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I-Abstract  6 

Biological processes in the Proterozoic Ocean are often inferred from modern oxygen-deficient 7 

environments (MODEs) or from stable isotopes in preserved sediment. To-date, few MODE 8 

studies have simultaneously quantified carbon fixation genes and attendant stable isotopic 9 

signatures. Consequently, how carbon isotope patterns reflect these pathways has not been 10 

thoroughly vetted. Addressing this, we profiled planktonic productivity and quantified carbon 11 

fixation pathway genes and associated carbon isotope values of size-fractionated (0.2 – 2.7 and > 12 

2.7 µm) particulate organic carbon values (d13CPOC) from meromictic Fayetteville Green Lake, 13 

NY, USA. The high-O2 Calvin-Benson-Bassham (CBB) gene (cbbL) was most abundant in the 14 

<2.7 µm size fraction in shallow oxic and deep hypoxic waters, corresponding with cyanobacterial 15 

populations. The low-O2 CBB gene (cbbM) was most abundant near the lower oxycline boundary 16 

in the larger size fraction, coincident with purple sulfur bacteria populations. The reverse citric 17 

acid cycle gene (aclB) was equally abundant in both size fractions in the deepest photic zone, 18 

coinciding with green sulfur bacteria populations. Methane coenzyme reductase A (mcrA), of 19 

anaerobic methane cyclers, was most abundant at the lower oxycline boundary in both size 20 

fractions, coinciding with Methanoregula populations. d13CPOC values overlapped with the high-21 

O2 CBB fixation range except for two negative excursions near the lower oxycline boundary, likely 22 

reflecting assimilation of isotopically-depleted groundwater-derived inorganic carbon by 23 
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autotrophs and acetate oxidation by sulfate-reducers. Throughout aphotic waters, d13CPOC values 24 

of the large size fraction became 13C-enriched, likely reflecting abundant purple sulfur bacterial 25 

aggregates. Microalgal-like isotopic signatures corresponded with increases in cbbL, cbbM and 26 

aclB, and enrichment of exopolymer-rich prokaryotic photoautotrophs aggregates. Results suggest 27 

that d13CPOC values of preserved sediments from areas of the Proterozoic Ocean with sulfidic 28 

photic zones may reflect a mixture of alternate carbon-fixing populations exported from the deep 29 

photic zone, challenging the paradigm that sedimentary stable carbon isotope values 30 

predominantly reflect oxygenic photosynthesis from surface waters.  31 

II- Introduction 32 

 Carbon stable isotope values of organic carbon (δ13COC) preserved in ancient sediments are 33 

commonly used to infer biogeochemical carbon pathways dominating ancient water bodies (Hayes 34 

et al., 1999, Des Marais, 1997, Anbar and Knoll, 2002, Thomazo et al., 2009). They are particularly 35 

informative in sediment horizons that span extreme climatic changes, including normoxia and 36 

anoxia transitions (i.e., Ocean Anoxic Events). Use of δ13COC values assumes that rock-bound 37 

organic carbon is biogenic, and that it is set by: (1) the aggregate δ13C values of assimilated 38 

dissolved inorganic and organic carbon, (2) isotopic fractionation during fixation into eukaryote 39 

algal/prokaryotic biomass, and (3) further biological processing and isotopic fractionation as 40 

sinking POC is respired enroute to the sediments or after deposition (Hayes 1993, 2001, Werne 41 

and Hollander, 2004). Of these factors, δ13COC values are most influenced by autotrophic carbon-42 

fixing enzymes that kinetically fractionate dissolved inorganic carbon (DIC) as it is converted into 43 

biomass (Emerson and Hedges, 2008). 44 

 Changes in biogeochemical carbon cycling over geologic history resulting from varying 45 

redox conditions are recorded in δ13COC values because key enzymes in both  eukaryote algal and 46 
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prokaryotic carbon fixation pathways have unique oxygen sensitivities, require different redox-47 

sensitive metals for activation, and fractionate carbon isotopes to varying extents (Hügler and 48 

Sievert, 2010; Berg, 2011, Table 1). The most common application of this proxy is to search for 49 

two co-occurring trends of δ13Ccarobonate values (representing ancient dissolved inorganic carbon) 50 

and δ13COC values of operationally-defined pools of sedimentary organic carbon (e.g., acid-51 

insoluble organic carbon or acid-and-solvent-insoluble kerogen) over time, which approximately 52 

represents the bulk fractionation factor (ɛ). Strong negative δ13COC value excursions without a 53 

corresponding anomaly in δ13C values of carbonate indicates a shift from normoxic conditions, 54 

during which the primary carbon-fractionating process is oxygenic photoautotrophy by 55 

phytoplankton (cyanobacteria and eukaryote algae) in the euphotic zone, to “anomalous” strongly 56 

reducing conditions, during which the primary carbon-fractionating processes are non-57 

photoautotrophic prokaryotic methane cycling and sulfate reduction. This may or may not be 58 

caused by greater organic matter burial rates. Positive excursions in both δ13COC and δ13Ccarbonate 59 

indicates increased organic matter burial rates, which causes a drawdown of atmospheric pCO2 60 

and more 13C-enriched organic matter, without strong sulfate reduction and/or methane cycling 61 

(Kump and Arthur, 1999, (Eigenbrode and Freeman, 2006).  62 

Although it has been suggested that a bulk fractionation factor greater than 32‰ indicates 63 

high contributions by anaerobic photo- and/or chemo- autotrophs (Hayes et al., 1999) to the 64 

preserved organic carbon pool, the 28-32‰ indicative of maximal contributions from oxygenic 65 

photoautotrophs are difficult to distinguish from values at the low end of the greater-than-32‰ 66 

range, considering the analytical error of δ13C mass spectrometry measurements. So, in practice, ɛ 67 

values in this potentially overlapping range that may be indicative of anaerobic autotrophs are 68 

typically interpreted as representing oxygenic photosynthesis. As a result, prior studies may have 69 
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overlooked the existence of ancient oxygen-deficient water bodies that hosted stratified 70 

populations of photo- and chemoautotrophs, each with distinctive carbon fixation pathways that 71 

produce characteristic stable isotope patterns as observed in modern oxygen-deficient aquatic 72 

environments (MODEs) (e.g., Hügler and Sievert, 2010, Ruiz-Fernandez et al., 2020) (Table 1). 73 

 In shallow oxygenated ocean water, form I of the ribulose-1,5-bisphosphate 74 

carboxylase/oxygenase (RuBisCO) enzyme characteristic of the high-O2 Calvin-Benson-Bassham 75 

(CBB) cycle, and present in all microalgae and cyanobacteria, likely dominates, producing POC 76 

with δ13C values that vary between -35 and -27‰ from marine DIC (δ13CDIC values~1.7‰; Cheng 77 

et al., 2019)( Tabita et al., 2008). Within oxyclines of stratified water bodies, where conditions 78 

range from oxic to suboxic, δ13C values may reflect a mixture of high-O2 RuBisCO form I and the 79 

low-O2 RuBisCO form II, found in photo- (δ13CPOC values -25 to -19‰;) and chemo-autotrophic 80 

(δ13CPOC values = -13 to -9‰), sulfur-oxidizing gammaproteobacteria (Canfield et al., 2010, 81 

Imhoff, 1995, Posth et al., 2017). While O2-sensitive, the low-O2 CBB pathway includes a 82 

protective enzyme that reduces O2 to H2O (Probst et al., 2017). Thus, microbes fixing carbon 83 

through the low-O2 CBB pathway can thrive in the presence of micromolar oxygen concentrations 84 

and/or transient oxygenation events. Prokaryotes fixing carbon through the reverse citric acid cycle 85 

(rTCA) using the ATP citrate lyase enzyme (aclB) do not have such an oxygen protection 86 

mechanism. Therefore, these microbes, including the sulfur-oxidizing chemoautotrophic 87 

epsilonproteobacteria and photoautotrophic green sulfur bacteria, reside below the oxycline in 88 

deeper, quiescent sulfidic waters (Lin et al., 2006, Grote et al., 2008, Imhoff, 1995). Finally, within 89 

a narrow range of redox and chemical conditions, the strongly carbon-fractionating methane-90 

cycling prokaryotes may have the greatest impact on δ13C values. Methyl coenzyme reductase A 91 

in the reductive acetyl coenzyme A (Wood-Ljungdahl) pathway is utilized by methanogenic 92 
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Euryarchaeota in the forward direction and in the reverse direction by anaerobic methane oxidizing 93 

Archaea (ANMEs) (Hallam et al., 2004). Enzymes involved in methane cycling are hyper-sensitive 94 

to oxygen and depend on bioavailability of redox-sensitive metals (e.g., Mo, Co, Ni, Fe) that are 95 

insoluble under oxygenated conditions or when exposed to moderate to high concentrations of 96 

hydrogen sulfide (Berg, 2011, Momper et al., 2017). These limitations restrict ANME and 97 

methanogen distributions to the sulfate-methane transition zone in sediments or just below 98 

oxycline boundary in anoxic water columns, where conditions are reducing but hydrogen sulfide 99 

is either scarce or absent (Jorgensen et al., 2001, Dhillon et al., 2005).  100 

 It is axiomatic that relationships observed in modern environments offer a lens into the 101 

geologic past and enable a better understanding of Earth’s history. The possibility that δ13COC 102 

values within the range diagnostic of oxygenic photosynthesis in ancient sediment integrates 103 

biomass carbon produced through the many carbon fixation pathways supported in oxygen-104 

deficient water bodies has received attention predominantly from an organic geochemical 105 

perspective (Johnston et al., 2009). Models groundtruthed with compound-specific isotope studies 106 

have revealed this caveat in paleobiogeochemical studies of past water columns (Fulton et al., 107 

2018).  108 

 A cross-disciplinary exploration of relationships between microalgal and prokaryotic 109 

carbon fixation pathways and isotope ratios of potentially sedimenting materials can expand our 110 

understanding of complex biogeochemical carbon cycling on ancient Earth. However, studies that 111 

combine spatial quantitation of carbon fixation genes and measurements of δ13CPOC values in 112 

MODEs are rare. We hypothesize that organic material preserved in Proterozoic sediments, 113 

deposited in waters with a sulfidic photic zone, may reflect an admixture of carbon fixation 114 

pathways while superficially resembling the cyanobacterial δ13C signatures. To bridge this 115 
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knowledge gap and test our hypothesis, we profiled carbon fixation pathway marker genes (Table 116 

1) by quantitative polymerase chain reactions and measured δ13CPOC through all redox zones of 117 

Fayetteville Green Lake (FGL), one of the world’s most extensively studied meromictic lakes. 118 

Because cells that aggregate or associate with particles are more commonly buried in sediments 119 

owing to their faster settling velocities relative to small suspended individual cells (Alldredge and 120 

Gotschalk, 1988), we analyzed size-fractionated particulate matter. We compare current results 121 

with size-fractionated autotrophic and methane-cycling phylotype distributions previously 122 

determined by 16S rRNA amplicon sequencing (Cohen et al., 2023). To provide a biogeochemical 123 

context, we profiled hydrographic and chemical features and microbial production rates. 124 

 Fayetteville Green Lake, NY, USA (FGL hereafter) is 52 m deep, sulfidic (euxinic), 125 

meromictic, and located in the Oswego River-Lake Ontario watershed. FGL has been studied 126 

extensively, especially to gain insight into dominant biogeochemical cycling pathways in the 127 

ancient ocean during periods of widespread and prolonged anoxia (e.g., Zerkle et al., 2010, Havig 128 

et al., 2018, Fulton et al., 2018). Although a freshwater lake, FGL has high sulfate concentrations 129 

because groundwater intrusions pass through gypsum-bearing sedimentary rock (Brunskill and 130 

Ludlam, 1969, Torgerson et al., 1981). Consequently, FGL’s vertical biogeochemical zones are 131 

not unlike marine anoxic basins (e.g., the Cariaco Basin and the Black Sea). These include an 132 

oxygenated mixed layer (mixolimnion) and a sulfidic deep layer (monimolimnion) separated by 133 

an oxycline with redox conditions spanning oxic, hypoxic, and suboxic (Zerkle et al., 2010, Havig 134 

et al., 2015, Cohen et al., 2023). Because the photic zone extends from oxic to sulfidic waters, it 135 

contains stratified photoautotrophic populations that employ a range of carbon fixation pathways 136 

(Table 1). The shallow oxic and deep hypoxic zones are inhabited by cyanobacterial populations 137 

that induce calcium carbonate precipitation (so-called “whiting events”; Thompson et al., 1990). 138 
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The lower photic zone is sulfidic, has elevated microbial activity, biomass, and turbidity, and is 139 

dominated by purple and green anoxygenic sulfur-oxidizing photoautotrophs (Cohen et al, 2023). 140 

The aphotic monimolimnion is euxinic and methanic. The extremely light d13CCH4 values (~-100 141 

‰) indicate that the CH4 is biogenic and that sediments are inhabited by strongly carbon-142 

fractionating methane-cycling microorganisms (Table 1, Havig et al., 2018). The structure of 143 

FGL’s photic zone and underlying euxinic and methanic aphotic zone is thought to be more like 144 

large expanses of the ancient ocean than modern marine anoxic basins (Havig et al., 2018). 145 

III-Materials and Methods 146 

Field sampling 147 

 For this study, the deepest part of the FGL water column (43°03'01.9"N, 75°57'58.9"W) 148 

was sampled on 17-21 July 2017 and 28 July-4 August 2018. Sampling depths spanned all redox 149 

zones (10 – 40 m), with finer vertical resolution near the lower oxycline boundary, where vertical 150 

biogeochemical gradients are steep. To determine the physico-chemical structure, we profiled 151 

dissolved oxygen, light scattering (turbidity), fluorometric phycoerythrin and chlorophyll-a 152 

concentrations, and salinity using a YSI EXO1 sensor package. Total microbial cell and hydrogen 153 

sulfide concentrations were measured in discrete samples as described in Cohen et al., 2023. 154 

During July 2017, total inorganic carbon assimilation and bacterial heterotrophic 155 

production (BHP) were profiled throughout the entire water column using radioactive tracers (14C-156 

bicarbonate and 3H-leucine, respectively; Cohen et al., 2023). During July 2018, inorganic carbon 157 

assimilation was profiled from 19-25 m at a finer vertical resolution and proportions of dark 158 

(chemoautotrophic) and light (photoautotrophic) assimilation were determined.  Detailed sample 159 

retrieval and processing protocols are presented in Cohen et al. (2023). Briefly, samples were 160 

retrieved by directly pumping water from the sample depth into vials after overflowing three times 161 
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 8 

and incubated on site. Samples from photic depths and killed controls were incubated on floating 162 

racks in mesh bags layered to mimic in situ illumination within open water incubators to maintain 163 

in situ temperatures. Samples from aphotic depths or dedicated to dark inorganic carbon 164 

assimilation measurements were placed in opaque bags at the bottom of the incubator. Terminated 165 

incubations were stored refrigerated in the dark until processing. Sample processing, radioactivity 166 

measurements by liquid scintillation counting, and the conversion of sample radioactivity to 167 

inorganic carbon assimilation and bacterial heterotrophic production rates were performed as 168 

previously described (Taylor et al. 2001, Cohen et al., 2023)  169 

 Discrete samples were collected and separated into particle-associated (PA) and free-living 170 

(FL) size fractions by in-line filtration through >2.7 µm GF/F and 0.2 µm polycarbonate 171 

Sterivex™ filters for DNA recovery and analyses during July 2017, as described elsewhere (Cohen 172 

et al., 2023). It should be recognized that the PA fraction may also include cell aggregates, 173 

prokaryotes symbiotically associated with larger protists and zooplankton, and detrital terrestrial 174 

plant matter. By the same token, the FL fraction may include some particle-associated prokaryotes 175 

washed free of their particles during sample processing. Samples for stable carbon isotope 176 

measurements collected during July 2018 correspond to July 2017 DNA sample depths.  PA and 177 

FL size fractions were obtained by filtering samples from each depth sequentially through pre-178 

combusted 2.7 µm and 0.7 µm Whatman GF/F flat filters using a peristaltic pump. We 179 

acknowledge that the nominal pore size of the FL GF/F filter is greater than the Sterivex™ filter 180 

used to collect the DNA samples, but it has been shown that these filter-types retain approximately 181 

the same concentration of environmental DNA (Minamoto et al., 2015). Filters were flash-frozen 182 

with dry ice and stored at -20˚C until processing.  183 

Carbon fixation gene quantification 184 
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 Quantitative polymerase chain reaction (qPCR) assays were optimized using pooled  (equal 185 

volumes of all collected samples) environmental DNA that was extracted, aliquoted, and stored at 186 

-80°C in 2017 (Cohen et al., 2023) as the template. All qPCR was performed in 25 µL reactions 187 

using Lucigen FailSafe™ reagents except for the mcrA gene, for which 20 µL reactions were 188 

prepared using Applied Biosystems™ PowerUp™ SYBR™ Green Master Mix (ThermoFisher 189 

ScientificTM). One µL of template was used with both protocols. Because sample DNA 190 

concentrations varied widely among samples (from 10 ng/ µL in the mixolimnion to 100s of ng/ 191 

µL near the lower oxycline boundary), dilutions required per sample were empirically determined 192 

during inhibition tests. All qPCR was performed with an Applied Biosystems™ QuantStudio 6 193 

Real Time PCR machine (ThermoFisher ScientificTM) using ROX as the passive reference dye and 194 

SYBR-Green I as the reporter dye. All non-quantitative PCR was performed using a Labnet 195 

MultiGene™ Optimax thermal cycler.  196 

 For each assay, PCR was first performed to optimize reaction chemistry and annealing 197 

temperature according to each of the manufacturer’s instructions, using the published primer 198 

concentrations, and always including a non-template control (NTC). Resulting PCR products and 199 

a reference ladder were qualitatively assessed after running gel electrophoresis on either 1% 200 

agarose gels in 1x TAE buffer (product size >250 base pairs) or 2% agarose gels in 1x TBE buffer 201 

(product size < 250 base pairs).  202 

 Quantitative standards were created from PCR products of pooled environmental DNA 203 

using the optimized thermal profiles. If gel visualization revealed poor PCR product quality, 204 

amplicons were first purified using a Zymo Research Genomic DNA Clean & Concentrator™ kit. 205 

To create standard stocks of a desired concentration (copies/μL), the NTC-corrected dsDNA 206 

content of the pooled DNA PCR product was quantified by fluorescence using a Quant-iT™ 207 
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PicoGreen™ dsDNA assay kit (Invitrogen™) as in Blotta et al. (2005). The NTC-corrected 208 

dsDNA content of the PCR product was converted to gene copies/µL using the published number 209 

of base pairs of the PCR product, the average molar mass per base pair of dsDNA (660 g/mol), 210 

and Avogadro’s number (6.03 x 1023 molecules/mol) as conversion factors.  Stocks were created 211 

by diluting product with 1x TE. Aliquots were stored at -80°C, with each aliquot subject to no 212 

more than 6 freeze-thaw cycles. 213 

 qPCR primer concentrations for PowerUp™ reagent assays and primer-SYBR Green I 214 

concentration combinations for FailSafe™ assays were optimized using  5-7 point standard curves 215 

until the R2 of the best-fit line to ΔRn versus log10 concentration were >0.98 and reaction 216 

efficiencies were between 90 and 110%. Product melting temperatures, primer dimers, and non-217 

specific amplification were evaluated from melt curves. Finalized reaction chemistries and thermal 218 

profiles are shown in Table 2. Using optimized reaction chemistries, potential for PCR inhibition 219 

was determined by running reactions of serially diluted environmental DNA samples. 220 

Appropriately-diluted environmental samples, including full field and laboratory procedural 221 

blanks, were run in triplicate with a full standard curve. Diagnostic PCRs were prepared for each 222 

environmental sample to cross-check for the presence of the gene. 223 

Carbon stable isotope measurements 224 

 After lyophilization, subsamples were punched out from filters. Filter subsamples were 225 

placed in silver capsules and treated by sequential HCl fumigation in a desiccator to remove 226 

residual inorganic carbon. The first fumigation was performed using 20% HCl for 24 hours after 227 

rewetting subsamples with 25 µL of 1N HCl. The second fumigation was performed using 37% 228 

HCl for 24 hours after rewetting subsamples with 25 µL ddH2O. These subsamples were stored in 229 

a 60°C drying oven until elemental analyzer-isotope ratio mass spectrometry (EA-IRMS) analysis. 230 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 19, 2023. ; https://doi.org/10.1101/2023.11.19.567733doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.19.567733
http://creativecommons.org/licenses/by-nc/4.0/


 11 

All EA-IRMS measurements were made in duplicate and bracketed every 5 samples with standards 231 

on a ThermoScientificTM Delta V Plus IRMS coupled to an EA Isolink elemental analyzer and 232 

Costech Zero-blank autosampler in the Department of Geosciences at Stony Brook University.  233 

Every EA-IRMS run also included true (sampling) blanks. Stable carbon isotope ratios are reported 234 

as per mil (‰) in delta notation: 235 

    δ 𝐶	"# = $
$ %	"#

%	"$
& '

%&'()*

$ %	"#
%	"$

& '
%+&,-&.-

− 1'	× 	1000    (1) 236 

where the standard is the Vienna Pee Dee Belemnite. Standard deviations of δ13C measurements 237 

(n=5) of the bracketing certified standards USGS65, IU-L glutamic acid, and IAEA-600 were 238 

±0.04, ±0.03, ±0.03 ‰, respectively. In our natural samples, average standard deviations for 239 

measurements of true δ13CPOC replicates of the PA and FL fractions were 0.50‰ and 0.62‰ for 240 

the PA and FL fractions, respectively. 241 

IV- Results 242 

Water column structure 243 

We profiled the physico-chemical structure and major microbiological features of FGL during 244 

July 2017 and July 2018 to provide a context for our qPCR and δ13C profiles. Observations from 245 

July 2018 were not significantly different from those of July 2017 (Figs. 1-3). During both field 246 

campaigns, the mixolimnion had a shallow (~3 m) mixed layer comprised mostly of surficial 247 

run-off water, indicated by a uniform dissolved oxygen concentration and low salinity (Figs. 248 

1,2). Immediately below 3 m, dissolved oxygen concentrations rose to a maximum of 400 μM 249 

(supersaturated) due to oxygenic photosynthesis by shallow cyanobacteria and diatom 250 

populations, then declined to ~300 μM at the upper oxycline boundary (15 m). The lower 251 

oxycline boundary, defined by the first appearance of H2S, was located at 20 m. H2S 252 
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concentrations during both years steadily increased with depth in the monimolimnion to ~2 mM 253 

at 40 m (Fig. 1).  254 

A very narrow light-scattering layer, recognized by high measured turbidity (total 255 

particles), was detected between 19 and 23 m and coincides with elevated prokaryotic cell 256 

concentrations and total inorganic carbon assimilation (ICA) rates observed both years 257 

(Figs.Figure 1, 3, 4). We determined that the majority of ICA throughout this layer in 2018 was 258 

photoautotrophic based on 14C-bicarbonate assimilation in light and dark incubations (Fig. 4b). 259 

During both years, the shallowest portion of the light-scattering layer (19-19.75 m) coincided 260 

with a very narrow oxygen peak (Fig. 1) and maximum phycoerythrin concentrations, indicating 261 

local oxygen production from a deep cyanobacteria population (Fig. 5). The light-scattering 262 

maximum (20.25-20.5 m) aligned with maximum prokaryotic cell concentrations and maximum 263 

light and dark autotrophic ICA rates (Figs. 3, Fig. 4). Water in this layer was visibly purple, 264 

indicating the presence of a dense population of anoxygenic purple sulfur bacteria (Fig. S1). 265 

Abundant anoxygenic green sulfur bacteria were observed in bright-field micrographs of 21-23 266 

m samples (Fig. S2a).  267 

Carbon Stable Isotopes 268 

 POC in the PA size fraction was consistently more 13C-depleted by 2-4‰ than that 269 

recovered in the FL fraction throughout the water column, except at 20 m (lower oxycline 270 

boundary) (Fig. 6). From 18 to 19 m, where the deep cyanobacteria population lives, a small 271 

enrichment in 13C values (from -34.7‰ to -33.7‰) was observed in the FL fraction. At the lower 272 

oxycline boundary (20 m), where photoautotrophic purple and green sulfur bacteria first appear, 273 

the δ13C of both size fractions were most similar and were strongly 13C-depleted (δ13CPOC values 274 

=-41.9‰ and -39.4‰ in PA and FL fractions, respectively). At 20.5 m, where sulfur-oxidizing 275 
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photoautotrophic purple sulfur bacteria and chemoautotrophic epsilonproteobacteria were 276 

previously observed to be most abundant (Cohen et al., 2021, 2023), 	δ13CPOC values of the two 277 

size fractions differed the most; PA fraction δ13CPOC values reached their lowest value (-42.3‰) 278 

while in the FL fraction δ13CPOC values returned to mid-oxycline values (-35.1‰). Finally, local 279 

δ13CPOC value maxima in the FL (-35.3‰) and PA (-39.8‰) fractions were evident at 21 m, where 280 

photoautotrophic green sulfur bacteria were most abundant. Below the photic zone, δ13CPOC values 281 

of both size fractions converged with depth primarily because the PA fraction was 13C-enriched to 282 

-37.0‰, while the FL fraction’s δ13CPOC values remained at -35.7‰. The deepest samples taken 283 

for this study were recovered from 40 m, 12 m above the lakebed.  284 

Carbon fixation pathway genes 285 

 Size-fractionated cbbL, cbbM, aclB, and mcrA functional gene depth profiles reflected 286 

distributions of cyanobacterial, purple sulfur and green sulfur bacterial photoautotrophic 287 

populations, and the methanogen Methanoregula, respectively, determined from amplicon 288 

libraries prepared from the same samples (Cohen et al., 2023) and agreed with microscopic and 289 

sensor observations (Fig. 7). Copy numbers of cbbL in the FL fraction were more abundant than 290 

in the PA fraction at the 10 and 19.75 m maxima, the observed depths of the shallow and deep 291 

cyanobacterial populations detected by phyocerthyrin fluorescence (Fig. 7a). Elsewhere, copies 292 

were about equally abundant in both size fractions.  Copy numbers of cbbM in the PA fraction 293 

were much more abundant than in the FL fraction throughout most of the water column (Fig. 7b), 294 

consistent with microscopic observations of purple sulfur bacteria appearing mostly in aggregates 295 

(Fig. S2b). Maximum cbbM copy numbers occurred just below the lower oxycline boundary and 296 

aligned well with turbidity maxima (Fig. 1), total microbial cell concentrations (Fig. 3), and total 297 

inorganic carbon assimilation rates (Fig. 4) associated with the purple sulfur bacteria population 298 
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(Fig. S1). Inorganic carbon assimilation rates were approximately 3-fold greater than heterotrophic 299 

uptake rates (calculated as approximately 3-fold the bacterial heterotrophic production rate; REF) 300 

at the same depth, and most of the inorganic carbon assimilation is photoautotrophic, suggesting 301 

that the purple sulfur bacteria contribute the majority of the POC at this depth. Copy numbers of 302 

aclB were equally represented in PA and FL fractions, with maximum copy numbers aligning well 303 

with the green sulfur bacteria population in the deep photic zone (Figs. 7c, S2a). Therefore, 304 

chemoautotrophs’ influence on δ13CPOC is likely minimal relative to the highly abundant 305 

photoautotrophs in the photic zone. mcrA was equally represented in both size fractions (Fig. 7d). 306 

We caution that mcrA depth profiles should be interpreted for depth trends, but not absolute gene 307 

copy numbers. The gene was quantified with different reagents than the other genes, and standard 308 

curve and sample measurements were less consistent than those of the other quantitative methods. 309 

However, we confirmed the presence of the gene in samples by gel electrophoresis following 310 

standard PCR amplification using the same reagents as the other qPCR assays (Table S1). 311 

V-Discussion 312 

 To better understand how δ13COC of well-preserved Proterozoic sedimentary rock may 313 

reflect the past activities of autotrophic and methane-cycling populations, we quantified carbon 314 

fixation pathway gene copy numbers and measured δ13CPOC of size-fractionated particulate matter 315 

recovered from meromictic FGL. A size-fractionating approach was taken because biomass carbon 316 

associated with aggregation and particles is preferentially deposited in sediments through the 317 

biological pump and subsequently incorporated into sedimentary rock (Alldredge and Gotschalk, 318 

1988, Shen et al., 2018). In FGL, we found that most of the primary production and biomass 319 

production occurs in the deeper, sulfidic photic zone and is primarily attributable to 320 

photoautotrophic anoxygenic purple sulfur bacteria in the larger size fraction. This particle-321 
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associated and/or aggregated biomass has a high probability of evading remineralization and being 322 

incorporated into the lakebed sediment for the following reasons. Anoxic conditions reduce the 323 

likelihood of ingestion by mesozooplankton. Additionally, as particle size and settling velocity 324 

increase, particle ingestion by mesozooplankton and protists becomes more problematic. 325 

Furthermore, high particle abundances in the light-scattering layer promote particle-particle 326 

collisions, enhance aggregation, and promote vertical transport (Burd and Jackson, 2009). 327 

Therefore, lakebed sediment may preferentially reflect input from purple sulfur bacteria layer. 328 

 Our qPCR (Figure 7), microscopy (Error! Reference source not found.), and field data  329 

(Figure 1, Figure 2) agree with our 2017 amplicon libraries, showing that the light-scattering layer 330 

consisted of three distinctive photoautotrophic populations that are physically partitioned by their 331 

light requirements and hydrogen sulfide tolerances (Cohen et al., 2023). Therefore, we expected 332 

shallower oxic and hypoxic photic zone δ13CPOC of both size fractions to reflect cyanobacterial 333 

biomass (high-O2 CBB), δ13CPOC of both size fractions in the deeper photic zone to reflect purple 334 

and green sulfur bacteria and thioautotrophic epsilonproteobacteria biomass (low-O2 CBB + 335 

rTCA), and the PA fraction δ13CPOC in the aphotic zone to reflect sinking purple sulfur bacteria. 336 

We did not expect methane cycling to strongly impact δ13CPOC. Although maximum mcrA copy 337 

numbers in both size fractions occurred at the lower-oxycline boundary, the coincident highly 338 

depleted δ13CPOC in both size fractions cannot be attributed to abundant methanogen or 339 

methanotroph populations, because amplicons for only one methanogen, Methanoregula, were a 340 

minor contributor to 16S rRNA gene libraries (Cohen et al., 2023). Furthermore, no anaerobic 341 

methane-oxidizing taxa were recovered in these libraries and only modest aerobic methanotroph 342 

populations were restricted to oxic and hypoxic waters (Cohen et al., 2023).  343 
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 The δ13C data suggest that all photoautotroph populations near the lower oxycline 344 

boundary assimilate isotopically-depleted bicarbonate entering the lake as groundwater. The 345 

admixture of groundwater with lake water results in δ13CDIC values of -12.5‰ near the lower 346 

oxycline boundary (Havig et al., 2018, Figure 6b). Values reported in Table 1 are collated from 347 

marine studies, and therefore assume an average δ13CDIC of 1.7‰ in seawater (Cheng et al., 2019). 348 

Deriving approximate fractionation (e) factors from Table 1, we estimate a δ13CPOC of ~ -31.5 to 349 

-37.0‰ through low-O2 CBB by purple sulfur bacteria, δ13CPOC of ~ -10.5 to -11.5‰ through 350 

rTCA by green sulfur bacteria, and δ13CPOC of ~ -39.5 to -47.5‰ through high-O2 CBB by 351 

cyanobacteria, resulting in a three end-member average δ13CPOC  near the lower oxycline of -27.2 352 

to -32.0 ‰ assuming equal contribution from each, which is unlikely (Figure 8).  Nevertheless, 353 

this range of approximate values is much heavier than our measured δ13CPOC -41.9‰, and -39.4 354 

‰ in PA and FL fractions at the lower oxycline boundary, where all three photoautotroph 355 

populations co-exist. The lower oxycline boundary is also where total particle concentrations 356 

(measured turbidity) peak, so that particle-particle collisions should also be highest and result in 357 

the most similarity between δ13CPOC values of the two size-fractions. As there are no aerobic 358 

methanotrophs at these depths, we suggest that the abundant sulfate-reducing bacteria, including 359 

the strongly particle-associated Desulfocapsa population at 20.5 m and the primarily free-living 360 

sulfate-reducing Deltaproteobacterial populations at 20.0 m (e.g., Desulfatiglans, Syntrophus, 361 

Desulfobacca, Desulfovibrio) (Cohen et al., 2023) may contribute a substantial amount of 13C- 362 

depleted biomass (Figure 8). The greatest abundance of Desulfocapsa 16S rRNA genes occurs at 363 

the same depth as the PA negative isotopic excursion, while the greatest abundance of the 364 

Deltaproteobacterial sulfate-reducers’ 16S rRNA genes occur at the same depth as the FL negative 365 

isotopic excursion, maximum measured bacterial heterotrophic production, and the first 366 
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appearance of hydrogen sulfide (Figure 1Figure 4Figure 6). Bacterial heterotrophic production 367 

as measured in this study is often considered a proxy for protein remineralization, which may 368 

produce low molecular weight organic acids such as acetate, butyrate, and formate. The oxidation 369 

of these organic acids is paired with the reduction of sulfate to hydrogen sulfide by sulfate-reducers 370 

(Jørgensen et al., 2001). Therefore, oxidation of acetate by acetyl-CoA decarbonylase via the 371 

sulfate-reducing Woods Ljungdahl pathway by free-living sulfate-reducers is expected to be 372 

elevated at this depth.  373 

At 20.5 m, purple sulfur bacteria that likely contribute to the majority of light DIC 374 

assimilation (Culver and Brunskill, 1969) are the most abundant (Cohen et al., 2023) autotrophs.  375 

The δ13CPOC values of the PA fraction at this depth is therefore surprisingly depleted (-42.3‰), 376 

especially given that low-O2 CBB-indicating cbbM gene copy numbers (δ13CcbbM values = -19 to 377 

-25 ‰, yielding e of @ 20.7-26.7) were especially high in the PA fraction. The FL fraction δ13CPOC 378 

at this depth was far more 13C-enriched. This was expected because carbon assimilation via the 379 

rTCA pathway by green sulfur bacteria, which modestly contribute to the maximum light carbon 380 

assimilation rate (Culver and Brunskill, 1969) and chemoautotrophic epsilonproteobacteria, which 381 

are likely associated with the maximum dark carbon assimilation rate (Cohen et al., 2021), were 382 

dominant in this fraction. The most 13C-enriched δ13CPOC values observed in both size fractions of 383 

the turbidity layer (21 m) coincides with maxima in green sulfur bacteria and aclB gene 384 

abundances indicating that the rTCA fixation pathway dominated at that depth. Increasing δ13CPOC 385 

values with depth in the PA fraction and near-constant δ13CPOC values in the FL fraction in aphotic 386 

waters along with increases in PA cbbM, aclB, and cbbL copy numbers (cbbM @ cbbL > aclB) 387 

near the lakebed (40 m) support our hypothesis that a mixture of anoxygenic and oxygenic 388 

photoautotrophs contribute to the δ13CPOC values of lakebed organic matter, superficially 389 
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resembling the δ13CPOC values of shallow-dwelling oxygenic algae (Figure 8). FGL lakebed 390 

sediments are classified as sapropel (1.8-2.4 weight % OC), with surface sediment δ13CPOC values 391 

being -32.6 ‰ (Havig et al., 2018). Given the δ13CPOC of our deepest (40 m) > 2.7 µm sample is -392 

37‰, and that the change in bulk δ13CPOC values over depth throughout the aphotic (below 23 m) 393 

monimolimnion appears to be linear (Fulton et al., 2018), we extrapolate to approximately the 394 

same value at the sediment-water interface. One possibility for this difference between sediment 395 

and water column δ13C values is further remineralization in the bottom 12 m of the water column 396 

and lakebed remineralization. Our hypothesis is supported by direct bright-field micrographs of 397 

40 m samples containing mostly aggregates of purple sulfur bacteria with lesser amounts of 398 

cyanobacterial and green sulfur bacterial cells, and no eukaryote algae (Figure S2b).   399 

VI- Summary/Conclusion 400 

To better understand how preserved ancient δ13COC values reflect past activities of autotrophs and 401 

methane-cyclers, we measured δ13CPOC values and carbon-fixation pathway marker genes of size-402 

fractionated plankton corresponding to particle-associated/aggregated/symbiont and free-living 403 

microbes through all redox zones in the meromictic FGL. Size partitioning of carbon fixation genes 404 

and their vertical distributions reflected populations of photoautotrophs and methanogens. These 405 

include mostly free-living cyanobacteria in the shallow oxic and hypoxic photic zone (high 406 

oxygen-CBB, cbbL gene), mostly particle-associated purple sulfur bacteria (low-oxygen CBB, 407 

cbbM gene) and equally size-fractionated green sulfur bacteria (reverse citric acid cycle, aclB 408 

gene) in the euxinic photic zone, and equally size-fractionated methanogens (Wood-Ljungdahl 409 

pathway, mcrA gene) at the lower oxycline boundary.  The δ13C values of lakebed sediments taken 410 

at face value might be interpreted as being derived from shallow eukaryote algae or cyanobacteria.  411 

However, our results show that δ13C values of particles arriving at the lakebed reflect a mixture of 412 
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populations exported from the particle-rich (turbid) hypoxic and euxinic deep photic zone that 413 

assimilate a groundwater-derived, isotopically depleted inorganic carbon source or pair sulfate 414 

reduction with volatile fatty acid oxidation. This suggests that organic-rich Proterozoic sediments 415 

deposited in waters with a sulfidic photic zone could reflect a mixture of carbon fixation pathways 416 

that superficially resembles the δ13CPOC of eukaryote algae in the oxygenated photic zone.  417 

Data availability: Data is available as downloadable supplementary tables. 418 
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Tables and Figures 419 

Table 1: Carbon fixation pathways’ δ13CPOC values (‰), key enzymes, carbon transformations, diagnostic marker genes, and occurrence 420 

in algae and prokaryotes organized by redox condition. These values are derived from marine systems, and thus reflect fractionation 421 

ranges from dissolved inorganic carbon (DIC) in seawater: average δ13CDIC seawater values = 1.7‰ (Cheng et al., 2019) 422 

 423 
a Excluding Purple Sulfur Bacteria; Robinson and Cavanaugh (1995); McNevin et al. (2007) 424 
b Tabita et al. (2008) 425 
cMcDonald et al. (1995) 426 

Redox  Enzyme δ13CPOC value 
(‰) 

C trans. Target gene Prokaryotes/Microalgae 

Oxic RuBisCO-I -27 to -35a CO2 à 3-
phosphoglycerate 

cbbL α, β, γ-Proteobacteria, Cyanobacteria, Eukaryotes-
Viridiplantae (Streptophyta, Chlorophyta), Euglenozoa, 
Stramenopiles, Rhodophyta, Haptophyceae b 

Oxic 
 

Methane 
monooxygenase 

~-50 to -60 CH4 à CH3OH pMMO/ 
sMMOc 

Type I and X (γ-proteobacteria), Type II (α-
proteobacteria)d 

Suboxic, 
dysoxic 

RuBisCO-II -9 to -13a 

-19 to -25e 
CO2 à 3-
phosphoglycerate 

cbbM α, β, γ-Proteobacteria, Eukaryotes-Alveolata 
(Dinophyceae)b 

Anoxic, 
euxinic 

rTCA 
(reverse) 

1.5 to -12f Citrate à acetyl 
coenzyme A + 
oxaloacetate 

aclB Green sulfur bacteria, Nitrospirae, Nitrospina, 
autotrophic ε-proteobacteria, Aquificales, and the 
Thermoproteaceae family of Archaeah 

Anoxic, 
euxinic 

Wood- 
Ljungdahl of 
sulfate reducing 
bacteria 

-18 to -41i Acetate à CO2 + H2   acsB Sulfate reducing bacteria (primarily 
Deltaproteobacteria)i 

Anoxic, 
euxinic 

Wood- 
Ljungdahl of 
methanogens 
and ANME 

-25 to -100j (CH4 à CO2 + H2) 
CO2 + H2 or 
acetateà CH4 + H2O 

mcrA  (anaerobic methane oxidizers) Methanogensj 
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dHanson and Hanson (1996); Templeton et al. (2006); For Type II methanotrophs, after conversion of CH4 to CH3OH by MMO, biomass 427 
isotopic composition may be affected by CO2 assimilation via PEP carboxylase (30–50% of carbon assimilation).  428 
e Purple Sulfur Bacteria only. Calculated from range of Lake Cadagno fractionation factors in Posth et al. (2017) using δ13CDIC seawater 429 
for consistency. 430 
f1.5-2 ‰ with and -8 to -12 ‰ without a citrate lyase step (Berg, 2011). 431 
h Wahlund and Tabita (1997); Lücker et al. (2013); Campbell and Cary (2003, 2004); Nunoura et al. (2018) 432 
iThomazo et al. (2009). Key gene is acetyl-CoA decarbonylase 433 
jOrphan et al. (2001), Thomazo et al. (2009) 434 
  435 
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Table 2: Carbon fixation pathway marker genes targeted by qPCR, primer information, and finalized reaction chemistry. 436 
 437 
 438 
Gene Primers Primer Sequence (5’ 3’) Thermal programa Reference(s) Primer/SGI/ Pre-

mix  

cbbM cbbM-F 
 
cbbM-R 

TTCTGGCTGGGBGGHGAYTTYAT 
YAARAAYGACGA 
CCGTGRCCRGCVCGRTGGTARTG 

Pre-denaturation (95°C, 3:00); 40 
cycles (Step 1: 95°C 0:30, Step 2: 
55°C 1:00, Step 3: 72°C 1:00, Step 
4: 83°C 0:15) 

Campbell and 
Cary (2004);  

600 nM/0.16x/G 

cbbL K2F 
V2F 

ACCAYCAAGCCSAAGCTSGG 
GCCTTCSAGCTTGCCSACCRC 

Pre-denaturation (95°C, 3:00); 40 
cycles (Step 1: 95°C 0:10, Step 2: 
60°C 0:40, Step 3: 72°C 0:30) 

Tolli and 
King (2005);  

275 nM/0.18x/E 

aclB 892F 
1204R 

TGGACMATGGTDGCYGGKGGT 
ATAGTTKGGSCCACCTCTTC 

Pre-denaturation (94°C, 5:00); 37 
cycles (Step 1: 94°C 0:40, Step 2: 
57°C 0:45, Step 3: 72°C 1:45) 

Campell and 
Cary (2003);  

650 nM/0.23x/I 

mcrA mcrAF 
 
mcrAR 

GGTGGTGTMGGATTCACACARTA 
YGCWACAGG 
TTCATTGCRTAGTTWGGRTAGTT 

Pre-degeneration (95°C 5:00); 35 
cycles (Step 1: 95°C 0:30, Step 2: 
56°C 0:30, Step 3: 72°C 0:30) 

Luton et al. 
(2002) 

600 nM/NA/F 

mcrA(q) qmcrA-F 
qmcrA-R 

TTCGGTGGATCDCARAGRGC 
GBARGTCGWAWCCGTAGAATCC 

Stage 1 (Chem. Activation 50°C 
2:00, Pre-denaturation n 95°C 
2:00); 40 cycles (Step 1: 95°C 
0:15, Step 2: 56°C 0:15, Step 3: 
72°C 1:00 

Denman et al. 
(2007) 

500 nM/PUb 

aIf non-quantitative PCR, Sybr-Green I dye is excluded from chemistry and replaced with equal volume of water and a final extension 439 
of 7-10 minutes is applied after PCR stage. 440 
b Applied Biosystems™ PowerUp™Sybr™ Green Master Mix instead of Lucigen FailSafe™ 441 
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(a) (b)  442 

Figure 1: Vertical profiles of redox conditions and turbidity during (a) July 2017 and July 2018 443 

(b). Broken lines indicate oxycline boundaries. Error bars in ∑S-2 profiles represent + 1 S.D. of the 444 

mean of triplicate analyses. Error bars fall within the size of the symbols for July 2017. 445 
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(a) (b)  446 

Figure 2: Vertical profiles of salinity measured during (a) July 2017 and July 2018 (b) using a 447 

YSI EXO1 sensor package. Broken lines indicate oxycline boundaries.  448 
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(a) (b)  449 

Figure 3: Vertical profiles of DAPI-stainable total prokaryotic cell concentrations during July 450 

2017 (full profile) (a) and in July 2018 (profiled across lower oxycline and upper monimolimnion) 451 

(b). Broken lines indicate oxycline boundaries. Error bars represent + 1 S.D. of duplicates. 452 
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 453 

 454 

Figure 4: Vertical profiles of total inorganic carbon assimilation (ICA) and bacterial heterotrophic 455 

production (BHP) in July 2017 (a). Total, dark, and light ICA across the lower oxycline and upper 456 

monimolimnion at fine vertical resolution in July 2018 (b). Broken lines indicate oxycline 457 

boundaries. Error bars represent + 1 S.D. of the mean of triplicate analyses.  458 
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(a) (b)  460 

Figure 5: Vertical profiles of phycoerythrin fluorescence (cyanobacteria), chlorophyll-a 461 

fluorescence (all algae), and turbidity (total particles) during July 2017 of the entire water column 462 

(a) and at finer resolution across the lower oxycline (b). 463 
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(a) (b)  464 

Figure 6: (a) Depth profile of particulate organic carbon (POC) stable isotopic composition of FL 465 

(0.2-2.7 µm) and PA (>2.7 µm) size fractions during July 2018. (b) Data presented in (a) alongside 466 

dissolved inorganic carbon (DIC) stable isotopic composition replotted from Havig et al. (2018). 467 

Broken lines indicate oxycline boundaries. Error bars represent + 1 S.D. of duplicate analyses. 468 
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(a) (b)  470 

(c) (d)  471 

Figure 7: Vertical profiles of particle-associated (>2.7 µm) and free-living (0.2-2.7 µm) functional 472 
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gene concentrations of (a) RuBisCO-I large subunit (cbbL), representing eukaryote algae and/or 473 

cyanobacteria (b) RuBisCO-II small subunit (cbbM), representing purple sulfur bacteria and/or 474 

sulfur-oxidizing chemoautotrophic Gammaproteobacteria (c) ATP citrate lyase (aclB), 475 

representing green sulfur bacteria and/or sulfur-oxidizing chemoautotrophic Epsilonbacteraeota 476 

(d) methyl coenzyme reductase subunit A (mcrA), representing methanogens and/or anaerobic 477 

methane oxidizers collected in July 2017. Broken lines indicate oxycline boundaries. Error bars 478 

represent + 1 S.D. of triplicate analyses. 479 
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 481 

Figure 8: Depth profile of differences between Havig et al. (2018) dissolved inorganic carbon 482 

(DIC) and our July 2018 FL (0.2-2.7 µm and PA (>2.7 µm) size fraction particulate organic carbon 483 

(POC) stable isotopic compositions. These differences, approximate isotopic fractionation factors 484 

(ε), are compared to ranges of carbon fixation pathways’ ε. Pathway ranges are represented by 485 

colored bars in the shaded area and have no relationship to depth in this plot. Broken lines indicate 486 

oxycline boundaries. Error bars represent + 1 S.D. of duplicate analyses. WL=Woods-Ljungdahl, 487 

PSB=Purple Sulfur Bacteria, rTCA=reverse citric acid cycle. 488 
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