a/.2010a), despite the known importanceSaL*
reduction in the system. To explore the role of underlying sedsnmemIS benthic ecosystem
functioning and assess vertical stratification of sediment community structure and fumateon

broadly, we sampled sediment cores1@ cm) from within the MIS and from a similar depth
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and substrate texture anearbynon-sinkhole area of Lake Huro., Fig. 1). We find that
sinkhole sediment microbial communities are diverse, and change with depthttireug
sedimemwater interface and into deep sediments along geochemical gradients that both reflect

and shape microbiglommunity function.
Methods
Site Description

TheMiS«(45° 11.914 N, 83° 19.671 W) consists of an approximatdigctare sinkhole
and groundwater seep at 23 m depthkhnear Alpena, M(Fig. 1, Ruberger a/.2008).
Brackish (specificonductivity= 2300pScm™) groundvatercarrying saltslissolved from
waterrock reagtions between groundwater and ~400 million yedDelobit River Group
(Middle Devonian)imestona and evaporites (Rubeeg a/.2008)flows from anadjacenseep
(the “alcove™andspills into the MIS Seeping groundwater formas approximately metehick
“lens” of higher density water above the sediment water interface that rasistg with the
surrounding.freshH water(200 uScm™), establishing distinctecosystem bounded by this
chemocline (Rubergr a/.2008). Although irradiance conditions change seasonally at this
latitude, other physicochemical characteristics are relatively consistdetNiS groundvater
layer. Specific’conductivity, dissolved oxygen, pH, and temperature are relatively staB@a
uScm?, 2-4mg L™, 7-7.5, and 9.5-12 °@espectivelfRuberger a/.2008). In comparison,
these conditions varseasondy in overlying Lake Huron water as would be expected in a large

freshwate lake(Ruberget a/.2008 unpublished daja
Sediment Sample Collection and Processing

Scuba diversollected sediment coré®m the MISon five dates in June 2011,
September-2011, September 2012, May 2013, and July Bldr@bial communitycomposition
and geochemical characteristics were measured in verigtediffied samples from cores
collected on all date®ore water was also sampled and geochemically characterized from cores
sampled’in September 2012, May 2013, and July 2013. In May 2013, divers also collected
sediment cores from a namnkhole location nearby ibH (45° 12.333 N, 83° 19.850 V&
comparable water deptbr simultaneous measurement of microbial community composition,
sediment geochemigt and pore water geochemistBivers inserte®0 x 7 cm (length x inner

diameter)clear polycarbonate tubes through surface mat material and into soft sedaments
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obtain an intact core preserving the vertical structure of benthic ovevtey, mat, and 12—-15
cm of sediment.

Cores collected in June and September 2011 were frozen within 24 hours of collection
and later divided by sawing into vertical sections (water chemistry was not measured for the
frozen samples)XCores collectedroSeptember 2012)ay 2013, and July 2018ere transported
upright and onJdcé the darkio Ann Arbor, MI, where they were stored &Gl the darkfor
up to 48'hours:"For each of Hethree sampling events, four replicateesowere sampled and
processedbyfirst removing overlying water, ¢m removing surface mat material, dimclly
dividing each core into vertical sectiofdscm) In September 2012, pore water was sampled
from predrilledsholes using an 18 gauge needle and filtered through én48ters (PVDF,
Thermo Scientific) In May and July 2013, qre water was sampled from gdélled holes at the
vertical midpoint of 3 cm sectiongsingsoil moisture sampler&khizon Rhizosphere Research
Products) with a nominal pore size of L& Pore waters were extracted using syringesladic
to Rhizon samplers with thraeay valves, creating a closed system tiratventedoss of
methane gasduring samplirgl pore water samples weemalyzed fonutrients, major ions,
and methane'gaReplicate cores wemxtrudedvertically from the plycarlonate tube and
sectionedat3 + 0.5cmintervalsfor geochemical characterization of sedimeritsJuly 2013,
three additional cores were processed such that the top 3 cm of sediment were sectioned
verticallyinto three icm aliquots to be subsampled for microbial community compasind
sediment geochemistriforewater was sampled at 3 cm intervals, as ab@ileen necessary for
statistical analysethe pore water value measured for the tef8 (In) sediment section was
related to the-sm phase geochemical measurement or microbial community composition of
each of the top threkcm segmest Due to limited solid material, mat material was sometimes
pooled across replicate cores within season for geochemical characterization.

In September 2012, benthic overlymwgter chemistry was assessed in surface water
siphoned from.cores. We observethimal variability amongeplicate coreg¢e.g., across 6
cores Cl coneentrations ranged from 21-31 mg/L and averaged 27 mg/L, with a standard
deviation 0f:3:8 mg/L ). On future sampling dates, benthic overlying wateples were
collected by divers using a syringedbtainwater as close to the raamter interface as possible

without causing disturbance. On July 2013, divers collected water veintaagly from the

This article is protected by copyright. All rights reserved



174
175

176

177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195

196

197
198
199
200
201
202
203

adjacent groundwater seep for water chemistry analganeasuredesliment bulk density in
sedimensamples taken in May and July 2013.

Microsensor Measurements

Hydrogen sulfide (KS) and oxygen (&) concentrations were measured at fine vertical
resolution using microsensdrsintact cores from the MIS collected $eptember 2011 and July
2013 within 12 hours of collection. Cores were stored upright on ice in a dark cooler between
collection‘and mimsensor profiling at room temperature under ambient indoor light.
Amperometricmicrosensors for @and HS (Unisense 100 um tip size; Revsbech 1989,
Jeroschewsket a/.1996 were calibrated according to manufacturers instructionsediately
before prafling. Briefly, the G, microelectrode was calibrated with a two point curve that
included airsaturated watand an anoxic solution of 0.1 8b6dium ascorbate (in 0.1 MaOH).

The H,S micreelectrode was calibrated with a linear standard ¢hateovered H,S
concentration range of 6-mM (Na,S in pH 4 buffer). After each profile, the calibration of
themicrosensors was verified with a calibration standad a newcurve was prepared if
necessary (required fét,S only). Simultaneous profiling of £&and H'S incores was
doneusing-as-micromanipulator (Unisense) after aligning the two sensor tips horizontally at the
surface of the.water in the cofarting in the overlying water above the mat and sediment, O
and HS'were measured at 500 um vertical veis through the matvater interface until the
sensor tip.was-23 cm into the sedimeiKihl & Revsbech 2001Within each corewe

completed 2—4 replicate profiles, each in a different location on the surface oféhBecause

pH was not measured comeently, the data presented here is only th8 ftaction of total

sulfide.

Chemical Analyses

Cation(NH4*, C&*, Mg?* and N&) and major aniofSO,>, NO3, CI) concentrations
were quantified using membrasappression ion chromatograp{iyionex, Thermdcientific),
soluble reactive phosphate (FQ concentrations using the molybdate blue colorimetric method
(Murphy & Riley 1962), and dissolvadethane concentrationsing gas chromatography with a
flame ionization detectqHewlett Packard, TekmprTotal manganese (Mn), iron (Fe), and
phosphorus (Pyere extracted using microwave assisted digestion (MARS) with a mixture of

nitric and hydrochloric acid and quantified with inductively coupled plasma opticasiemis
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204  spectrosopy (PerkinElmer Optima 8000)e@ment organic matter content wasntified two
205 ways; 1) loss on ignition (LOI) ar®) measuringotal organic C and N content usisgmples

206 decarbonated in weak (2%) HCI, dried, and weighed (~5 mg) into solvent-rinsed tin capsules
207 then combusted in a Costech ECS4010 elemental anaternal precision was maintained at
208 Dbetter than.0:1% for both C andaXd results were calibrated against a certified acetanilide
209 standard@.=71.09%, N = 10.36%).

210 Acid'volatile sulfides AVS) in sediments wereugntified using th&JS EPA Method

211 821-R-91200(Allen et al.1991).Briefly, frozen sediment subsamples waoidified (1M HCI)
212 and eleasedulfidewascapturedn an alkaline solution (0.5 M NaOH)otal AVS was

213 quantifiedeolerimetrically with a mixedliamine reagent{,SOs, N,N-dimethyl-p-

214 phenylenediamine oxalate, and ferric chloride hexahydratalytical sulfide standards were
215 prepared from a stock solutigprepared and kept anaerobic under a headspacgg#d)and

216 standardized againathiosufate stock solution.

217  Microbial Community Composition Methods

218 DMNA extraction, quantification, amplificaticendl/llumina amplicon sequencing

219 Bulk-DNA was extractedrom 0.5 g (wet weight) sediment using fr@stDNA Spin kit

220 for soil (MPBiemedical, Santé&nna, CA, USA)following the nanufactur€s protocol with the

221 exceptionofusing 0.3 g of beads. Total extracted DNA was quantified with PicoGreen

222  (Invitrogen, Carlsbad, CA, USALGS rRNA genesverePCR amplified with primers (515F

223 806R) (Bate®r al.2011) that contained dual index barcodes #uathina MiSeq specific

224  adapters (Koziclet a/.2013) PCRs consisted of 1 of HotMasterMix (5prime, Gaithersburg,
225 MD, USA);y127 ( of PCR grade water (Ambion, Life Technologies, Grand Island, NY, USA), 1
226 u eachof forward and reverse primer (10 SA), 1 A)e of DNA. Reaction conditions were: 94
227  °C for 4 min followed by 30 rounds of 94 °C for 30 sec, 50 °C for 45 sec, 72 °C for 1 min and a
228 final extensionstep of 72 °C for 10 min. For each sample, triplicaie @B CRs were done then

229 pooled prierto cleaning. Pooled PCR samples were cleaned using the UltraCleadedCR c
230 kit (MoBio, Carlsbad, CA, USA). Pooled PCRs were quantified with Picogreen (Invifroge
231 combined into a single sample at near equivalent concentrations and sent for 2x250rsgpquenci

232 with the lllumina MiSeq platform at the University of Michigamicrobial System€&ore
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233 Sequencingdcility. Sequences may be obtained from NCBI Sequence Read Archive (SRA
234 SRP067517).

235 OTU clustering, dta analysis anstatistics

236 OTUs were clustered using a modified Uparse pipdkugar 2013)With Uparse

237 lllumina paired sequence reads (iTags) were jo(flads:—fastq_mergepaiysand filtered and

238 length truncated (flagsfastq_filter,-fastq_maxed.0, and —fastq_trunclen 250)ags were

239 dereplicated'with an thouse perl script (available at github.com/Geacgscripts), sorted,

240 then operational taxonomic units (OTUs) were clustered at a 0.97 cutoff. OT&slassified

241 to the Silva v.111 taxomoy (Pruesseet a/.2007)with thenaive Bayesian classifi€§wWang et al.
242  2007) in Methur (v 1.31)Schlosset a/.2009).A phylogenetic tree of representative OTU

243 sequence@with‘chloroplastandmitochondria omittedyvas calculated witkastTregPrice,

244  Dehal & Arkin 2009) UsingtheR statistical environmenR(Core Team 2015), an OTU table
245 was rarefied to a uniform depth (13,000 iTagssample) and phylogenetic diversity (PD)

246  (Faith 1992)was calculated with Picante (Kemte#la/.2010) Prior toordination calculation,

247 the OTU abundances were normalized with DESeq (Anders and Hubgr 2050 ggested by
248 McMurdie and*Holme$2014) Nonmetric multidimensional scaling (NMD§lots were

249 calculatedwwith BrayCurtis dissimilarities using the metaMDS fulcti(autotransformation=F,
250 binary=F)s

251 We used ANOSIM to test for significant differenge$OTU community composition

252 between LH sedimenMIS mat, and MISsedimeniClarke 1993).To test for differences

253 between MiIS"and LH and for changes in parametiersg vertical gradients, we used linear

254  mixed effectssmodels. The models use an ANCOVA design, predicting response variables
255 (geochemical parameters or microbial relative abundance data at different taxonomic levels)
256 from the fixed effects of location (orical), depth into sediments (continuous), and the

257 interaction betweethem.Random effects of sample date and intact core identity were included
258 in these mixed.effects models to account for variability associated with these factors.

259 To_assess relationships betwasediment microbiatommunity composition and

260 geochemical eharacteristiage conductedVantel tests compang dissimilarity matrices based
261 on normalized prokaryotic OTU reads (Bray-Curtis distance) and sediment pgereane

262 geochemical characteristi@Suclidean distance). We first compared community composition to
263 the entire suite of geochemical characteristics to assess the overall relationship between sediment
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geochemistry and microbial community composition in each of the two locations, MISHand L
Due to incomplete data across samples, sediment LOI and AVS were omitted frofwiisdee
suite” analyses, and pore water OMas omitted from the LH analysis. After omitting sediment
samples with incomplete geochemical data, 11 and 34 ssufinpie LH and MIS were tested,
respectivelyM/e also used Mantel tests to assess relationships between microbial community
composition differences artifferences among individugleochemical variableVithin all

groups ‘efresults, gynificance values (pha = 0.05) were corrected for multiple comparisons
(Benjamini'&Hochberg 1995)Jnless stated otherwise, values are stated as means + standard

deviation.
Results
Solid Phase'Sediment Geochemistry

Geochemically, sediments from M#éhd LH demonstratemsiany qualitative and
guantitative differencesT@blel). Sediments from MISvere darkerfiner,and less densian
the sandier.kH.sediments. MIS sediments contasngificantlymore organic matteéhan LH
sediments,,when measuredatsl organicC, total organicN, andLOI (Tablel, Table 2). In
both MIS:and LH sediments, organic C and N decreased with degt@:N ratio increasedslith
depth Table?2). Low organic N led to high C:N ratios in LH sediments (Table 2

Sediment total Feotal Mn, and tal Pconcentrations wergenerally higher in MIS
sedimentsithan LH sedimerfi&ablel). In MIS, total Fe increased significantiyth depthinto
sedimentgTable1-2). In contrast, total Fe decreased with depth in LH sedimEaide(l—2).
Sediment tetaldignificantly decreased with depth in both MIS and LH sedimdiatisi¢1-2).
Phosphorus was more concentrated in the surface mat material than sediments beldly. (Table
In MIS sedimentsAVS did not change significantly with depth, although concentratwere
more variable in surface sediments than in deeper sediments {)aBleeraged across depths,
MIS AVS concentration67 + 25umol S g n=23), were an order of magnitude higher than
AVS concentrafions in LH sediments (6.4 + Aol S ¢*; n=3).

Benthic and Pore Water Geochemistry

Biologically reactivesolutes (SO,%, NH4*, PO,>, and CH) displayedsteepvertical
gradients in MIS sediments, aatso changed with depth in LH sediments, but at lower

concentrations (Fig. Z;able2). In contrastmoreconservative ios (Cd?, Mg, Na', and Cl),
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294  which areindicatorsof groundwater influence, did not change significantly with depth in MIS
295 sediments, but increased with depth in LH sediment cores, reflecting likely fadesur

296 groundwater influence. Ammonium and PQboth increased significantly with depth into MIS
297 sediments to much higher concentrations than in deep LH sediments (Faple€Z). Pore water
298 NOs concentrationsm MIS were uniformly low 1.5+ 1.5uM) and did not change significaytl
299 with depthintosediment3 éble2, Fig. 2). In contrast, LH benthic waters contained

300 measureable‘concentrations of N0 + 2.5 uM), which decreased significantly with depth
301 (Table2, Fig:2)'to 1.2 £ 0.1 uM. The source groundwater seaptoghe MISfrom the

302 “alcove” containedow nutrient concentrations: 13 pM NQ9 pM NH;*, and 1 uM PG>

303 (Ruberget.al2008).

304 Sulfate€oncentrations in benthic wateerlying MIS matsvere7.1 + 1.5mM, much

305 higher thanin LH (0.2 £ 0.04mM), reflectinginput from theMIS groundwater seefil mM

306 SO,%, Fig. 2).Sulfate concentratiorsignificantlydecreased with depth indIS sediments,

307 from4.5£2.2 mM in the top 0—3 cm of sediments to .85 mM in the bottom 9-12 cm of
308 sedimentgFig=2Table2). Conversely, S§ concentrationin LH sedimentsncreased with
309 depth, 0.805sin the top0-3 cmto 5.4 = 0.8mM in the bottom 6—9 cm (Fig. Rable2).

310 Mierosensomeasurements of intact MIS sediment cores reveale@thetncentrations
311 decreasedo’belv detection within 1-3 cm into the sediments (Fig. 3). Hydrogen suléde

312 detected within the surface mat, and increased with depth to high concentrationsrivl 1—
313 within the'top 83 cm of sediments, and in sop@files showed no evidence of leveling off at
314 this depth (Figs3). Hydrogen sulfide concentrations in pore waters vary consiceraidy

315 space and'seas@hig. 3). The apparent co-occurrence @SHand Q in some profiles is likely
316 dueto artifacts either froma “hole effect” produced by the relatively deep profiles and/or rapid
317 sensor measurements that were not allowed to equilibrate to accurate measukHnevst,
318 the general patterns of,@epletion and kS increase with depth illustrated by these data are
319 robust, and measurement artifacts do not invalidate the conclusion that shrepnasent net
320 sinks of Q.and net sources of sulfide. In fagtir measurements likely underestimate gfa@d
321 H,S fluxes™in,addition, although we did not measure pH argldhliide concentrations are
322 presented as only the,8 fraction of total hydrogen sulfide, the general patterns are unlikely to

323 change witlpH correction.
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Methane concentrations sedimenpore waterand overlyingoenthic waters were
higher inMIS thanLH sedimentgFig. 2).In MIS sedimenpore wates, CH, concentrations
increasedignificantlywith depth (Fig. 2Table2), but here was considerable temporal
variability. Methane concentrations were highesiuty and September (63-2030 uM range) and
lowest in May.(37223 uM range)Across seasond)IS CH, concentrations tended to be highest
at middepths (36 cm;521+ 603 uM),with slightly lower concentrations in deeper and
shallower'sediment®{3cm: 183 + 147 uM; 6-8m: 321+ 314 M; 9-12cm: 395t 273 iM).

Concentrations'o€H, in deep LH sedimentseremuch lower (2.5 £ 0.8 M).
Microbial Community Composition

We detected 14,127 uniquacrobialoperational taxonomic unit©TUs) acrossl14
total samples=Qver a third of all OTUs (5,290) were detected in every sampldiigpmats,
MIS sediments; and LH sedimg(ftigure S1). Only 103 OTUs were unigue to MIS mats, and
these were all detectedlatv abundance (<122 readd$lost highabundance OTUs were either
shared among all three groups, oravehared between MIS mats and MIS sediments but absent
from LH sediments fig. S1-S2). Of the OTUs detected, 174 were classified as mitochondria or
chloroplasts=\Wholeommunity composition patterns were similar whether OTUs classified as
chloroplasts anehitochondria were included or omitted from the analysis (Fi}).\88 detected
OTUs representing 53 phyla B&acteria More Archaeanere detected in sediments than in MIS
surface mats and all archaeal OTUs detester@ classified as belonging to the phyl
Euryarchaeoté-ig. 4).

Despite the large number of shared OTUs, the structurécadlorel communities iMIS
sediment andsmat sampheere distinctly different from those ItH sedimentfANOSIM, R =
0.73, p=0:001::Fig. SMIS microbial mats were dominated I8yanobacteriavhereas
underlying'™MIS sediments were dominatedBsgcteriodeteand ProteobacterifTable S1, Fig.
4). Lake Huron'sediments had fewgacteriodeteand moreNitrospiraghan MIS sediments
(Fig. 4).LH sadiment communities displayed less variability among samples than among MIS
samplesiig. 5). MIS mat communities overlapped somewhat with MIS sediment communities
(Fig. 5. Microbial community composition changed with deptto sedimentén bothMIS and
LH (Fig. 5). In MIS, 18 of the 19 major microbial groups changed significantly with depth
(p<0.05), whereas only six of the 19 changed significantly with depth in LH sedimesi{Eme
6).
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Cyanobacterial matoenmunity

95 of the 380 OTUs classified 8yanobacteriavere chloroplasts, including several of
the high relative abundance OTUs. The most abundant of these RZPWds classified as a
relative of the diaton©dontella sinensigut with only 22% maximum likelihood. Other OTUs
identified as.ehloroplsts wereimilar to sequences without meaningful taxonomic information.
Thefour nenchloroplastCyanobacteri®©TUs withhigh average relative abundar{ed%)in
the MIS“surface matamplesvere representatives of the geaPhormidiun{OTU 1,
OTU_3202)yandP/anktothriOTU_7,0TU_2819). The two high-abundané&iormidium
OTU’s, OTU 1 and OTU 3202, were 100% and 98% simikespectivelyin sequence ta
dominantPhaormidiunpreviously detected in MIS mats (Voorhiesa/2012). Although
Plantktothriformerly calledOscillatorig has traditionally been found in pelagic environments,
it hasbeen found both in MIS mats and cyanobacterial mat communities in other sulfidic
environments (Klater a/.2015, Camanchet a/.2000, Voorhiest a/.2012). InLH sediments,
the onlyOTUs classified agyanobacteriavith meaningfulrelative abundances were
chloroplastsMat communities and surface sediments contaitiedrevidence okukaryotes in
abundant mitechondria (e.,TU_28) and an amoeba symbio@TU_107).
Putativesuliatereducing @cteria

We-détected OTUslassified to five orders containing knoB®,* reduing bacteria
(SRBY) DesuliarculalesDesulfobacterialeesulfovibrionalesDesulfurellalesand
Desulfuromonadaleéll high relative abundae putative SRBverephylogenetically related to
members efthéesulfobacteralewo putative SRBOTU_3 andOTU_9, were among the
most abundant nogyanobacteri®TUs across all sampleBhe most abundant putati&RBin
the suface matsOTU_3, was phylogeneticallglassified(maximum likelihood=100) a a
filamentousSO,* reduceiin the genusDesulfonemalso detected in the Frasassi cave system
(ACC No.,DQ133916, Macalady et al. 200Relative abundances of this OTU decreased with
depth Fig..4.inithe MIS, and were very low in LH sedimenife other high abundance OTU
(OTU_9 was'classified as a member of the geaesu/focapsaand also showed highest
abundancetin,matsith decreaing abundance with depth into MIS sediments (Fig. 7) and very
low abundance in LH sedimenBesu/focapsaandisproportionate elemental sulfur and
thiosulfate(Finster, Liesack & Thamdrup 1998).

This article is protected by copyright. All rights reserved



385 In contrast tdheseputative SRB OTUs with higéstrelative abundance in MIS surface
386 mats, several putativeRB increased with depth into MIS sedimerfsy( 7).An OTU classified
387 to the genu®esulfatirhabdiumOTU_13) wasthe most abundant putati&RBin sediments

388 beneath the MIS surface mahe only named species in this genus oxidizes butyrate and
389 reducessulfur(Balk et a/.2008). The most abundant putat&8Bin LH sedinents OTU_41)
390 was classified.to thgenus of the SVa0081 sediment group. This OTU was also detected at
391 lower abundances in MIS sediments and mats (0.15% and 0.04%, respectively), and did not
392 change with'depth in MIS or LH.

393  Putativesuliur axidizers

394 Relative,abundances of putative sulfide oxidizers oBbs/onprotoeobactermand

395 Beggiatossp.relativeswerehigher in MIS communities than LH sediments (Fig. 4Table

396 SI1). Similar tothe putative SRBs, putative sulfide oxidizing OTUs showed variable vertical
397 pattens with depth into sedimen®®TUs related tasulfurospirillum(OTU_19),

398 Helicobacteracea®TU_33), andBeggiatodOTU_4) were detected at highest relative

399 abundancerinsstate mat material and decreased with depth into sedirfiégtse ). In

400 contrastyelatives ofSu/furicurvurm(OTU_ 14192 andDTU_22), and anotheSu/furospirillum

401 (OTU_18)yhad higher relativabundance in underlying MIS sediments, with some evidence for
402 apeak atintermediate depths-6m; Figure S4.

403 Euryarchaeota

404 All"Euryarchaetataxa tended to increase in relative abundance with depth into the
405 sediments@fthe 1248 OTUs classified in the Phyldforyarchaeotaonly 21 were identified as
406 putative methanogens (18 OTUs in Wethanomicrobia3 OTUs in theMethanobacterla

407 Putative methanogengere highest in abundance in deep MIS sediments, detected at much lower
408 relative abundnce in LH sediments, amcceedingly low in abundance or not detecteiiS
409 surface matswo putative methanogen®TU_117 andOTU_252, of the genusfethanosaeta
410 andMethanoregularespectivelydominate the methanogenic community of MIS sediments.
411 Othershigh-abundance sediméfuryarchaeor@TUswere related td7/alobacteriaand
412  ThermoplasmotaOf the four classes to whideuryarchaeot®TUs were classified, deep sea
413 hydrothermal ventialobacterid1145 OTUS) represented the highest relative abundance in
414  sediments, followed byhermoplasmaté82 OTUs) Most archaal OTUswere associatewith
415 members of the unculturddoesearchaeofgrmerly DHVEG-6). Two Woesearchaeof@TUs
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OTU_84 andOTU_85, were among the highest abundance archaeal OTUs and showed nearly
identical patterns within corescreasing with depth iMIS sediments, andirtually undetected
in LH sediments and MIS surface mat material
Putativemethanotrophs

We detected 30 OTUs classifiedaesobicGammaproteobacteridethylococcales
although at low relative abundand@s0.34%).Methylococcale©TU relative abundances were
highest atintermediate sediment depth$(@m)on average. We did not detect any OTUs allied
with members of the NC10 phylum (denitrifying methanotrophs), despite the high concentrations
of methane detected in pore watédsly one detected OTUQTU_11930) had low phylogenetic
similarity tekmewn archaeal anaerobes that pair methane oxidization to sulfate reduction
(ANME-1).*This OTU was detected only 10 deep (>5 cm) sediment sampleseai/ low
relative abundance (0.0063.004%).
Microbial community composition significantly correlated to geochemical gresli

Differences in microbial community composition among samples were signiijicant
related to theirgeochemical differences in both Mlg£&= 0.5439, p = 0.001, n = 34) and LH
sediments ianter = 0.7761, p = 0.002, n =11). Specifically, MIS community differences were
significantly.related to differences in multiple indicators of nutrient availability, including pore
waterPQO,>#and NH,* concentrations, and sediment organic C, organioN, total Fe and total
P (Table3). LH sediment community differences were also significantly related to some nutrient
availabilitytindices PO,*, NH,*, Organic C, Organic Njutindices of groundwater influence
(concentrations, of S{3, CI', Na', C&*, and Md") also strongly predicted community
differences{able 3).

Discussion

Great'Cakes submerged sinkholes conttersemicrobial communitieshaped by low-
oxygen, brackish groundwater (Biddaneta/ 2009; Noldet a/.2010a,bthatmay provide
insights intathe.microbial ecology and biogeochemistryaatient ecosystesn By deeply
sequencing the microbial community at multiple sediment depths in the MIS in paitile
extensive geochemical charagzation of pore water and sediment nutrient concentrations, we
have expanded our understanding of this unique ecosyBhamesults presented heradicate
that theMIS ecosystem is geochemically and biologically distinct from the surrounding
freshwate benthic systenof Lake Huron, andhat itis highly vertically stratified through the
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photosyntheti@and chemosynthetsurface mat and into thegh-nutrientsediments below

wheresulfur and methane cycling become dominant.
The sinkhole ecosystem is diistinct

We compared biogeochemical conditions in the MIS to a reference locatibhdh
similar depth.Despiteevidence of groundwater upwelling at tiid sitebased on conservative
ions (Fig. 2), enthic conditionsvithin the MIS and at the LFcontrol” site are vastly different.

In the MIS . groundwater venting out ahadjacent seeghat spills and settles into the sinkhole
establishes’a benthic ecosysteith stable physicochemical conditions (with the exception of
light, which*ehanges seasly) that rarely mixes with overlying freshwater (Ruberg/.

2008) creating distinct geochemicahd ecologicatonditions at the sedimentater interface. In
comparisongespite apparemgfroundwater influencat LH, the sedimenivater interfaceeflects
the chemistry=08easonally variabJdow conductivityLH waters(Sanderset a/.2011).

At coarse and fine taxonomic levels, the biotic communities of the MIS and LH
sedimentgliffer greatly.Despite the presence of many shared OTU sequences among MIS and
LH samples, microbial communities of the MIS sediments are starkly different than comsnunitie
of LH sediments when consideringlative abundancd§igs. 5-7). Although deeper LH
sediments experience groundwater influence, the microbial community of these sediments was
still more similar to that of shallow LH sediments than any MIS sinkhole sample. As expected,
we observed vertically stratified microbial communities in sediments fromdamtsgtems,
although it was most pronounced in MIS. Vertical stratification occurs not otilg &tvel of
major taxanomic groups, but also at the level of individual OTUs within taxonomic and
functional greups (Figs. 5—7). Overall, MIS microbial community position at the OTU level
was stratifiedsby relationships with nutrients and redox chemistry, while LH communities were
more relatedto gradients in conservative indicators of groundwater influence (TFebles 1
(although we cannot rule out that these geatbal measurements are indicative of other
correlated factors that we did not measufr@esedifferences between sitékistrate the
importance of groundwater influenaethe sedimenivater interfacen establishing the unique
community of the MIS, both in the microbial mat and in underlying sediments.

Nutrient+ich sediments
Despite experiencing light conditiotisat are presumabbimilarto the MIS, LH

sedimentores contained no visible surface microbial mat, and no molecular evidence of
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478 Cyanobateriawas detected. It seems that the chemical environment established by venting
479 groundwater in the MI&llows microbial mat communities to establishpartby relieving

480 grazing pressure due to low dissolved oxygen concentrations (Stal TR@3IIS microbial mat
481 is capable of high primary production rates (Voorlaea/.2012), yet underlyingediments

482 largely refleet.isotopic characteristics of settling phytoplankidold et a/.2013), implying

483 rapid decomposition of mat biomass prior to bui@dnfield & Des Marais 1993) and/or

484  significant'upward mat motilitgBiddandaet a/.2015) to avoid burial.

485 Surface"microbial mats in the MIS are surrounded by low-nutrient overlying water, and
486 thus likely depend on inorganic nutrients diffusing up from pore waters for growth.

487 Concentratiops,of dissolved nutrients in the Mt8e watersre remarkably higher than in non-
488 sinkhole LH'sediments. In additiobllS sediments contain mos®lid organic material than

489 typical LH sediments, and the material is of higher nutrient quality (lower C:N rékie)high
490 nutrient nature of the MIS sediments is likely due to a combination of abiotic enentam

491 conditions established by venting groundwater and biotic microbial community effectevlhe |
492 oxygen envirenment of the sinkhole likely slows decomposiiosettling particles, establishing
493 sediments‘containing a higher proportion of organic matter than surrounding “tyya&al”

494  Huron sediments.

495 Altheugh microbial mat biomass is often rapidly, and sometimes completely,

496 decomposed before buri@anfield & Des Marais 1993jnats likely play direct and indirect
497 roles in stablishing and maintaining higiutrient conditions of underlying sediment material,
498 further enhaneing the high-nutrient conditions encouraged by the low oxygen envirohingent.
499 matsmayplay-adirectrole insediment nutrientonditions through their midity , whichallows
500 them to physically bury organic particles (Stal 1995; Biddasrd#.2015). In addition, the

501 extracellular polysaccharide matganslow diffusion of nutrient molecules and limit re-

502 suspension.of particlesto overlying water¢Dedho 1990). Mat cyanobacterianay further

503 prevent loss ofvaluable nutrients to benthic overlying wayesequestang nutrients within

504 their biomass'through luxury uptake and storage (Kromkamp M@écular evidence reveals
505 that the dominant MIS surface nm@tanobacteriadPhormidiumyenome encodes phycobilisome
506 proteins(Voorhieset al.2016), pigmert that can be plentiful in cyanobactgiisangorad 1975)
507 andare degraded by cells experiencing N st(esgue ef a/.2001), implying a role as N storage
508 moleculesin comparison, although LH sediments likely receive comparable nutrient inputs f

This article is protected by copyright. All rights reserved



509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539

settling pelagic materialhe higher-oxygen environment thédifeely leads to nutrient loss as
particles arenore rapidly decomposed.
Sulfur greling

The influence of higts0;* groundwaterri theMIS establishes an ecosystémat
contains mueh, more sulfur than typical freshwater ecosystems. Combined with @nuokitions
and abundartrganic matter, this provides ideal conditions for microBi@}® reduction,
resulting inhigh“concentrations of sulfide, a portionvdiichis sequestered #@8/S by binding
with Feand other metal®espitehigh sulfur concentrationa the MIShabitat, microbial
community composition wasot statistically related to the geochemical indicators of sulfur
cycling that wesmeasurd®&0,%, AVS). Our bulk sediment sampling resolution was relatively
coarse (3 em)and it ipossible thagulfur gradientsirive microbial diversity over smaller spatial
scales. In addition, it likely thatSO,> concentrations are so uniformly high that community
composition is structured by other controllersS@i,* reductionike the availability ofcarbon
and/or electron dwrs such alw molecular weight organic substrates and/or hydrogen. Even in
the deepestisediments sampled (12 cm), measurealfien® often detected, implying that in
shallow sedimentsSO,* reduction is not limited by S£& availability. Regardlessnicrobesof
the MIS sediments must be adapted to the remarkably high sulfide concentrations we measured
below thesmat-water interface. Hydrogen sulfide is highly toxic to most formesrobiclife,
diminishes the bioavailability and toxicity divalent metalg¢Di Toro ef a/, 1990, Hanseet a/,
2005), anttan also serve as an energy source for chemosynthetic micgatdss{nger &
Bernhardt2013). Thugparticularly at higlconcentrationssulfide can strongly shape ecosystem
structure andunction (KinsmanCostelloet a/.2015).

Despite the lack of broad relationships with geochemical indicataslfur, taxonomic
markers indicate diverse sulfur cyclingnicrobial community in the MISPrevious studies
based on clone, libraries of MIS naatd shallow sediments detected a single
Epsilonproteobacteriand no relatives of known SRBs (Nada/2010a). This study broadens
our view of putative sulfur cycling microbial diversity in sedimeBistface mat and sediment
communities both contained OTuaated toknownSO,*-reducing members of the
Deltaproteobacteria the Desulfobacterald238 OTUs)as well as members of the sulfide
oxidizing Epsilonproteobacteria Campylobacterdfés OTUs)and relatives of sulfur-oxidizing
members of the genwBeggiatod14 OTUs) Metagenomic and metatranscriptomic work on
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MIS mat material has detected expression of knowgfS@duction genes in association with a
Desulfobacteralegenomic bin, and known sulfide-oxidation genes associated with a
Campylobacteraldsn (Voorhies, 2014), further strengthening the evidence that members of
these groups shape sulfur cycling in the sediments below as well.

Contrasting patterns of relative abundance with depth observed for putative SIRB OT
suggests hiche partitioning 804> reduction in this higt80,* environment. Although all of
the notable"SRB OTUs identified in the MIS and LH were members db&se/fobacterales
individual 'OTUs displayed contrasting patterns of relative abundance. While some
Desulfobacteralesere enriched in the MIS mat, others increased in relative abundance with
depth intothessediments, and some were only detected at meaningful relative abuteince
sedimentsFuture work elaborating on physiological differences of OTUs that are present and
functioning in different vertical zonesay provide valuable information of hd®0,* supports
MIS heterotrophyEvidence continues to emerge tB8&,* reduction is not limited to specific
redox zones as classically thou@ftoelicher a/.1979), but can be mediated by physiologically
diverse organisms in a range of environments and redox condi@anfeld & Des Marais
1991; Hansekt:a/.2015). The high S§ levels present @IS make this a valuable system in
which toexplore the diversity &0,> reduction processes and organisms.

Methaneé Cycling and Archaea Diversity

A picture of the MIS is emerging as a dynamicGioducer and consumer. Paovater
CH4 concentrations, although higher than concentrations measured in LH pore waters, were
lower than concentrations (~20 mM) previously measured in deep sediments #5t{i¢old et
al. 2010a)sbfferences inNCH,4 concentrations from previous studies may be in part due to
differeneesiinssampling techniques thdtuence the inclusion or exclusion of gas bubbles in
pore water'samples. Regardless, this and previous studies demonstrate that methane
concentrations in MIS decrease in shallower sedimentdanthic overlying water, implying
CH,4 consumption by methanotrophs in upper sediment layers and mat material. Metagenomic
and —transcriptomic work detected expression of a gene fgro&idation (mmoC) associated
with a Gammaproteobacteria Methylococesidin (Voorhies 2014). Althoughwe detected
OTUs allied with theaerobicMethylococcalesnly at low relative abundancedecliningCHg,
concentrations in shalloanoxicsediments suggest anaerobic Qktidation. Given the high
availability of SQ?, weexpectedo detect evidence for members of the ANME clades that pair
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CH, oxidation with SQ* reduction(Boetiuset a/.2000) yet we detected only a single OTU
allied with the ANMEL1 present at very low relative abundance in a handful of samples. Thus,
our understanding of the MIS methanotrophic community remains limited, and it is hiagly t
currently unknown organisms oxidize methane in this system.

MIS_sediments contained an archaeal community distinct from that in LH. We detected a
diverse array of OTUs at high relative abundance allied Wtesearchaeotnd
Thermoplasmatat high relative abundance. Relatives of these OTUs were virtually undetecte
in LH sediments, implying that thegechaeaare a distinct feature of sediments of submerged
sinkhole ecosystems and not common in typical freshwater sediments. The phydialugjica
metabolic funetions of the DHVEG-6 groap MISremain unknown, although members of this
group haverbeen detected in numerous anaerobic environments inthedsupsurfacesaline
and hypersaline lakes and deep sea methane seep sedDastetiect a/.2015, Kurodeet al.
2015, and citations thereirRecent metagenomic analysis suggests that some members of this
phylum have highly reduced genomes and are specialized for a fermentasiytel{féastelleet
al.2015).

Conclusions

Using. deep microbial community sequencing and parallel geochemical characterization
we reveal a diverse and biogeochemically dynamic sediment ecosystem underlying benthic
microbial mats in the MISn combination with data from a nearby site devoid of mat, these
results provide insights into both how geochemistry promotes mat growth at MIS, and how the
MIS mats'influence sediment geochemistry. In this Great Lakes submerged sinkhole, a vertically
stratified mierebial community mediates sulfur and methane cycling in anitglent
environmentusetting the stage for the metabolically flexible surface mat tthoweduct a
mixture 6f anoxygenic photosynthesis, oxygenic photosynthesis, and chemosynthetic sulfur
oxidation. These results highlight the geobiological influenaaiofobial matdn promoting
high nutrient flux from sediments surfacemats, establishing a positive feedback that would
enhance primary productivity of microbial mats in ancient ecosystamsre research
investigating magnitudesf and controls on process rates in this distinct ecosystem will enhance
our understanding of its tightly linked biogeochemisthye causes and effects of microbial
diversity,andpotential biomarkers for detecting similar systems earlier on in Earth’s history
Such studies have high potential to provide insight into the functioning and co-evolution of
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Table 1. Solid phase characteristics of sediments collected from the Middle Island Sinkhole (MI&h8eamhearbynon-sinkholelocation in Lake
Huron (EH"Sed) of similar depth, and cyanobacterial mat material from the &@nfifiks Mat).Data are from cores collected$eptember 2012
(MIS), May 2013 (MIS and LH), and July 2013 (MIS)lues are means plus or minus standard deviation

Bulk Loss on
Depth Density Ignition Organic C Organic N Molar Total Mn  Total Fe  Total P AVS
Location  (cm) nt (g cni®) (%) (%) (%) C:N (umol g¥)  (umol g%  (umolg?)  (umol g?)
MIS Mat 4 nm 28.47.9  11.3x08° 1.6+01° 8.2+01 2.9+05 164+33 92+39 nm

MIS Sed 1.9%0.2 12 0.2+0.8" 10.7#4.7 8.62.7 1.1+04 8.9+04 3.6x07 23511 31+5.8 8548
5+0.1 12 0.26+0.10 7.4#1.9 6.4+1.5 0.8+02 9.5+05 4.341.0 22429 2441 58419
8+0.2 11 0.26:0.6"' 7.9+15 6.440.9 0.8+01 9.4+03 4.5+08 25515 23825 64223
112+0.3 11 0.38£0.14 7.7£1.4 6.240.9 0.8+01 9.5+05 4.5+09 271+16 22422 6017°

LH Sed 1.510 4 0.8+044  3.0+02 2.140.3 03+0.02 10.1+04 3.8#1.1 175+30 16+2.3 g°
4:%5£0.1 4 0.88+0.14 1.7+02 1.0+0.2 0.1+0.01 124#.8 2.8+06 157427 14+3.1 o°
6:9+0.2 4 0.52+0.21 18+1.4 0.6+0.1 0.1+0.02 13.8#1.5 2.0+04 123425 11+1.6 2°

nm = not measured
"Sample size.(number of replicate cores)less otherwise noted.

1n=8:2n=7:%n=5,“n=7,5n=3,%n=1
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Table 2. Results(p values)f mixed effects models (except where noted) testing the effects of location
(Middle Island Sinkhole, MISys. Lake Huron, LH) and depth into sedime(W4S Slope, LH Slopepn
geochemical characteristics, accounting for the random effects of sampdedatést core (not shown).
Significart (p<0.05 after Benjamini and Hochbe(@995)correctior) terms are in boldetailed

statistical results are shown in supplemental matefialslé S2. For significant slopeshe sign of the
relationship.isndicaed in parentheses, wifh) indicating that the parameter increaséth wepth into

sediments an(indicating a decreases with depth into sediments.

df' MIS Slope MISvs.LH LH Slope
Pore water chemistry
SQ,” 54 <0.001 ¢) 0.002 <0.001 @)
NH,"* 54 <0.001 ¢) <0.001 0.915
NO5 57 0.064 <0.001 0.007(-)
SRP 55 <0.001 ¢) <0.001 0.405
CH, 46 <0.001 ¢) <0.001 0.067
Ce” 54 0.956 <0.001 <0.001 ¢)
Mg? 54 0.020 ¢) <0.001 <0.001 ¢)
Na" 53 0.667 <0.001 <0.001 &)
Cr 54 0.140 0.031 <0.001 )
Sediment Geochemistry
Loss on Ignition 35 0.001 0.001 0.765
Organic C 50 <0.001(-) <0.001 <0.001(-)
Organic N 50 <0.001 ¢ <0.001 <0.001(-)
C:N molar ratio 50 <0.001 ¢) 041 <0.001 ¢)
Total Mn 44 <0.001 ¢) 0.395 <0.001(-)
Total Fe 44 0.002(+) 0.178 <0.001(-)
Total P 44 <0.001(-) <0.001 0.432
AVS* 11 0.569 0.026 0.151

*Acid Volatile Sulfide, Inear model testing the fixed effects of Depth and Location on the

response variable (measured in both MIS and LH, but not on multiple TimelDs)
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"Residual degrees of freedom

Table 3. Results of Mantel tests, including sample sige Mantel statistic (), and significance (p), of
Mantel tests for relationships between microbial community pairwise distancesEBrts) and
geochemical variablgairwise distances (Euclidean) among samples collected from the Middle Island
Sinkhole (MIS) and a site of similar depth in Lake Huron (LH). Due to low samplelse&zeslationship

between AVS and LH community composition was not assessed. Relationghips w0.5 are in bold.

MIS LH
Water Chemistty n v p* n Iy p*
SRP 58 0.581 0.002 11 0.519 0.038
NH," 58 0.603 0.002 11 0.555 0.013
NO3’ 58 0.028 0.318 11 0.097 0.243
SO” 58 0.018 0.388 11 0.791 0.002
CI 58 0.148 0.049 11 0.762 0.003
Na" 57 0.016 0.406 11 0.752 0.003
ce” 58 0.029 0.309 11 0.684 0.002
Mg?* 58 -0.003 0.486 11 0.777 0.002
Sediment Chemistr
Organic C 96 0.548 0.002 11 0.582 0.003
Organic N 96 0530 0.002 11 0.604 0.002
Loss on Ignition 42 0.782 0.002 7 0.209 0.130
Total Fe 47 052 0.002 11 0.294 0.049
Total P 47 0.766 0.002 11 0.475 0.014
Total Mn 47 0.289 0.003 11 0.643 0.002
AVS 22 0.122 0.224 NA

*Correctedsfor multiple comparisons (Benjamini and Hochberg 1995)
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FigureLegends

Fig. 1. (A) Map depicting location of submerged sinkhole research area in Lake Huron and gealogic m
of bedrock aquifers (modified from Ruberg et al. 2008; Biddanda et al. 200WafBillustrating

Middle Island Sinkhole sampling location anglanby Lake Huron “control” site of similar depth and
substrate (Map,data: Google, NOAA, 2015 TerraMetrics).

Fig. 2. Mean concentrations (+ 1 standaleliatior) of dissolved solutes inverlying benthic and
sediment pore water in the Middle Island Sinkhd#S), nearby Lake Huron sediments (LH), compared
with concentrations in groundwater at théove,” themajor seep feeding the MIS (GW) and overlying
surface Lake Huron water (LHO). The dashed line indicates the sediatatinterface, with positive
depth values denoting vertical distance below the sedimatdr interface. MIS values represent means
of pore water concentrations measured in four replicate cores on each of Septembdag®P1 3, and
July 2013 (n = 16), wheas LH values represent nmsaof four replicate cores sampled only on May
2013.

Fig. 3. Microelectrode measured vertical profiles of dissolved oxygenadf@&n circles) and hydrogen
sulfide (H,3, filled circles) in representative intact cores sampled from the Middle IslakidoBiin
September 2021 (A) and July 2013 (B). The gray rectangle indicates the approximaie tfdie
sedimeriwater interface, with positive depth values denoting vertical distance below threesedater
interface. Paints represent averages-df i2plicate profiles with standakviationbars. Elevated
oxygen concentrations above the sedinveatier interface may be laboratory artifacts duexypgen

diffusion through overlying water during core handling and processing.

Fig. 4. Average relative abundance of OTUs categorized into major groups across samples of Middle
Island Sinkhelefmat material (MIS Mat, n = 17), MIS underlying sedimeniS @é¢d, n =87:-8Bcmn =
31;36cmn=17;69 cmn=22; >9 cm n = 17), and nsimkhole Lake Huron sediments (LH Sed, n =
11). Summary relative abundances of major groups in MIS Sediment, LH Sediment, am&MIS

samples are tabulated in TalSle

Fig. 5. Noremetric multidimensional scaling ordination of microbial communties in miatobat and
sediment material collected from the Middle Island Sinkhole (Sinkhole Matiaklddie Sediment,
respectively)in,Lake Huron, Ml and in sediment material colleictednearby noisinkhole area of Lake
Huron at comparable depth (Lake Huron Sediment). Points are shaded by depth into the,sedimient
representing the sedimewater interface, and higher numbers reflected depth (in cm) below the

sedimenmnwater inteface.
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Fig. 6. Degree of change with depth into sediments of relative abundance of major microbgs mr
the Middle Island Sinkhole (A, MIS) and Lake Huron sediments (B, LH). Points teftha the vertical
O-line represent major groups that deceshwith relative abundance with depth into sediments, and
points to the right represent groups that increased with depth. Change with depthoisetus gie
relationship between arcsisguare root transformed major group relative abundance and dipth in
sediments/(with zero being the sedimesmtter interface, and surface mats assigned a vahieonii) as
modeled by a mixed effects model accounting for the random effects of sangilingnd intact core.
Significance levels are based owadues correted for multiple comparisons using the Benjamini and
Hochberg correction. Major microbial groups represented at least 1% relative abunddiSeurface
mats, MIS 'sediments, or LH sediments.

Fig. 7. Relative abundancef ®TUs taxonomically associated with known sulfegducing
bacteria detected in DNA sequenced from Middle Island Sinkhole surface mat material (MIS
Mat) and=underlying organic sediments (MIS Sed) in comparison with sandy Ladmn H
sediments from comparigbdepth (LH Sed) plotted versus depth into sediments, with “0”
denoting the sedimemtater interface. All OTUs are classified as members of the
DeltaproteobacteridBased on the finest level of classification with maximum likeliho@cigr

than 90pOTUsare classified as: A) OTU 9, unculturéesu/focapsaB) OTU 3, uncultured
Desulfonemavith 100% maximum likelihood classification as a filamentous sulfate reducer also
found in limestoneorroding biofilms from the Frasassi caves (AodDQ133916, Macaladgt

al. 2006); C) OTU 26, unculturedDesulfobacteraceaeD) OTU 13, uncultured
Desulfatirhabdium E) OTU9739, unculturedDesulfobacteracead=) OTU 41, uncultured
Desulfobacteraceaelated to a Genus of the SVa0081 sediment group (AccNo AB630779)
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