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Life originated in Archaean oceans, almost 4 billion years ago, in the absence of oxygen and the
presence of high dissolved iron concentrations. Early Earth oxidation is marked globally by extensive
banded iron formations but the contributing processes and timing remain controversial. Very few
aquatic habitats have been discovered that match key physico-chemical parameters of the early
Archaean Ocean. All previous whole ecosystem Archaean analogue studies have been confined to rare,
low sulfur, and permanently stratified lakes. Here we provide first evidence that millions of Boreal
Shield lakes with natural anoxia offer the opportunity to constrain biogeochemical and microbiological
aspects of early Archaean life. Specifically, we combined novel isotopic signatures and nucleic acid
sequence data to examine processes in the anoxic zone of stratified boreal lakes that are naturally low
in sulfur and rich in ferrous iron, hallmark characteristics predicted for the Archaean Ocean. Anoxygenic
photosynthesis was prominent in total water column biogeochemistry, marked by distinctive patterns
in natural abundance isotopes of carbon, nitrogen, and iron. These processes are robust, returning
reproducibly after water column re-oxygenation following lake turnover. Evidence of coupled iron
oxidation, iron reduction, and methane oxidation affect current paradigms of both early Earth and
modern aquatic ecosystems.

Ancient oceans on Earth were rich in iron, low in sulfur, and free of oxygen. Oxidation of Earth’s early oceans
and atmosphere, concurrent with the early evolution of life and onset of photosynthesis, has long fostered
intense scientific debate. Bacterial photosynthesis remains important in modern systems but was key to early
Earth oxidation. Only a few modern environments have been identified for whole ecosystem study because the
physico-chemical conditions similar to those predicted for the Archaean Ocean are thought to be rare'. Most evi-
dence has been gleaned from the sedimentary rock record and laboratory simulations (reviewed in ref. 2), spurred
by controversy surrounding the origin of the globally ubiquitous and extensive banded iron formations (BIFs).

In a pioneering whole ecosystem study in Lake Matano, Indonesia, large populations of photosynthetic green
sulfur bacteria (GSB) were found just below the permanent chemocline at 120 metres depth, including a close
relative of Chlorobium ferrooxidans, a known photoferrotroph®. This bacterium uses light to fix inorganic carbon,
with reduced iron (Fe?") as the electron donor, thereby producing oxidized iron:

h
4Fe*" + HCO, + 10H,0 =5 CH,O + 4Fe(OH), + 7H"

Photoferrotrophy has been proposed as the earliest photosynthetic process in Earth’s history, predating oxygenic
photosynthesis by cyanobacteria*. Photoferrotrophy could be responsible for a large part of early Earth oxida-
tion leading to the mixed iron oxidation states that have proven difficult to explain in globally occurring BIFs,
deposited when oxygen was still absent from the atmosphere*”°. Since the initial discovery at Lake Matano, only
two other ferruginous open water sites (Lac Cruz, Spain’; Kabuno Bay, a sub-basin of Lake Kivu®, east Africa)
have been identified that host microbial communities dominated by photoferrotrophs. Very recently, the first
metabolic rate measurements have been reported in the chemoclines of Lakes Kivu and La Cruz®7, confirming
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photoferrotrophic activity and its biogeochemical importance by fueling microbial iron reduction and possibly
co-existing pelagic heterotrophy. No other examples of such microbial consortia in natural aquatic systems have
yet been reported. All of these systems are meromictic and have low sulfate and high iron due to their origins as
volcanic craters or rift lakes. Such systems are naturally rare worldwide®, with expectations that only a handful of
appropriate lakes will be found?. This limits progress toward understanding Archaean Ocean biogeochemistry
and the origins of life.

Almost one half of the largest terrestrial biome on Earth, the boreal forest, is underlain by Precambrian
Shield geology® of low sulfur content. Millions of lakes cover over 7% of the Boreal Shield areas of Canada,
Fennoscandinavia, and Russia®. Bottom portions of stratified lakes and shallow ponds become anoxic periodi-
cally in summer and under ice in winter if the supply of terrestrial or aquatic organic matter is sufficient and/or
the lake morphometry restricts mixing. After the onset of anoxia, the naturally low-sulfur bottom waters of such
lakes become rich in dissolved ferrous iron, matching key parameters used in the selection of other Archaean
Ocean analogues'. Here we test the hypothesis that the bottom anoxic layers of seasonally stratified lakes on the
Boreal Shield could provide modern i situ laboratories for advancing the scientific understanding of microbial
metabolic pathways in both the Archaean Ocean and in modern lake environments.

Results

Geochemical and stable isotopic evidence. Boreal Shield lakes have been studied intensely at the
Experimental Lakes Area (ELA) in northwestern Ontario, Canada. One of these small lakes, Lake 227 (L227), is
the site of the world’s longest running nutrient addition experiment, with amendments of nitrogen and phospho-
rus, or phosphorus alone, for over 47 years'®. As a result of fertilization, summer phytoplankton biomass is high,
resulting in a hypolimnion that is devoid of oxygen. However, the presence of over 50 cm of continuous annually
varved sediments in the deepest part of the lake (10 m)! indicates that the bottom of the hypolimnion has been
naturally anoxic during lake stratification for over 300 years under natural nutrient loading conditions. Nearby
Lake 442 (L442) has not been manipulated experimentally but the lower portion of the hypolimnion develops
anoxia. L1442 has physico-chemical features typical of natural lakes on the Boreal Shield. The anoxic zones of both
1227 and L442 have low sulfate concentrations (ranging from 5 to 21 pM) and high total dissolved iron (TDFe)
concentrations (reaching a maximum of 115 to 162 uM) over the summer sampling season (Fig. 1), comparable
to the levels reported in Lake Matano, Lake La Cruz, and Lake Pavin'. Light penetration into the upper anoxic
zones of both lakes is low but detectable, in the range of 0.01-0.03 and 0.09-1.64 umol photons m~? s~ in L227
and L442, respectively (Supplementary Fig. S1).

Hypolimnetic waters in L227 have distinctive patterns in natural abundance stable isotopes (Fig. 2). These
waters are high in iron, ammonium (NH,"), dissolved inorganic carbon (DIC), and methane (CH,), yet low
in sulfate (Fig. 1). Stable carbon isotopes (§'*C) of particulate organic matter (POM) in the hypolimnion were
offset from the overlying epilimnion where phytoplankton biomass was high (Fig. 2a). In contrast, hypolimnetic
sediments and sediment trap samples were similar in 6!*C to epilimnetic POM (Fig. 2a), consistent with the high
flux of organic carbon from the surface and indicating that the offset in §'*C was not an effect of POM diagenesis
during transit through the short water column to underlying lake sediments. Further, §1*C of hypolimnetic DIC
increased with depth (Fig. 2a). Hypolimnetic POM of lower §'*C than either epilimnetic POM or hypolimnetic
DIC can only be attributed to isotopic fractionation associated with photosynthesis or assimilation of C with
very negative §'°C, such as that measured in CH, (Fig. 2a). Similarly, nitrogen isotopic composition (§°N) of
hypolimnetic POM was oftset from both epilimnetic POM and hypolimnetic NH,* (Fig. 2b), consistent with
isotopic fractionation during biological uptake of NH, and not N, fixation. Finally, the §°°Fe of POM in the epil-
imnion and hypolimnion (Fig. 2¢) also differed and the isotopic fractionation between dissolved and particulate
phase was reversed from the epilimnion to hypolimnion. Rates of vertical mixing in the hypolimnion, previously
determined in L227 using additions of ?*°Ra and *H as tracers, are very low!?!3, similar to rates of molecular
diffusion. These low mixing rates and the persistence over the stratification period mean that microbiota con-
tributing to hypolimnetic POM are suspended in the water column at the observed depth. Together, these data
imply that the microbial consortia in the anoxic zone are metabolically active and sufficiently abundant to alter
the isotopic POM signatures of §°C, §1°N, and §°°Fe in POM from values typical of the epilimnion. Furthermore,
the offset of the carbon and nitrogen stable isotopes in POM from inorganic dissolved substrates is consist-
ent with fractionation associated with photosynthesis, despite extremely low light levels in the hypolimnion
(Supplementary Fig. S1) due to high summer epilimnetic biomass.

Microbial community composition. High-throughput sequencing of bacterial 16S ribosomal RNA (16S
rRNA) genes from L227 water column samples followed by manual functional inferences of the most abun-
dant taxa suggested that the hypolimnion of L227 supports a metabolically unique bacterial community (Fig. 3).
Throughout the L227 hypolimnion, we detected microbial communities that were dominated by potential
iron-cycling bacteria, along with populations of potential sulfur- and methane-cycling bacteria, consistent with
microbial consortia reported in Lake Kivu, where photoferrotrophic activity was found®. In particular, the 16S
rRNA gene data showed a dominance of Chlorobi, closely related to photoferrotrophic C. ferrooxidans, among
the most abundant operational taxonomic units (OTUs) in the anoxic zone. Indeed, sequences classified within
the genus Chlorobium comprised up to 8% of all reads just below the oxic-anoxic interface. One particular
Chlorobium OTU (Fig. 3, Chlorobium OTU 1), which was the most abundant across all L227 samples, had over
99.5% 16S rRNA gene sequence identity with known C. ferrooxidans strains (Supplementary Fig. S3). Putative
methanotrophic OTUs belonging to the family Methylococcaceae of the Gammaproteobacteria were abundant in
the anoxic zone, and potential sulfur oxidizers and reducers, such as Sulfuritalea and Desulfatirhabdium spp., were
detected at lower abundance, implying relatively low contributions to overall lake metabolism. The hypoxic and
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Figure 1. Water chemistry of (a) L227 and (b) L442 water columns. All samples were collected in June- August
2010. Measurements from the same sampling dates are connected by lines for visual clarity. Sampling dates
include those from before the onset of the annual cyanobacterial bloom (June 1%), during the bloom (June 28—
29", and after the bloom (July 26"-27%, August 2374-24"), in L227. In each sub-panel for L227, the surface
mixed layer is separated from the seasonally anoxic hypolimnion by a grey transition zone. Each sub-panel

for L442 is divided by grey transition zones into the surfaced mixed layer (top), the cool, oxic hypolimnion
(middle), and the seasonally anoxic hypolimnion (bottom). The transition zones dividing each lake layer may
vary seasonally and annually in both thickness and water column location (depth) due to differing climate (see
Supplementary Fig. S2).

anoxic zones of L227 were rich in bacterial taxa implicated in iron reduction, including members of the genera
Rhodoferax, Albidiferax, and Geothrix.

In addition to manual functional annotations of 16S rRNA gene data, functional predictions were performed
in parallel using FAPROTAX™. These automated functional assignments took into account the entire micro-
bial community of each sample, rather than the most abundant taxa alone. Results largely agreed with manual
inferences: iron oxidation (“anoxygenic phototrophy”), methanotrophy, and sulfur respiration increased in the
anoxic zone, with similar relative abundance trends compared to the manual approach (Supplementary Fig. S4).
Although discrepancy existed in the case of iron reduction, additional phylogenetic analysis confirmed
that dominant OTUs implicated in iron reduction from the manual approach were closely related to known
iron-reducing strains despite the functional diversity of the Comamonadaceae family to which they were classi-
fied (Supplementary Fig. S5)'*. High iron levels in the lower L227 water column and the position of these OTUs
near where potentially photoferrotrophic Chlorobi were identified are also suggestive of an iron-reducing role.
However, it is difficult to infer the functional roles of these microorganisms without further cultivation-based or
metagenomic analyses.

Similar populations of Chlorobium, Rhodoferax, and Methylobacter (family Methylococcaceae), along with
other potential sulfur and iron cyclers, were reported in a sub-basin of Lake Kivu, the only Archaean Ocean
analogue whose whole microbial community has been described to date®. Evidence from targeted sequencing
studies in other Archaean Ocean analogues suggests that a similar microbial consortium may be present. In Lake
La Cruz, which is known to host photoferrotrophic Chlorobi, populations of methanotrophs belonging to the
Alpha- and Gammaproteobacteria were recently identified in the anoxic zone using quantitative polymerase chain
reaction (QPCR)*¢. Evidence of anaerobic methane oxidation, perhaps mediated by archaeal methane oxidizers,
was found in Lake Matano near the same depth where large Chlorobi populations were detected'’. Although
the presence of photoferrotrophy has not been evaluated in Lake Pavin, sulfur-cycling microorganisms have
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Figure 2. Stable isotopic values in the water columns of (a-c) L227 and (d-f) L442. (a,d) §"°C in DIC, CH,,
and POC, sampled in June-August 2010 and July 2014. 6"°C in sediment traps and surficial sediments (1-2cm)
is also shown. The width of plotted sediment markers represents the range of §**C values measured across

the summer of 2011. (b,e) 6°N in NH," and PON, sampled in June-August 2010 and July 2014. (c,f) §°°Fe in
dissolved and particulate Fe sampled in June-August 2011 and July 2014. 6°Fe in surficial sediments from

July 2010 is also shown. In each L227 panel, the surface mixed layer is separated from the seasonally anoxic
hypolimnion by a grey transition zone. Each panel for L442 is divided by grey transition zones into the surfaced
mixed layer (top), the cool, oxic hypolimnion (middle), and the seasonally anoxic hypolimnion (bottom). The
transition zones dividing each lake layer may vary seasonally and annually in both thickness and water column
location (depth) due to differing climate. The water column of L227 at 4 m depth varied substantially in oxygen
status over the sampling dates (see Supplementary Fig. S2), which may be responsible for the wide range of
isotopic values measured at this depth.

been identified in the water column, along with populations of bacterial methanotrophs belonging to the genus
Methylobacter, which have been identified in the lake anoxic zone'®. These pelagic microbial consortia of poten-
tial iron-cycling bacteria, sulfur-cycling bacteria, and methanotrophs may be a shared trait of Archaean Ocean
analogue systems.

Natural abundance stable isotopes of iron.  Key evidence of potential photoferrotrophy is provided
by stable iron isotopes, a tool only very recently applied to freshwater lake iron cycling'®?, and not yet in Lakes
Matano or Kivu. In the anoxic hypolimnion of L227, §*Fe in suspended particulates does not match any other
particulate or dissolved pool in the water column or sediments (Fig. 2c). Further, observed differences in °°Fe
between dissolved and particulate iron are consistent in magnitude and direction with those of other ferrotrophs
in laboratory cultures?. Although we cannot rule out the possibility of isotopic separation due to partial iron
oxidation at the oxycline, the exceedingly low iron concentrations above the oxycline, the low water mixing rates
between the metalimnion and hypolimnion and the high abundance of bacteria that are likely able to reduce
ferric iron below and just above the oxycline suggests that most or all accessible and re-oxidized iron should be
reduced rapidly. This allows the hypolimnetic iron isotope signatures to be interpreted as the result of biological
rather than chemical processes.

Our dissolved iron isotope composition profiles in the anoxic layer of L227 (and Lake 442) are distinct
from those observed in Lake Pavin'?, which is a permanently stratified lake with an anoxic bottom water layer
and hypothesized as an Archaean ocean analogue. The observed gradient of dissolved §°°Fe in Lake Pavin has
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Figure 3. Microbial community in the water columns of (a-c) L227 and (d,e) L442. In each depth sample, the
ten most abundant bacterial operational taxonomic units (OTUs) are shown as stacked bars in terms of their
proportional abundance within rarefied molecular sequencing data. Bacterial OTUs are grouped according to
their potential involvement in iron cycling, sulfur cycling, and methanotrophy (see Methods). Cyanobacterial
OTUs are also shown. For clarity, OTUs not associated with these metabolic roles are displayed at the phylum
level. Potentially photoferrotrophic Chlorobium OTUs are shown with a naming and colour scheme matching
that of Supplementary Fig. S3. Although not shown, Chlorobium OTU 1 is also present in the anoxic water
column in L227 at 6 m depth in 2013 (rank 13, 2.9%) and in L442 at 13 m depth in 2011 (rank 31, 0.67%). All
samples were collected between June 25" and July 9" in their respective sampling year.

been interpreted as resulting from partial oxidation of ferrous iron by O, at the redox boundary". In addition,
iron phosphates have been shown to be the predominant phase of the particulate matter in the anoxic moni-
molimnion??. The total dissolved phosphorus (TDP) concentrations in both L227 and L442, up to 2uM in the
hypolimnion, are more than two orders of magnitude lower than that in Lake Pavin (up to 400 uM in the moni-
molimnion)®. Further, soluble reactive phosphorus concentrations are at or below detection limits (data not
shown) implying that much of the TDP is in organic form. Thus, the formation of iron phosphates does not
contribute to the observed water column §°°Fe in these lakes. In addition, photoferrotrophic bacteria have not
yet been identified in association with minerals in the Lake Pavin water column®. A lack of iron isotope compo-
sitions for the suspended particulates in Lake Pavin prevents further comparison between the two lake systems.

The similarity of §°°Fe in the hypolimnetic dissolved phase, epilimnetic POM and sediments (Fig. 2¢), and the
offset between hypolimnetic and epilimnetic POM (concomitant with §°C and 6'°N evidence), indicate that the
8%Fe signature in hypolimnetic POM results from microorganisms residing at that depth. Together, the microbial
and geochemical data indicate that iron isotopes could be diagnostic of photoferrotropic activity in softwater
lakes.

Evidence from other Boreal Shield lakes. Photoferrotrophic activity is not confined to experimen-
tally eutrophied L227. Similar geochemistry and microbiota were identified in unperturbed L442. Unlike L227,
where the hypolimnion is entirely anoxic, L442 has both an anoxic zone and overlying oxic portion within the
hypolimnion. Given low hypolimnetic mixing rates, this feature allows the stable isotopic signatures to be inter-
preted as a direct result of anoxia at similar temperature and organic matter supply. Natural abundance stable
isotopes of C and N (Fig. 2) and water column chemistry (high Fe, DIC and NH,*, and low SO,*~; Fig. 1) in
the anoxic hypolimnion of L442 are typical of anoxic hypolimnia in other ELA lakes. Patterns in particulate
and dissolved phase §!°C, 6°N, and §°°Fe in L442 are all consistent with the anoxic hypolimnion of L227, and
distinctly different from the oxic hypolimnion (Fig. 2). Molecular sequencing in the anoxic zone confirms high
abundance of Chlorobi that are closely related to C. ferrooxidans, in addition to a similar microbial consortium
of putative iron reducers, sulfur reducers and oxidizers, and methanotrophs (Fig. 3). Thus, even though boreal
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Figure 4. Dissolved oxygen at 6 m depth in the L227 water column from 1969 to 2011. The detection limit
for O, is 0.005 mg O, L™1. Chlorobium sequences were detected at high abundance at 6 m depth in both 2013 and
2014 (Fig. 3, please also see legend). Dissolved oxygen samples were collected typically at least every two weeks
in summer but were collected at most twice during the winter. Following this sampling schedule, the full extent
of the typical spring and fall re-oxygenation events (overturns) in L227 may not have been measured in some
years. Dissolved oxygen is typically, but not always, measured after fall overturn. Spring overturn measurements
can be missed following ice-off due to logistical reasons and especially in years when temperatures warm rapidly
after ice-off. Thus, the oxygen record at 6 m reflects the minimum number of re-oxygenation events at this
depth.

shield lakes are high in terrestrially derived organic carbon, unlike the Archaean Ocean, processes similar to the
other reported Archaean analogues (e.g., refs 1 and 3) likely occur in Boreal Shield lakes with seasonally anoxic
hypolimnia because the geology naturally leads to low sulfate and high iron conditions. Observations of both
Chlorobi and methanotrophs have also been reported in anoxic hypolimnia in numerous Boreal Shield lakes in
Finland?*-%. Further, in a recent study in Sweden, a shotgun metagenomics approach to the characterization of
total DNA extraction was applied to a suite of Boreal lakes and indicated the presence of organisms having the
ability to perform photoferrotrophy and anaerobic oxidation of methane?. These new studies further support
these processes as widespread in Boreal Shield lakes.

Discussion

Collectively, our results provide first evidence for potential photoferrotrophy in Boreal Shield lakes, showing
how distinct isotopic and chemical indicators can be used to prospect for corresponding microbial consortia.
Although conditions on present day Earth cannot totally mimic conditions in the Archaean Ocean, Boreal Shield
lakes and ponds are globally abundant and have metabolically active processes relevant to Archaean Ocean
microbial life. Moreover, new metabolic pathways associated with potential photoferrotrophy will also alter cur-
rent paradigms of biogeochemistry in modern lakes and reservoirs.

Important and novel to the debate surrounding evolution of life in the Archaean Ocean is that the microbial
consortia associated with potential photoferrotrophy in lakes are robust and establish rapidly. Both L227 and 1442
have two mixing periods per year, with fall turnover being the most complete. In wind-protected L227, the water
column is well oxygenated every year in both spring and fall to at least 6 m where Chlorobium spp. are abundant
(Fig. 4 and Supplementary Fig. $6). In L442, mixing is complete in both spring and fall (Supplementary Fig. S7).
Isotopic and molecular analyses over several years show that these characteristic microbial consortia re-establish
following oxygenation (Figs 2 and 3). Although Chlorobi and methanotrophs have been found to re-establish in
other lake hypolimnia following turnover?*?’, our study is the first to show that microbial consortia consistent
with photoferrotrophy are sufficiently resilient to rapidly recolonize after periods of oxygenation. The potential
for anoxygenic photosynthesis in iron-rich systems that undergo periodic oxygenation may be relevant to under-
standing the formation of banded iron formations, especially immediately prior to the Great Oxygenation Event,
where the relative roles of oxygenic and anoxygenic photosynthesis in iron oxidation and deposition remain
controversial and oxygen-rich conditions were intermittent?. Further, a strain of the filamentous cyanobacterium
Aphanizomenon schindlerii was also observed at 6.5 m?, leaving open the possibility that a hypothesized photo-
ferrotrophic precursor to oxygenic photosynthesis may still be operating today under conditions similar to early
anoxic oceans. That potential photoferrotrophs were detected in several small and nondescript Boreal Shield lakes
in northern Canada, and likely also in Finland and Sweden, implies that these bacteria are more widespread than
previously thought and are quite resilient. In addition, limnological research conducted on Boreal lakes can offer
new information to the Archaean ocean debate. Questions about how these microbial consortia can re-establish
quickly following lake overturn and how they adapt to rapidly changing gradients of light, sulfate, nitrate, and
other parameters are fodder for future scientific research. Boreal Shield lakes provide new opportunities for whole
ecosystem study of iron cycling in ferruginous systems that may also provide constraints on early Earth processes.

Exploring the physico-chemical conditions and isotopic fractionations associated with Boreal Shield lake
anoxic zone microbial consortia will catalyze further scientific advances in both modern and ancient systems.
We report first evidence of distinctive microbial fractionation of iron isotopes in situ in a setting with potential

SCIENTIFICREPORTS | 7:46708 | DOI: 10.1038/srep46708 6



www.nature.com/scientificreports/

photoferrotrophic activity. Probing conditions in modern systems will facilitate new interpretations of the wide
range of iron isotopic values observed throughout the Archaean®. Similarly, our carbon isotope results have impli-
cations for both modern and ancient carbon cycling. Isotopic fractionation inherent in the reductive citric acid
pathway (4 to 13%o)*!, hypothesized as the photosynthetic pathway for GSB*®, is too small to offset the much higher
d13C of the high flux of transitory organic matter and the associated heterotrophic activity in order to match
the observed 6'°C of the POM in the L227 hypolimnion given the measured §'*C of the DIC. Consumption of
dissolved CH, with very low §"*C, perhaps by the abundant methanotrophs in the anoxic zone, must contribute
to L227 POM. Use of CH, as a carbon substrate within such microbial consortia could alter interpretation of the
§13C signature for photosynthesis in ancient rocks and in modern settings, such as that published for Lake Kivu®.
In addition, biogenic CH, is hypothesized to be an important contributor to the Archaean atmosphere®?. Thus,
anaerobic consumption of biogenic CH, also has implications for ancient carbon cycling. Finally, analyses of
d°N show evidence of isotopic fractionation when large amounts of NH, " are present. Little is known about the
expected ranges for 81°N in the Archaean Ocean. Although the observed shift in §'°N from negative values in the
early Archean to more positive values in various geologic materials has been linked to the Great Oxidation Event,
the interpretation remains controversial®*. Negative values in §"°N observed in early Archaean kerogens** could
be attributed to metabolic fractionation of NH, ™. However, the use of these kerogens as biosignatures has been
challenged?® and only laboratory experiments have been invoked to constrain the isotopic effects®. Finally, large
shifts in C, N, and Fe isotopic compositions have been recorded between ~2.8 and ~2.5 Ga ago and attributed to
environmental or metabolic changes in the nascent period of early Earth oxidation®"*. Interpretation of the wide
isotopic ranges preserved in different proxies in the geologic record would be aided by the modern study of these
distinctive microbial consortia.

Evidence for active microbial iron oxidation in anoxic hypolimnia of Boreal Shield lakes also has novel impli-
cations for limnology, water management, and microbial ecology. Although bacterial iron cycling has been
observed in the water columns of meromictic lakes, the overall importance of internal iron reduction-oxidation
to metabolism within seasonally anoxic hypolimnetic water columns, including the presence of a putative iron
oxidizer and high relative abundance and diversity of iron reducers, has not yet been recognized. Metabolism of
gammaproteobacterial methanotrophs that are present in high abundance in the anoxic zone has been suggested
to be coupled to oxygen produced by cyanobacteria at the same depth?®*, but it is also possible that this process
may be coupled to the reduction of alternative electron acceptors, such as newly oxidized iron by photoferro-
trophs. Very recently, methanotrophs of the same taxonomic group as we found in L227 and L442 were found
thriving in the anoxic zones of Lake La Cruz and meromictic Lake Zug, Switzerland and able to oxidize methane
without oxygen in the absence of light'®*. Further, these methanotrophs were stimulated by the addition of oxi-
dized iron and manganese!®*. Iron reduction coupled to anaerobic methane oxidation has also been reported
in an archaeal enrichment culture, showing the validity of this redox process in the natural environment®. The
importance of methanotrophy in anoxic hypolimnia with respect to either metabolism or CH, emissions to the
atmosphere is only starting to receive scrutiny®*”, and not yet in the context of the metabolic pathways of the
entire microbial consortium. Metagenomic data may shed light on the nature of anaerobic methane oxidation
processes in Boreal Shield lakes and how these processes relate to those reported in other low-sulfate environ-
ments*!. Further, availability of reduced iron has recently been implicated as a factor controlling the dominance of
cyanobacteria in both non-eutrophic systems and in the formation of hazardous algal blooms that have increased
in frequency and severity in recent years®; further understanding of iron redox cycling is urgently needed. Also
unknown is the role of oxidized iron production in anoxic hypolimnia with respect to sequestration of phospho-
rous, the limiting nutrient in most Boreal Shield lakes. Lake 227 and similar boreal lakes have atypical low internal
phosphorous release*?. Lastly, some iron-cycling organisms are known to play a role in mercury (Hg) cycling and
formation of methylated Hg*, a toxic and bioaccumulating contaminant of fish in Boreal Shield lakes.

Using real systems is a powerful approach for promoting new discoveries. In contrast to simplified and hard
to maintain laboratory cultures, whole thriving microbial communities can be studied under in situ environ-
mental conditions, with additional layers of complexity that cannot be simulated in a laboratory. Boreal lakes
and ponds number in the tens of millions* and, of these, some 15% could have a portion of the water column
that is seasonally anoxic, opening new avenues of exploration. Water column chemistry and light penetration
differ considerably among boreal lakes depending on geology and contribution of dissolved organic carbon from
the catchment. Thus, broad gradients of physico-chemical conditions such as flux and quality of organic mat-
ter, sulfate and sulfide concentrations, and light penetration can be exploited to better understand these unique
microbial communities. Furthermore, small lakes, such as those at ELA, can be manipulated experimentally so
that a specific range of conditions can be targeted or purposeful additions of carbon or iron isotope tracers can
be used to probe isotopic fractionation in situ. Because hypolimnia become isolated during the stratified period
and mixing is at rates of diffusion, accumulation or loss of constituents and mass balances can be used to infer
metabolic pathways, products, and rates. Coupling these data to parallel metagenomic and metatranscriptomic
analyses will facilitate reconstruction of genomes and active metabolic processes associated with photoferro-
trophy. In addition, isotopic fractionations of 61*C, 6"°N, and 6*°Fe associated with anoxygenic photosynthesis
and iron cycling that may be preserved in the global rock record can be studied in situ and during early stages of
diagenesis in lake sediments deposited over the last 10,000 years since deglaciation. Boreal Shield lakes provide
natural and accessible incubators for the study of processes relevant to the biogeochemistry and evolution of life
in early Earth history.

Methods

Experimental design and site description. To assess the potential for the use of Boreal Shield lakes to
yield insight into microbial iron cycling processes, two exceptionally well characterized lakes (L227 and L442)
were selected for detailed study over several years. These lakes are located at a long term scientific research site
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where comprehensive data on lakes, streams, climate, and hydrology have been collected for over 47 years, pro-
viding support for studies of shorter duration. Here, a suite of geochemical measurements, novel stable isotopic
analysis, and nucleic sequencing provided complementary information on the occurrence of distinctive microbial
consortia in these lakes.

The Experimental Lakes Area (ELA) is located in northwestern Ontario, Canada at 49°40'N, 93°45’'W.
Information on geology, vegetation, and climate is available*. Lake 227 is a small headwater lake of 5 ha with a
mean depth of 4.4 meters and maximum depth of 10 m. Lake 442 is a small lake of 16 ha with a mean depth of 9.6
m and maximum depth of 17.8 m.

Sample collection and analysis. Water and lake sediment samples from Lake 227 have been collected
from the beginning of the nutrient addition experiment in 1969 and continue today. For this study, additional
water, sediment trap, and sediment samples were collected over several years. Multiple water column profiles were
collected in Lake 227 in 2010 and 2011 during the summer stratified period from May to October. Single profiles
were collected around the time of the cyanobacterial bloom that occurs each year in June to July in 2012, 2013,
and 2014. Exact sampling dates and parameters are given in Figs 1 and 2 and Supplementary Fig. S2.

Water samples were collected using a gear pump in a closed system from the desired depth. Samples for NO, ™,
NH, ", DOC, SO,*~, and total dissolved iron (TDFe) were filtered shortly after collection with 0.45um filters and
analyzed using conventional methods*®*. Sulfide was measured with an ion selective electrode (ISE) on unfil-
tered samples following stabilization in a sulfide anti-oxidant buffer®*. However, it is recognized that “free sulfide”
is overestimated by an order of magnitude using the commonly used methylene blue method for dissolved sam-
ples due to the presence of “multiple reduced diffusible sulfur species®”. The contribution of dissolved, colloidal,
and particulate sulfur species to the response by the ISE in our unfiltered samples is unknown but most likely
causes a substantial overestimation of “free sulfide” species. Nitrate (NO; ™) is very low in both the epilimnion and
hypolimnion for these lakes with mean values of <3.2 M in the summer stratified period. The pH of these lakes
varies between 6.2 to 6.8 throughout the water column. Water column light levels are routinely measured at ELA
in the ice-free seasons using a LICOR flat plate quantum sensor (LI-192) with a LI-250 light meter. The sensor
measures PAR wavelengths (400-700 nm) with a limit of detection of 0.01 pmol photons m—2s™%. As a result of
light scattering and absorption associated with high phytoplankton densities in L227, PAR is strongly attenuated
over depth and only a very small proportion of surface irradiance reaches the hypolimnion. Throughout the
May-October period, PAR values at 6 m depth in L227 were <1.5umol photons m~2 s™!. Detailed light profiles
from L227 and L442 in June and September 2016 are presented in supplemental data (Supplementary Fig. S2).

Samples for concentrations and isotopic analysis of DIC and CH, were collected directly without headspace
into small glass serum bottles with stoppers and preserved with injections of concentrated HCIL. Particulate
organic matter (POM) for isotopic analysis was collected on Whatman QMA quartz filters with a nominal pore
size of ~1 pm. Samples for microbial sequencing were collected by pumping water directly onto sterilized 0.22 pm
Sterivex polyvinylidene fluoride filters (EMD Millipore). Filters were frozen until shipped back to the University
of Waterloo and subsequently kept at —20°C or —80 °C until processing.

Sediments were collected by freeze-coring®® at 7 and 10 meters during the winter ice cover period at L227. The
entire sediment profile was analyzed for '°C and 8'°N at 1 cm intervals. Selected samples were analyzed for 6>Fe.
Additional sediment samples were also collected by subsampling an Eckman dredge at 1, 4, 8, and 10 meters in
Lake 227 and at 1, 5, 11, 13, 15, and 17 meters in Lake 442. The top 1 cm was collected from only those dredges
where the surface was clearly visible and surface structures were undisturbed. Sediment traps constructed of
acrylic tubes with a width to depth ratio of >8 were suspended at 2.0, 5.5, and 8.5 meters depth in the water col-
umn at three locations in the central part of L227.

Samples for §*C of DIC and CH, were prepared by headspace equilibration after acidification and then ana-
lyzed by GC-CF-IRMS using an Agilent 6890 GC coupled to an Isochrom isotope ratio mass spectrometer (IRMS:
Micromass UK) with precision £0.3%o. For analysis of 8'°N of NH, ", samples were prepared using a modified
diffusion technique® $1°C, §°N, and C/N of POM on filters, freeze-dried DOM, lake sediments, sediment trap
samples and prepared NH4* samples were analyzed by EA-CF-IRMS using a Carlo Erba Elemental Analyzer
(CHNS-O EA1108) coupled with a Delta Plus (Thermo) isotope ratio mass spectrometer with a precision of 0.2%o
in $°C and 0.3%o in §°N.

Samples of POM, in water and sediment samples were analyzed for §°°Fe of Fe by MC-ICP-MS (Micromass
Isoprobe) after purification using ion-exchange chromatography® and reported relative to the average of igneous
rocks (6°°Fe = 0.0 4 0.05%o) with a precision of 0.03%o (20). Sediment samples were digested with concentrated
HF and HNO; and then dried before loading onto the resin. The measured Fe isotope composition of the IRMM-
019 Fe isotope standard was —0.08 4= 0.05%o, which lies within error of the long-term value used in the lab of
—0.09%o relative to average igneous rocks>.

Microbial community analysis. Genomic DNA was extracted using the PowerWater Sterivex DNA
Isolation Kit (MoBio) and quantified using agarose gel electrophoresis. The V3-V4 region of the bacterial 16S
rRNA gene was amplified from each sample using triplicate PCR amplifications. Each reaction contained <10ng
of sample DNA and used reagent, volumes, and thermocycler conditions described previously®'. Modified for-
ward and reverse PCR primers 341f-808r were used for Illumina sequencing in a previously described config-
uration®?. After combining triplicate reaction products to reduce bias, products for each sample were pooled
at a normalized concentration, and the pooled library was gel purified using the Wizard SV Gel and PCR
Clean-Up System (Promega), and spiked with 8.5-10% PhiX prior to sequencing. Paired-end (2 x 250 base)
high-throughput DNA sequencing was carried out using the MiSeq platform (Illumina), achieving a cluster
density of 452-507 K mm~2 with 92.9-98.0% of clusters passing filter. An average of ~600,000 raw reads per
sample were generated for downstream analysis. Raw demultiplexed sequencing reads were processed using the
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AXIOME?2 software tool, version 1.5%. Using AXIOME2, paired sequences were assembled using PANDAseq
version 2.8, were chimera checked and clustered at 97% using USEARCH version 7.0.1090%, and were rarefied
using QIIME version 1.9.0%.

To predict the major functional roles of the lake bacterial communities, the top ten most abundant bacterial
OTUs within each water column sample, based on rarefied data, were evaluated for their potential involvement
in iron or sulfur oxidation or reduction, and methanotrophy. Representative sequences for each abundant OTU
were assigned taxonomic ranks using the RDP Naive Bayesian rRNA Classifier, version 2.10, with a confidence
threshold of 50%, based on the RDP 16S rRNA training set 14’7, If the classifier could not assign a rank at the
genus level, OTU representative sequences were queried against the NCBI non-redundant nucleotide database
using BLASTN®. Cultured strains identified through the query with >97% sequence identity were used to assign,
where possible, a single genus to the OT'U. Subsequently, genera matched to each abundant OTU were checked
against the literature for whether they contained strains with documented involvement in targeted metabolic
activities. (OTUs classified as chloroplasts were excluded from further analysis.) Any OTU classified within a
genus that was found to contain a strain involved in one of the selected metabolic activities was inferred to have
the same potential metabolic activity. Potential metabolic functions of OTUs that could only be classified to the
family level were inferred similarly but with greater scrutiny, requiring that OTUs placed phylogenetically within
a genus that matched the above criteria or that most to all genera in the family were implicated in the same func-
tional role. Any remaining OTUs not classified to the family or genus level were not assigned a metabolic role.
To check the validity of this manually curated method, results were compared to those obtained from the auto-
mated functional classifier FAPROTAX, script version 1.1 and database version 1.0, with default settings used for
the output functional table'*. For compatibility reasons, OTUs were reclassified using the RDP classifier trained
against the Greengenes database (May 2013 release) prior to the FAPROTAX analysis®.

High abundance OTUs classified within the family Chlorobiaceae (i.e., green sulfur bacteria) or
Comamonadaceae were also examined phylogenetically to evaluate their potential functional roles in photoferro-
trophy and iron reduction, respectively. Reference 16S rRNA gene sequences of cultured strains, along with appro-
priate outgroup sequences, were obtained from the Silva SSU-RefNR database, release 122, for Chlorobiaceae, and
the All-Species Living Tree Project database, release 128, for Comamonadaceae, supplemented with additional
SSU-RefNR type strain sequences known to have the function of interest®’. Due to the high diversity of the family
Comamonadaceae, reference sequences were obtained from a monophyletic subset of genera within the family
according to Willems®2. Obtained sequences were aligned to OTU representative sequences using SINA version
1.2.11%, and the alignment was then truncated to the V3-V4 region of the 16S rRNA gene. Using this alignment,
a phylogeny was built using RAXML version 8.1.17%, using 100 maximum likelihood searches and the GTRCAT
sequence evolution model. Node support values were calculated using the Shimodaira-Hasegawa test. The result-
ing phylogeny was visualized using Dendroscope version 3.

Raw amplicon sequencing data is available in the NCBI sequence read archive under BioProject PRINA354806.
Representative sequences for each OTU, determined using AXIOME?2, were deposited in the NCBI under acces-
sion numbers KY515586-KY522665. Counts of OTUs in each lake water sample are available in Supplementary
Data File S1 as an OTU table.

References
1. Walter, X. A. et al. Phototrophic Fe (II)-oxidation in the chemocline of a ferruginous meromictic lake. Front. Microbiol. 5, 713
(2014).
2. Koeksoy, E., Halama, M., Konhauser, K. O. & Kappler, A. Using modern ferruginous habitats to interpret Precambrian banded iron
formation deposition. Intl. J. Astrobiol. 15, 205-217 (2016).
. Crowe, S. A. et al. Photoferrotrophs thrive in an Archean Ocean analogue. Proc. Natl. Acad. Sci. USA 105, 15938-15943 (2008).
. Konhauser, K. O. Introduction to Geomicrobiology. Blackwell Publishing, Malden, MA, USA. 440pp (2006).
. Kappler, A., Pasquero, C., Konhauser, K. O. & Newman, D. K. Deposition of banded iron formations by anoxygenic phototrophic
Fe(II)-oxidizing bacteria. Geology 33, 865-868 (2005).
6. Llirds, M. et al. Pelagic photoferrotrophy and iron cycling in a modern ferruginous basin. Sci. Rep. 5, 13803 (2015).
7. Morana, C. et al. Chemoautotrophy and anoxygenic photosynthesis within the water column of a large meromictic tropical lake
(Lake Kivu, East Africa). Limnol. Oceanogr. 61, 1424-1437 (2016).
8. Venkiteswaran, J. J., Schiff, S. L. & Wallin, M. B. Large carbon dioxide fluxes from headwater boreal and sub-boreal streams. PLoS
ONE9 (2014).
9. Kortelainen, P,, Pajunen, H., Rantakari, M. & Saarnisto, M. A large carbon pool and small sink in boreal Holocene lake sediments.
Global Change Biol 10, 1648-1653 (2004).
10. Schindler, D. W. et al. Eutrophication of lakes cannot be controlled by reducing nitrogen input: results of a 37-year whole-ecosystem
experiment. Proc. Natl. Acad. Sci. USA 105, 11254-11258 (2008).
11. Wolfe, B., Kling, H. J., Brunskill, G. J. & Wilkinson, P. Multiple dating of a freeze core from Lake 227, an experimentally fertilized
lake with varved sediments. Can. J. Fish. Aquat. Sci. 51, 2274-2285 (1994).
12. Emerson, S. R. & Hesslein, R. H. Distribution and uptake of artificially introduced radium-226 in a small lake. J. Fish. Res. Board
Can. 30, 1485-1490 (1973).
13. Quay, P. D, Broecker, W. S., Hesslein, R. H. & Schindler, D. W. Vertical diffusion rates determined by tritium tracer experiments in
the thermocline and hypolimnion of two lakes. Limnol. Oceanogr. 25, 201-218 (1980).
14. Louca, S., Parfrey, L. W. & Doebeli, M. Decoupling function and taxonomy in the global ocean microbiome. Science 353, 1272-1277
(2016).
15. Finneran, K. T., Johnsen, C. V. & Lovley, D. R. Rhodoferax ferrireducens sp. nov., a psychrotolerant, facultatively anaerobic bacterium
that oxidizes acetate with the reduction of Fe(III). Int. J. Syst. Evol. Microbiol. 53, 669-673 (2003).
16. Oswald, K. et al. Methanotrophy under versatile conditions in the water column of the ferruginous meromictic Lake La Cruz
(Spain). Aquat. Microbiol. 7, 1762 (2016).
17. Crowe, S. A. et al. The methane cycle in ferruginous Lake Matano. Geobiology 9, 61-78 (2011).
18. Biderre-Petit, C. et al. Identification of sulfur-cycle prokaryotes in a low-sulfate lake (Lake Pavin) using aprA and 16S rRNA gene
markers. Microb. Ecol. 61, 313-327 (2011).
19. Busigny, V. et al. Iron isotopes in an Archean ocean analogue. Geochim. Cosmochim. Acta 133, 443-462 (2014).

U W

SCIENTIFIC REPORTS | 7:46708 | DOI: 10.1038/srep46708 9



www.nature.com/scientificreports/

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34,
35.
36.

37.
38.

39.
40.
41.
42.

43.
44.

45.
46.
47.
48.
49.
50.
51.

52.

53.
54.
55.
. Caporaso, J. G. et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335-336 (2010).
57.
58.

59.
60.

61.

Liu, K., Wu, L., Couture, R.-M., Li, W. & Van Cappellen, P. Iron isotope fractionation in sediments of an oligotrophic freshwater lake.
Earth Planet. Sci. Lett. 423, 164-172 (2015).

Croal, L. R, Johnson, C. M., Beard, B. L. & Newman, D. K. Iron isotope fractionation by Fe(II)-oxidizing photoautotrophic bacteria.
Geochim. Cosmochim. Acta 68, 1227-1242 (2004).

Miot, J. et al. Mineralogical diversity in Lake Pavin: connections with water column chemistry and biomineralization processes.
Minerals 6, 24 (2016).

Karhunen, J., Arvola, L., Peura, S. & Tiirola, M. Green sulphur bacteria as a component of the photosynthetic plankton community
in small dimictic humic lakes with an anoxic hypolimnion. Aquat. Microb. Ecol. 68, 267-272 (2013).

Hanson, T. E., Luther, G. W. I, Findlay, A., MacDonald, D. & Hess, D. Phototrophic sulfide oxidation: environmental insights and a
method for kinetic analysis. Front. Microbiol. 4, 382 (2013).

Taipale, S., Kankaala, P., Hahn, M. W., Jones, R. I. & Tiirola, M. Methane-oxidizing and photoautotrophic bacteria are major
producers in a humic lake with a large anoxic hypolimnion. Aquat. Microb. Ecol. 64, 81-95 (2011).

Sinclair, L. Molecular methods for microbial ecology: Developments, applications and results. Doctoral thesis, Uppsala University,
Department of Ecology and Genetics, Limnology. Envonautics AB (2016).

Oswald, K. et al. Light-dependent aerobic methane oxidation reduces methane emissions from seasonally stratified lakes. PLoS ONE
10, 0132574 (2015).

Kendall, B, Creaser, R. A., Reinhard, C. T,, Lyons, T. W. & Anbar, A. D. Transient episodes of mild environmental oxygenation and
oxidative continental weathering during the late Archean. Sci. Adv. 1, e1500777 (2015).

Molot, L. A. et al. A novel model for cyanobacteria bloom formation: The critical role of anoxia and ferrous iron. Freshwater Biol. 59,
1323-1340 (2014).

Craddock, P. R. & Dauphas, N. Iron and carbon isotope evidence for microbial iron respiration throughout the Archean. Earth
Planet. Sci. Lett. 303, 121-132 (2011).

Thomazo, C. et al. Biological activity and the Earth’s surface evolution: Insights from carbon, sulfur, nitrogen and iron stable isotopes
in the rock record C. R. Palevol 8, 665-678 (2009).

Zerkle, A. L., Claire, M. W., Domagal-Goldman, S. D., Farquhar, J. & Poulton, S. W. A bistable organic-rich atmosphere on the
Neoarchaean Earth, Nat. Geosci. 5, 359-363 (2012).

Pinti, D. L. & Hashizume, K. Early Life Record from Nitrogen Isotopes In Earliest Life on Earth: Habitats, Environments and Methods
of Detection (ed. S. D. Golding & M. Glikson) doi: 10.1007/978-90-481-8794-2_8 (Springer Science + Business Media B.V., 2010).
Beaumont, V. & Robert, F. Nitrogen isotope ratios of kerogens in Precambrian cherts: a record of the evolution of atmosphere
chemistry? Precambrian Res. 96, 63-82 (1999).

Hashizume, K. et al. A biological switch at the ocean surface as a cause of laminations in a Precambrian iron formation. Earth Planet.
Sci. Lett. 446, 27-36 (2016).

Berg, J. S. et al. Intensive cryptic microbial iron cycling in the low iron water column of the meromictic Lake Cadagno. Environ.
Microbiol., doi: 10.1111/1462-2920.13587 (2016).

Milucka, J. et al. Methane oxidation coupled to oxygenic photosynthesis in anoxic waters. ISME J. 9, 1991-2002 (2015).

Oswald, K. et al. Aerobic gammaproteobacterial methanotrophs mitigate methane emissions from oxic and anoxic lake waters.
Limnol. Oceanogr., doi: 10.1002/In0.10312 (2016).

Ettwig, K. F. et al. Archaea catalyze iron-dependent anaerobic oxidation of methane. Proc. Natl. Acad. Sci. USA, doi: 10.1073/
pnas.1609534113 (2016).

Roland, E A. E. et al. Anaerobic methane oxidation in an East African great lake (Lake Kivu). Biogeosciences Discuss, doi: 10.5194/
bg-2016-300 (2016).

Beal, E. J., Claire, M. W. & House, C. H. High rates of anaerobic methanotrophy at low sulfate concentrations with implications for
past and present methane levels. Geobiology 9, 131-139 (2011).

Findlay, D. L. & Kasian S. E. M. Phytoplankton community responses to nutrient addition in Lake 226, Experimental Lakes Area,
northwestern Ontario. Can. J. Fish. Aquat. Sci. 44 (Suppl. 1), 35-46 (1987).

Grégoire, D. S. & Poulain, A. J. A physiological role for Hg" during phototrophic growth. Nat. Geosci. 9, 121-125 (2016).
Verpoorter, C., Kutser, T., Seekell, D. A. & Tranvik, L. J. A global inventory of lakes based on high-resolution satellite imagery.
Geophy. Res. Lett. 41, 6396-6402 (2014).

Brunskill, G. J. & Schindler, D. W. Geography and bathymetry of selected lake basins, Experimental Lakes Area, northwestern
Ontario. J. Fish. Res. Bd. Can. 28, 139-155 (1971).

Stainton, M. P,, Capel, M. & Armstrong, F. A. J. The chemical analysis of freshwater. 2nd Edition. Can. Fish. Mar. Serv. Misc. Spec.
Publ. 25, 166pp (1977).

Heyes, A. & Bell, J. T. Sulfide Analysis Using Ion Specific Electrode (With Preservation In Sulfide Anti-Oxidant Buffer) Appendix D,
Standard Operating Procedures. Academy of Natural Sciences, St. Leonard, MD (1999).

Crusius, J. & Anderson, R. F. Evaluating the mobility of '¥’Cs, #°2*°Pu and ?'°Pb from their distributions in laminated lake sediments.
J. Paleolimnol. 13, 119-141 (1995).

Spoelstra, J., Murray, M. & Elgood R. J. A simplified diffusion method for **N analysis of dissolved ammonium. National Water
Research Institute, Report Number 11-038. Environment Canada. 17 pp (2011).

Beard, B. L. et al. Application of Fe isotopes to tracing the geochemical and biological cycling of Fe. Chem. Geol. 195, (1-4), 87-117
(2003).

Kennedy, K., Hall, M. W,, Lynch, M. D. J., Moreno-Hagelsieb, G. & Neufeld, J. D. Evaluating bias of Illumina-based bacterial 16S
rRNA gene profiles. Appl. Environ. Microbiol. 80, 5717-5722 (2014).

Bartram, A. K, Lynch, M. D, Stearns, J. C., Moreno-Hagelsieb, G. & Neufeld, J. D. Generation of multimillion-sequence 16S rRNA
gene libraries from complex microbial communities by assembling paired-end Illumina reads. Appl. Environ. Microbiol. 77,
3846-3852 (2011).

Lynch, M. D., Masella, A. P,, Hall, M. W,, Bartram, A. K. & Neufeld, J. D. AXIOME: automated exploration of microbial diversity.
GigaScience 2, 3 (2013).

Masella, A. P, Bartram, A. K., Truszkowski, J. M., Brown, D. G. & Neufeld, J. D. PANDAseq: paired-end assembler for Illumina
sequences. BMC Bioinformatics 13, 1-7 (2012).

Edgar, R. C. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996-998 (2013).

Wang, Q., Garrity, G. M., Tiedje, J. M. & Cole, J. R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new
bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261-5267 (2007).

Cole, J. R. et al. Ribosomal Database Project: data and tools for high throughput rRNA analysis. Nucleic Acids Res. 42, D633-D642
(2014).

Altschul, S. E, Gish, W,, Miller, W., Myers, E. W. & Lipman, D. J. Basic local alignment search tool. . Mol. Biol. 215, 403-410 (1990).
DeSantis, T. Z. et al. Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ.
Microbiol. 72, 5069-5072 (2006).

Quast, C. et al. The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res.
41, D590-D596 (2013).

SCIENTIFICREPORTS | 7:46708 | DOI: 10.1038/srep46708 10



www.nature.com/scientificreports/

62. Willems, A. In The Prokaryotes (eds Rosenberg, E., DeLong, E. E, Lory, S., Stackebrandt, E. & Thompson, F.) 777-851 (Springer
Berlin Heidelberg, 2014).

63. Pruesse, E., Peplies, J. & Gloeckner, E. O. SINA: Accurate high-throughput multiple sequence alignment of ribosomal RNA genes.
Bioinformatics 28, 1823-1829 (2012).

64. Stamatakis, A. RAXML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 30,
1312-1313 (2014).

65. Huson, D. H. & Scornavacca, C. Dendroscope 3: An interactive tool for rooted phylogenetic trees and networks. Syst. Biol. 61,
1061-1067 (2012).

Acknowledgements

We thank researchers at the Experimental Lakes Area who amassed an unparalleled dataset over the past 49 years,
providing crucial data in support of shorter term studies. We thank D.W. Schindler, R.E. Hecky, W.D. Taylor, and
C. Welte for critical reading of the manuscript, S. McCabe and staff at the Experimental Lakes Area for technical
help with chemical analyses, K. Liu for §°°Fe analysis, C. Johnson and B. Beard for providing the facility for
8%Fe analysis, and K. Engel for assistance with sequencing. All authors were funded by the National Sciences and
Engineering Research Council of Canada (NSERC) and the Water Institute at the University of Waterloo, Canada.

Author Contributions

S.L.S., J.J.V,, L.A.M., M.].P. were involved in study design of the larger project that supported data collected for this
paper. S.L.S., ].J.V,, RJ.E. collected samples and analyzed §'*C and §'°N. L.W. analyzed samples for 6°Fe. .M.T.
and J.D.N. performed molecular analysis. S.L.S. wrote the paper with J.D.N., JM.T., L.W. and comments from all
other authors.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing Interests: The authors declare no competing financial interests.

How to cite this article: Schiff, S. L. et al. Millions of Boreal Shield Lakes can be used to Probe Archaean Ocean
Biogeochemistry. Sci. Rep. 7, 46708; doi: 10.1038/srep46708 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

o oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:46708 | DOI: 10.1038/srep46708 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Millions of Boreal Shield Lakes can be used to Probe Archaean Ocean Biogeochemistry

	Results

	Geochemical and stable isotopic evidence. 
	Microbial community composition. 
	Natural abundance stable isotopes of iron. 
	Evidence from other Boreal Shield lakes. 

	Discussion

	Methods

	Experimental design and site description. 
	Sample collection and analysis. 
	Microbial community analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Water chemistry of (a) L227 and (b) L442 water columns.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Stable isotopic values in the water columns of (a–c) L227 and (d–f) L442.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Microbial community in the water columns of (a–c) L227 and (d,e) L442.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Dissolved oxygen at 6 m depth in the L227 water column from 1969 to 2011.



 
    
       
          application/pdf
          
             
                Millions of Boreal Shield Lakes can be used to Probe Archaean Ocean Biogeochemistry
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46708
            
         
          
             
                S. L. Schiff
                J. M. Tsuji
                L. Wu
                J. J. Venkiteswaran
                L. A. Molot
                R. J. Elgood
                M. J. Paterson
                J. D. Neufeld
            
         
          doi:10.1038/srep46708
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep46708
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep46708
            
         
      
       
          
          
          
             
                doi:10.1038/srep46708
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46708
            
         
          
          
      
       
       
          True
      
   




