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ABSTRACT The difficulty involved in quantifying biogeochemically significant mi-
crobes in marine sediments limits our ability to assess interspecific interactions, pop-
ulation turnover times, and niches of uncultured taxa. We incubated surface sedi-
ments from Cape Lookout Bight, North Carolina, USA, anoxically at 21°C for 122
days. Sulfate decreased until day 68, after which methane increased, with hydrogen
concentrations consistent with the predicted values of an electron donor exerting
thermodynamic control. We measured turnover times using two relative quantifica-
tion methods, quantitative PCR (qPCR) and the product of 16S gene read abundance
and total cell abundance (FRAxC, which stands for “fraction of read abundance times
cells”), to estimate the population turnover rates of uncultured clades. Most 16S
rRNA reads were from deeply branching uncultured groups, and �98% of 16S rRNA
genes did not abruptly shift in relative abundance when sulfate reduction gave way
to methanogenesis. Uncultured Methanomicrobiales and Methanosarcinales increased
at the onset of methanogenesis with population turnover times estimated from
qPCR at 9.7 � 3.9 and 12.6 � 4.1 days, respectively. These were consistent with
FRAxC turnover times of 9.4 � 5.8 and 9.2 � 3.5 days, respectively. Uncultured Syn-
trophaceae, which are possibly fermentative syntrophs of methanogens, and uncul-
tured Kazan-3A-21 archaea also increased at the onset of methanogenesis, with
FRAxC turnover times of 14.7 � 6.9 and 10.6 � 3.6 days. Kazan-3A-21 may therefore
either perform methanogenesis or form a fermentative syntrophy with methano-
gens. Three genera of sulfate-reducing bacteria, Desulfovibrio, Desulfobacter, and Des-
ulfobacterium, increased in the first 19 days before declining rapidly during sulfate
reduction. We conclude that population turnover times on the order of days can be
measured robustly in organic-rich marine sediment, and the transition from sulfate-
reducing to methanogenic conditions stimulates growth only in a few clades directly
involved in methanogenesis, rather than in the whole microbial community.

IMPORTANCE Many microbes cannot be isolated in pure culture to determine their
preferential growth conditions and predict their response to changing environmen-
tal conditions. We created a microcosm of marine sediments that allowed us to sim-
ulate a diagenetic profile using a temporal analog for depth. This allowed for the
observation of the microbial community population dynamics caused by the natural
shift from sulfate reduction to methanogenesis. Our research provides evidence for
the population dynamics of uncultured microbes as well as the application of a
novel method of turnover rate analysis for individual taxa within a mixed incubation,
FRAxC, which stands for “fraction of read abundance times cells,” which was verified
by quantitative PCR. This allows for the calculation of population turnover times for
microbes in a natural setting and the identification of uncultured clades involved in
geochemical processes.
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Marine sediment microbial communities are phylogenetically diverse and abun-
dant, totaling �1029 cells globally (1–4). However, little is known about the

abundance dynamics of individual clades in situ or about the metabolisms of the
abundant deeply branching clades of uncultured bacteria and archaea. Many ma-
rine sediments shift from sulfate reduction to methane production as they are buried.
The identification of microorganisms involved in these processes and their growth rates
are known only from pure cultures (5, 6). However, pure cultures usually experience
plentiful, well-defined substrates and no competition or mutualism. In contrast, natural
marine sediments contain a diverse and poorly characterized array of organic matter
substrates and a diverse ecosystem of uncultured bacteria and archaea, so in situ
population dynamics and the identities of microbes involved in a particular metabolism
may differ from those of cultures (5, 7–10).

Inferring the rates of metabolism or changes in abundance from down-core con-
centration profiles requires the application of sediment age models as well as account-
ing for molecular diffusion/advection and depositional changes (11–15). To obviate
using sediment depth as a proxy for time, we incubated sediments from Cape Lookout
Bight, North Carolina, to measure metabolic processes and population changes in real
time. This shallow methane seep experiences rapid organic matter deposition and high
microbial activity, so oxygen and nitrate are depleted within several millimeters of the
sediment-water interface and sulfate can be depleted on a reasonable laboratory time
scale (16–19).

To measure changes in population sizes of individual clades over time, we multiplied
relative 16S rRNA gene amplicon abundances by total cell counts (FRAxC, which stands
for “fraction of read abundance times cells”) and made quantitative PCR (qPCR)
measurements. These data are not absolutely quantitative, since the outcomes are
biased by DNA extraction and primer-based amplification (20, 21). They are, however,
relatively quantitative within a single clade over time, which allows for the calculation
of turnover times. This is because the difficult-to-measure parameter accounting for
extraction and amplification bias is mathematically removed in turnover rate calcula-
tions, assuming that the parameter does not change over the course of the experiment
(see Materials and Methods). We hypothesized that taxa closely related to cultured
sulfate reducers would decrease after sulfate depletion and taxa closely related to
cultured methanogens would increase, both of them at rates that are different from
those in pure culture. We further hypothesized that many currently uncultured clades
would shift populations at this inflection point as well, since even if they are not directly
involved in methane or sulfur cycling, they may be indirectly dependent on anaerobic
respiration to remove their reduced compounds.

RESULTS

Concentrations of sulfate and pH were similar in each of the three microcosm
incubations and were plotted as the means of the results for three incubations for each
time point (Fig. 1). Hydrogen and methane concentrations were more variable between
incubations, so individual data points were plotted separately. Sulfate decreased at a
rate of 0.20 � 0.01 mM/day for the first 68 days, increased at 0.04 � 0.00 mM/day
during days 68 to 94, and was steady from day 94 to day 122 (Fig. 1A). There was no
identifiable difference in the rate of sulfate decrease due to the added methane in
incubation 3, suggesting that a leak, not sulfate-dependent methane oxidation, was
responsible for the methane disappearance. The slight increase in sulfate concentra-
tions after day 68 could have been the result of sulfide reoxidation with iron (22) or
sulfide reoxidation during sample handling, which may inadvertently introduce atmo-
spheric oxygen (13). The average pH of the three incubations decreased steadily,
beginning at 8.23 � 0.09 on day 0 and 7.36 � 0.06 on day 107, before increasing to
7.56 � 0.03 on day 122 (Fig. 1B).

Hydrogen concentrations were extremely low during days 0 to 68 (1.21 � 0.70 nM,
n � 33), during sulfate reduction (Fig. 1A). These values are consistent with those
predicted for sulfate reducers operating at their minimum energy (1.22 � 0.45 nM) (18).
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Incubation 3 had a hydrogen value of 54 nM on day 40 that is not plotted because
experimental error cannot be ruled out for such an extreme single outlier. After sulfate
depletion on day 68, hydrogen increased in all three incubations to 4 to 21 nM. These
values are as high as, or higher than, the value measured for methanogen maintenance
energy of 5.11 nM (18).

In order to disturb the sediment as little as possible during mixing, methane was not
subjected to even careful purging from the incubations during the setup. Therefore, on
day zero, headspaces of incubations 1 and 2 contained methane (1,276.1 and 703.7
ppm), and incubation 3 contained a high quantity of methane (700,490.8 ppm) since it

FIG 1 (A) Porewater concentrations of sulfate (black) and hydrogen (gray). Dashed lines represent
hydrogen calculated for sulfate reducers operating in thermodynamic equilibrium (0 to 68 days) and for
methanogens (96 to 122 days). The hydrogen values from days 68 to 96 appear to be out of equilibrium
with methanogenesis since methanogen populations have not grown yet. (B) Headspace methane
concentrations (black) and pH (gray). The x axis label applies to both panels. Sulfate and pH are shown
as the means of the values from all three incubations with error bars of 1 standard deviation. The initial
methane concentrations in incubation 3 are discussed in Results.
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was added manually. Methane rapidly decreased to similar concentrations (78.3 � 42.2
ppm) in all three incubations by day 19 (Fig. 1B); an intermediate data point of 11,044
ppm on day 5 for incubation 3 was not plotted because it would have required a
second y axis break. Methane varied between time points and incubations from days 19
to 47, likely resulting from the remaining in situ methane coming gradually out of
porewater solution during this time. Evidence for this is that heavy agitation for 1 min
is usually required to release all methane from 3 ml sediment during routine measure-
ments (13). No such agitation was applied to our incubations, in order to decrease
sediment disturbance. From days 47 to 68, methane was extremely low in all three
incubations (2.14 � 0.4 ppm), suggesting that the residual methane left over from
the in situ concentrations had outgassed by day 47. Methane increased slightly in all
three incubations after day 68 but was not continuously produced until day 86 through
the end of the experiment (18.7 � 25.3 ppm/day). The switch in pH trend from
decreasing to increasing is potentially influenced by the switch from CO2-producing
sulfate reduction and fermentation to CO2-consuming methanogenesis and fermenta-
tion, thereby pushing the carbonate balance away from carbonic acid. The autoclaved
control had high sulfate (12.60 mM), low hydrogen (0.64 nM), low methane (2.70 ppm),
and neutral pH (7.55) after 260 days, suggesting that the decrease in sulfate and the
increase in hydrogen and methane observed in our incubations were due to biological
activity.

Quantitative PCR and direct cell counts of the total microbial community. For
all three incubations, total cell abundance determined by direct cell counts remained
on the order of 109 cells/g sediment throughout the experiment (see Fig. S1A in the
supplemental material) but decreased in the first 33 days, remained steady from days
33 through 80, and then decreased on day 86, although it is impossible to determine
whether this single time point is significant. After this, cell counts increased until 122
days but varied over time and between incubations. Archaeal 16S rRNA gene copies/g
sediment increased in all three incubations after 80 days and decreased again by 120
days (Fig. S1B). Bacterial 16S rRNA gene copies/g sediment remained steady through-
out the experiment, with one high value on day 94 in incubation 2 (Fig. S1C).

High-abundance 16S rRNA gene amplicon sequences. DNA sequencing of 16S
rRNA sequences suggests that about 75% were uncultured at the genus level. Through-
out the 122 days, bacteria represented �90% of the amplicons (Fig. 2). The 12
most-abundant bacterial genera in all three incubations accounted for �40% of
sequences and demonstrated no observable response to sulfate depletion that was
consistent between the three replicates (Fig. 3). Of these, the FRAxC of Spirochaeta and
the unclassified JTB255 group within Xanthamonodales increased gradually throughout
the incubation. The Spirochaeta, including members such as Spirochaeta sp. and Haliea
sp., as well as several others, are capable of fermenting a diverse range of hydrocarbon,
proteinaceous, and carbohydrate substrates (23–25). The uncultured JTB255 organisms
are putative sulfur oxidizers and have recently been implicated in “dark carbon fixation”
in marine sediments (26, 27). The rest of the 12 most-abundant bacterial genera were
Anaerolineaceae in the phylum Chloroflexi, which did not change in FRAxC during the
incubation and are believed to be obligate anaerobes associated with the degradation
of oil-related compounds (28–30), as well as uncultured members of the Desulfobac-
teraceae, which decreased gradually by FRAxC throughout the incubation, and are likely
sulfate reducers.

The most-abundant archaeal genera were from the uncultured phylum Wo-
esearchaeota. and two uncultured groups within the Thermoplasmatales order in the
Euryarchaeota, CCA47 and marine benthic group D (MBG-D), none of which changed in
FRAxC after sulfate depletion. Woesearchaeota have been hypothesized to be symbi-
onts due to apparent genome reductions (31), MBG-D has genomic features suggesting
protein fermentation (32), and CCA47 has no hypothesized functions but is associated
with anoxic environments (33). The coverage estimates using Good’s coverage estima-
tor were 87% or above for all samples.
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Methanogenic communities. The following eight genera exhibited strong positive
trends in relative 16S rRNA gene amplicon abundance from days 68 to 122 in all three
incubations: three uncultured genera from Methanomicrobiales, two uncultured genera
from Methanosarcinales, Methanosaeta (within the Methanosarcinales), an uncultured
genus from Syntrophaceae, and an uncultured genus from the archaeal group Kazan-
3A-21, which contains organisms that are related to the class WSA2 but uncultured at
the order level (Fig. 4A and B) (34). On day 80, sequences for organisms from the
Methanosarcinales and Methanomicrobiales decreased in all three incubations, which
may be responsible for the drop in methane observed the following week, but it is
difficult to conclude this from a single data point. qPCR measurements of the 16S rRNA
genes of Methanomicrobiales and Methanosarcinales were low during days 0 to 80, with
the exception of an isolated data point in incubation 1, and increased at day 86 for all

FIG 2 FRAxC for phylum level classification as determined by the Silva reference database for archaea (A) and the 10 most-abundant
bacteria (B); the remaining taxa were pooled into “Other Bacteria,” all shown as the means of results for the three incubations at each time
point. The x axis label applies to both panels.
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three incubations (Fig. 4C and D). Quantitative PCR measurements for anaerobic
methanotrophic archaea group 1 (ANME-1) and group 2 ANME-2 were too close to the
quantification limit to be significant. Three potentially methanogenic groups did not
increase noticeably after day 68 and received very few total reads: Methanococcoides
sp., Methanolobus sp., and Methanosarcina sp.

Turnover times for Methanomicrobiales, Methanosarcinales, Kazan-3A-21, and Syn-
trophaceae calculated from days 80 through 122 ranged from 9.2 to 12.6 days and were
not significantly different from each other (Table 1). Within the Methanosarcinales,
Methanosaeta species were abundant enough to have a separate turnover time mea-
surement, which was 7.4 � 4.5 days.

Groups related to cultured sulfate-reducing bacteria. Twenty-five genera from
orders with cultured members capable of sulfate reduction were present throughout
the 122-day incubation, but none changed after sulfate depletion on day 68. The
general trend among these sequences was either a slow decline over the course of 122
days (Desulfobacula sp., Desulfosarcina sp., Desulfatirhabdium sp., and Sva0081 sedi-
ment group) (Fig. 5) or no clear trend over time. The only increase in these groups that
was consistent for all three incubations occurred in the first 19 days for Desulfovibrio sp.,
Desulfobacter sp., and Desulfobacterium sp., with turnover times of 4.5 to 79.7 days
(Table 1; Fig. 5), after which they declined. Putative sulfate reducers accounted for
7 to 12% of the total sequences initially, and this fraction decreased to 5 to 10% by
day 47 and remained there for the duration of the 122-day incubation. Orders
containing sulfide-oxidizing bacteria, such as Campylobacterales (Sulfurimonas sp.)
and Thiotrichales (Thiomicrospira sp.), either were low in abundance or not detected or
demonstrated no significant increases in abundance over time. Obligate iron- and
manganese-reducing bacteria were not abundant in sequence libraries and did not

FIG 3 FRAxC for the 12 most-abundant genera, shown as the means of results for the three incubations
at each time point. Some taxa were scaled in order to be plotted concurrently.
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increase during the 122-day incubation. We were unable to quantify sulfate reduction
functional genes using qPCR in order to support the trends in sulfate-reducing bacteria
observed with 16S rRNA gene amplicon abundance.

DISCUSSION

In all three microcosm incubations, methane, sulfate, and hydrogen dynamics
agreed with previous studies showing that sulfate reduction prevents methanogenesis
(either hydrogenotrophic or acetoclastic) through the thermodynamic control of hy-
drogen (18, 35). Sulfate reducers, although phylogenetically diverse, did not increase in
relative abundance consistently throughout the phase of sulfate reduction. This sup-
ports the prediction from geochemistry that sulfate reducers held hydrogen at a level
meeting their maintenance energy requirements, which are too low to allow appre-
ciable growth. Our results suggest that the initial community of sulfate reducers was
already at the carrying capacity for sulfate reducers in a maintenance state before the

FIG 4 FRAxC of methanogenic orders Methanomicrobiales (black) and Methanosarcinales (gray) (A) and of unclassified Syntrophaceae (red) and uncultured
Kazan-3A-21 group (blue) members (B). Copies of 16S rRNA genes per gram dry weight measured by qPCR for Methanomicrobiales (C) and Methanosarcinales
(D) are shown as the means of replicate measurements for each incubation. Error bars represent the range of each sample. The x axis label “Days” applies to
all panels. Using a single-factor analysis of variance (ANOVA) (P � 0.05), biological qPCR replicates were statistically significant for Methanosarcinales and not
for Methanomicrobiales, and FRAxC values were statistically significant for Methanosarcinales and Kazan-3A-21, but not for Methanomicrobiales and uncultured
Syntrophacaea. The vertical line at day 68 in each panel denotes the time of sulfate depletion.
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experiment started. As sulfate concentrations decreased, fewer cells could be sup-
ported by sulfate reduction, and the relative abundance of total sulfate reducers
trended downward (Fig. 5). Although total sulfate reducers decreased over the course
of sulfate reduction, Desulfovibrio sp., Desulfobacter sp., and Desulfobacterium sp. in-
creased over the first 19 days. This suggests that these three groups briefly outcom-
peted other sulfate reducers when they were first placed into the incubation chamber.
The long turnover times for these clades (ranging from 5 to 80 days) of sulfate reducers
may suggest that several factors, such as predation and competition, may attenuate
their growth rates in a natural setting (discussed below). Interestingly, the rapid
decreases seen for these three sulfate-reducing bacteria are among the only signifi-
cantly negative trends that we see in these data sets, suggesting that factors such as
viral lysis may be involved in their growth dynamics (36).

Sulfate depletion had little immediate effect on the abundance of any sulfate
reducers. Many sulfate reducers can also ferment short-chain fatty acids or aromatics,
and this metabolic shift may explain the lack of response by sulfate-reducing bacteria
(37). Nonfermentative sulfate reducers exist in the genera that we found, and yet no
rapid decline of FRAxC was observed from microbial taxa associated with sulfate
reduction. These molecular techniques cannot determine the viable state of an organ-
ism, so the post-sulfate-reduction sulfate reducers might be metabolically inactive (38,
39). Lastly, the growth advantage in stationary-phase (GASP) response, in which

TABLE 1 Turnover times

Quantification method Putative metabolism Taxon

Turnover time (days)
Period of exponential
growth (days)Avg (n � 3) SD

qPCR Methanogenesis Methanomicrobiales 9.7 3.9 80–122
Methanogenesis Methanosarcinales 12.6 4.1 80–122

16S rRNA amplicon Methanogenesis Methanomicrobiales 9.4 5.8 80–122
Methanogenesis Methanosarcinales 9.2 3.5 80–122
Methanogenesis Methanosaeta sp. 7.4 4.5 80–122
Unknown Kazan-3A-21 10.6 3.6 80–122
Fermentation Unclassified Syntrophaceae 14.7 6.9 80–122
Sulfate reduction Desulfobacterium sp. 24.5 31.4 0–19
Sulfate reduction Desulfovibrio sp. 35.7 38.2 0–19

FIG 5 FRAxC for putative sulfate-reducing bacteria that decline steadily with time as determined by a net
loss in relative abundance. Desulfobacula, Desulfosarcina, the Sva0081 sediment group, Desulfatirhab-
dium, and an unclassified member of Desulfarculaceae were scaled in order to be plotted concurrently.
The vertical line at day 68 notes the point of sulfate depletion. Data points are the means of results for
three incubations. For clarity, error bars are not shown, but they support the lack of trends over time as
shown by the means.
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subspecies dynamics underlie abundances that are stable or declining at the popula-
tion level, could help explain some of the apparent stability among sulfate-reducing
bacteria (40).

Relatives of cultured methanogens grew at the onset of methanogenesis, with
increases in FRAxC and qPCR values for Methanomicrobiales and Methanosarcinales (Fig.
4). Together with Kazan-3A-21 (discussed below), these methanogenic clades were the
only archaea that increased during methanogenesis. In addition to the increases in
these clades, there were corresponding increases in the total archaea and total cell
counts after day 80 (Fig. S1). 16S rRNA gene sequences and isolates from Methanomi-
crobiales and Methanosarcinales are commonly found in marine sediments (41, 42). All
cultured members of the Methanomicrobiales and most Methanosarcinales use H2-CO2

or H2-formate as the substrates, and many Methanosarcinales often use acetate and
other methylated compounds (43). One of the most commonly recovered Methanosar-
cinales in our incubations was Methanosaeta sp., which is an obligate acetoclastic
methanogen (44). The simultaneous inhibition of methanogenic clades during sulfate
reduction supports predictions from geochemistry that both hydrogenotrophic and
acetoclastic methanogens were thermodynamically prevented from meeting their
maintenance energies in extremely low hydrogen concentrations, and the variable
amount of methane in the headspace during the first 40 days was the result of
outgassing, not biological production. Even if acetate concentrations were high enough
to allow methanogenesis, loss of hydrogen during intracellular metabolic shuttling
would decrease the energy available from acetoclastic methanogenesis (45). Immedi-
ately after net sulfate reduction ceased, hydrogen increased to large amounts that
varied between replicates and between time points. This is consistent with a persistent
production of hydrogen by fermenters that was no longer being efficiently oxidized by
sulfate reducers. At this point, when hydrogen rose above the thermodynamic require-
ments of methanogens, sustained methane production commenced and acetoclastic
and hydrogenotrophic methanogens grew simultaneously, with little evidence for
competition between them.

One taxon of uncultured archaea (Kazan-3A-21) and a bacterial taxon (an unclassi-
fied genus of Syntrophaceae) increased in FRAxC in concert with methanogens (Fig. 4).
In previous studies, 16S rRNA gene sequences from Kazan-3A-21 have been found in
diverse methane-rich environments, although no potential functions have been pro-
posed (46, 47). Kazan 3A-21 organisms are phylogenetically related to the Thermoplas-
mata, some members of which can use methylamines as a methanogenic substrate (47,
48). Additionally, another uncultured group, WSA2, phylogenetically related to the
Thermoplasmata, contains the genetic potential for methane production from methyl-
ated compounds (34). Although it is possible that Kazan-3A-21 bacteria are fermenters
that feed hydrogen and/or acetate to methanogens, their phylogenetic similarity to
methane-producing organisms suggests that they may be methanogens themselves.
All cultivated members of the family Syntrophaceae are syntrophic with H2-utilizing
methanogens or sulfate reducers (49). Natural sediments and anaerobic digesters
become enriched with Syntrophaceae during methanogenesis from hydrocarbon deg-
radation (50, 51). We hypothesize that uncultured members of Syntrophaceae are
potentially responsible for the syntrophic degradation of natural organic matter with
methanogens in this study, even though the composition of the organic matter is
diverse.

Turnover times for Methanomicrobiales and Methanosarcinales measured from 16S
rRNA gene amplicon data were very similar to those measured for the same clades with
qPCR (Table 1), even though the two methods are subject to different extraction,
amplification, and cell count biases (20, 21). The fact that the rates measured with these
two methods match well suggests that, even though neither of these methods is
absolutely quantitative, relative changes in total cell abundance can be measured from
FRAxC. This method is therefore useful for measuring changes in cell abundance of any
clade observed in a 16S rRNA gene library, without the need to make specific qPCR
primers.
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Populations of Methanomicrobiales and Methanosarcinales increased extremely
slowly (turnover time [td] � 9 to 13 days) relative to pure culture analogs, most of which
double in less than 0.5 day at 21°C (42). Even some of the slowest-growing oceanic
bacteria and archaea, Prochlorococcus sp. and Nitrosopumilus sp., have turnover times
in pure culture of only 1 to 4 days and 0.5 to 1 day, respectively (52, 53). Only
Methanosaeta pelagica, which was isolated from tidal flat sediments, has a turnover
time of 12 days at 21°C (54). At least some portion of the differences between pure
culture and in situ growth rates may be explained by the fact that our techniques target
a population that may not be clonal; however, our data suggest that as has been seen
in gut environments (55), even cultured clades have lower turnover rates in nature, in
this case, marine sediment, than they do in culture.

A precedent for slower growth in natural oceanic environments than in pure culture
comes from Leucothrix mucor with turnover times of 11 h versus 1.5 h, respectively (56).
This slower growth in natural settings may result from limitations of electron donors or
other nutrients. Decreasing hydrogen partial pressure in pure cultures of Methanocal-
dococcus jannaschii from 178 kPa to 0.650 kPa slowed turnover times from 0.8 h to 3.0
h (57). Pure cultures of hydrogenotrophic methanogens are generally grown in 80%
hydrogen, but our methanogenic sediments had 0.05 to 0.25% hydrogen, so this
substrate limitation may at least partially explain the deviation from pure culture
growth rates. Other contributing factors could be competition from other microbes or
predation from bacteriovores or viruses, which are prevalent in marine sediment
environments (58). Bacteriovores such as Bdellovibrio sp. and Peredibacter sp. (59–62)
were present in the 16S rRNA gene amplicon libraries.

Known methanogenic and sulfate-reducing clades accounted for about 15% of total
assigned sequences, and only the clades discussed above increased during methano-
genesis. There is no reason to suspect primer bias against methanogenic and sulfate-
reducing groups, since our primers matched them well. So, it is likely that the majority
of microbial taxa in our incubation were not directly involved in sulfate reduction or
methanogenesis. These other taxa were diverse, representing the major groups of
uncultured bacteria and archaea commonly found in anoxic marine sediments. Some
evidence that these uncultured groups participate in slow fermentation, which could
function independently of large redox shifts, is present in the genomic composition of
common marine sediment taxa (10, 32, 63–65). The lack of community shift of any other
clade besides those mentioned above was unexpected because, even if these commu-
nities are largely dependent on fermentation of organic matter, they should be
energetically influenced by a shift from sulfate as the terminal acceptor for their
reducing equivalents to CO2. This shift increased the concentration of the fermenta-
tively derived hydrogen (Fig. 1), which would certainly decrease the energy available to
fermenters that produce it. The lack of response from the abundant uncultured clades
to this shift in hydrogen has multiple possible explanations. The first is that none of
these clades participate in fermentation. This seems unlikely, given that the genomes
of many of the uncultured clades predict at least the capability of a fermentative
lifestyle (32, 66, 67). A second possibility is that these clades are fermenters but are not
energetically limited and are unaffected by an increase in hydrogen. This seems
unlikely, since we would expect the populations to grow if they were not energetically
limited. A third possibility is that these clades are in long-term persistent states lacking
some required substrate or their DNA is otherwise protected from degradation, which
could explain the lack of response to large changes in available energy, positive or
negative (68). This is consistent with recent suggestions that long-term persistence is a
general feature of subsurface microbes (69).

Our results show that populations of Methanosarcinales and Methanomicrobiales
increased simultaneously during methane production along with Syntrophaceae and an
uncultured clade called Kazan-3A-21, which we suggest was involved in methanogen-
esis. These microbes quickly responded after a thermodynamic barrier was removed
but grew much more slowly than in pure culture. The results of this study also indicate
that a majority of observed microbes, including most clades of sulfate reducers, do not
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change abruptly in FRAxC in response to the major redox shift from sulfate reduction
to methanogenesis. This suggests that future studies should focus on other metabo-
lisms, not closely linked to sulfate reduction or methanogenesis, for this uncultured
majority. A limitation of FRAxC analysis is the need for the observation of an exponen-
tial growth of a microbial taxon, which is often rare in energy-limited natural environ-
ments.

MATERIALS AND METHODS
Sample collection and incubation setup. Samples were collected by scuba divers at Cape Lookout

Bight, North Carolina (34.6205°N, 76.5500°W), on 2 October 2013, in 10-m water depth with an estimated
bottom water temperature of �20°C. Thirty 20-cm-long and 7.62-cm-diameter polyvinyl chloride (PVC)
push cores were collected, capped, refrigerated, and then returned to the lab on water ice in Tennessee
within 48 h. The first three centimeters of sediment from each core were placed in a 2-liter Erlenmeyer
flask through a funnel. Approximately 10 core tubes were needed to fill 1.5 liters of sediment. No liquid
or solid amendments were made to the natural sediments. Cell counts and concentrations of hydrogen,
sulfate, and methane were measured for the negative control on day 260. All measurements described
below were performed for 18 weekly time points for all three incubations (0 to 122 days). A 100-ml
volume of sediment was autoclaved and incubated alongside the experiments under anoxic conditions
as a negative control.

Each of the three flasks was fitted with a custom butyl rubber stopper with a hole drilled through the
center to accommodate a wide-bore (6-mm) glass and Teflon stopcock for the removal of sediment
samples (Fig. 6). Two 18-gauge needles with stainless steel stopcocks were inserted into the stopper as
well for gas sampling. Using the Luer-Lok (BD) fitting on the needles, ultrahigh-purity nitrogen gas
(99.999%) that had been scrubbed of oxygen using heated copper fillings was flowed through the bottles
using the second needle for the outflow to make the headspace anoxic. Incubation 3 was then flushed
for a period of 15 min with �99.0% methane gas (Sigma-Aldrich, St. Louis, MO). Then, the flasks were
inverted so that sediment covered the gas ports, stopper, and stopcock and were placed in a ring stand
at constant room temperature (21.4°C) in the dark. The porosity of the sediment added to the
incubations was found to be 0.833 and was determined by allowing preweighed sediment samples to
dry over the course of several weeks at 40°C.

Sampling and geochemical measurements. The incubations were turned over once every 7 days
just before sampling. Prior to gas sampling, 2 ml of anoxic N2 gas (99.999%) was used to blow the needle
clear of sediment. Separate hydrogen and methane gas samples were collected in glass gastight
Hamilton syringes using the steel needle ports in the custom stopper. Approximately 32 ml of sediment
was removed through the glass and Teflon stopcock using a sterile 60-ml plastic catheter tip syringe.
From this, two 15-ml conical centrifuge tubes were filled and capped, one used for porewater analysis
and the other frozen at �80°C for later molecular analysis. One milliliter of sediment was placed in a 2-ml
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FIG 6 (A) Diagram of a 2-liter incubation bottle containing anoxic sediments from Cape Lookout Bight, North
Carolina. Sampling ports consist of a glass stopcock for sediment removal and two luer lock stainless steel needles
for gasses, both through the black butyl stopper. (B) Picture of the same setup. The bottles were stored in the dark
and inverted on a ring stand in an attempt to prevent any gas leakage.
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screw-cap tube with 500 �l of 3% paraformaldehyde, where it sat overnight before being washed twice
with phosphate-buffered saline (PBS), centrifuged at 3,000 relative centrifugal force (rcf) between steps,
and placed into a 1:1 PBS-ethanol solution. After sampling, 30 ml of oxygen- and hydrogen-scrubbed N2

was injected into the bottle to replace the lost volume. The 15-ml tube destined for porewater analysis
was centrifuged at 5,000 � g for 5 min. A syringe was used to remove the supernatant, which was filtered
using a 0.2-�m syringe filter into 100 �l of 10% HCl to a final volume of 1 ml that was used to determine
sulfate concentrations by ion chromatography (Dionex, Sunnyvale, CA), with the remaining porewater
used for determining the pH.

To measure hydrogen concentrations, 500 �l of headspace gas was injected into a Peak Performer
1 reducing compound photometer (Peak Laboratories, Mountain View, CA). Premixed hydrogen ppm lab
bottles (Airgas, Radnor, PA) were used as standards. Hydrogen was assumed to be equilibrated between
headspace and porewater, since the equilibration time for Cape Lookout Bight sediments is �2 days (18).
Therefore, gas phase partial pressures were converted to aqueous hydrogen concentrations using the
solubility coefficient of hydrogen corrected for salinity of 35 ppt and temperature of 21.4°C (70). Methane
was determined by injecting 500 �l of gas from the headspace into an evacuated glass bottle to be later
analyzed on a gas chromatograph with a flame ionization detector (Agilent, Santa Clara, CA). Methane
concentrations were not assumed to be equilibrated with the aqueous phase; therefore, concentrations
are presented as headspace partial pressures.

Hydrogen concentrations for sulfate reducers and methanogens operating at their energetic minima
were calculated from the relationships in Hoehler et al. (18). Here these calculations have been used to
determine the theoretical minima in the microcosm incubations. For sulfate reduction, the following
formula was used:

�H2� � 1.7 � �SO4
2���0.256 (1)

No temperature correction was necessary, since equation 1 was determined at the same temperature
as our experiments. For methanogenesis, the predicted hydrogen concentrations were calculated
from the following temperature relationship formula, which was reported in Hoehler et al. (18) and
applied here:

�H2� � 0.6126 � e0.0987�T (2)

where T is temperature in degrees Celsius.
Cell quantification. Total cell numbers were determined by direct epifluorescence microscopy with

SYBRGold DNA stain (Invitrogen, Carlsbad, CA) by a single individual. Sediments were sonicated using a
Microson ultrasonic cell disruptor (Misonix Inc., Farmingdale, NY) at 20% power for 40 s to disaggregate
cells from sediments and diluted 40-fold into PBS prior to filtration onto a 0.2-�m black 25-mm
polycarbonate filter (Fisher Scientific, Waltham, MA) and mounted onto a slide for manual counting of
30 fields on a Zeiss epifluorescence microscope.

Quantitative PCR. DNA was extracted from frozen sediment samples using the Fast DNA kit for soil
(MP Bio, Santa Ana, CA). Autoclaved sediment and water blanks were used as negative controls and had
qPCR values below the detection level. Quantitative PCR was used on a Bio-Rad IQ5 machine to
determine 16S rRNA gene copy numbers of several taxa with Quantifast SYBRGreen kit (Qiagen) for 35
cycles with a denaturation temperature of 95°C and combined annealing/extension of 60°C using 1 �l
template for a total reaction volume of 25 �l. DNA standards with an R2 of �0.98 in a range of 109 to
102 were prepared either from existing stocks of TOPO plasmids containing an insert of the target 16S
gene (13) or from TOPO plasmids (Invitrogen, Carlsbad, CA) containing PCR-amplified 16S rRNA gene
products of closely related relatives in the clades Methanomicrobiales and Methanosarcinales synthesized
by Invitrogen (accession numbers AB236118 [1,324 bp] and AB679168 [1,407 bp], respectively). Plasmid
standards, nonlinearized, were quantified in the same manner as the extracted DNA from the incuba-
tions, which used Hoechst dye in a fluorometer (Hoefer, Holliston, MA). In addition to general Archaea
and Bacteria primers, 16S rRNA-specific primers for Methanomicrobiales and Methanosarcinales (Table 2)
were selected to have good coverage of the taxa (71). Each qPCR amplification was individually checked

TABLE 2 Quantitative PCR primers used for taxonomic quantification of 16S rRNA gene

Primer name Sequence Target Reference
Amplification
efficiency (%)

A915f GTGCTCCCCCGCCAATTCCT Archaea 76
A1059r GCCATGCACCWCCTCT Archaea 77 59
B340f TCCTACGGGAGGCAGCAGT Bacteria 78
B515r CGTATTACCGCGGCTGCTGGCAC Bacteria 78 73
ANME-2-240f CTATCAGGTTGTAGTGGG ANME-2 79
ANME-2-538r CGGCTACCACTCGGGCCGC ANME-2 79 95
ANME-1-830r TCGCAGTAATGCCAACAC ANME-1 79
ANME-1-628f GCTTTCAGGGAATACTGC ANME-1 79 101
A1100f TGGGTCTCGCTCGTTG Methanomicrobiales 71
MG1200r CGGATAATTCGGGGCATGCTG Methanomicrobiales 71 124
MSMX860f AGGGAAGCCGTGAAGCGCC Methanosarcinales 71
A1100r TGGGTCTCGCTCGTTG Methanosarcinales 71 51
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with a melt curve, and any amplification exhibiting primer dimers was not used. The amplification
efficiency factor was variable between sample runs and ranged from 51% to 124%.

16S rRNA gene amplicon sequencing. The V4 region of each DNA extraction was amplified using
primers 806r and 515f (72), as a universal primer pair for Bacteria and Archaea. Library preparations via
the Nextera kit and sequencing using an Illumina MiSeq were performed at the Center for Environmental
Biotechnology at the University of Tennessee in Knoxville (73). The mothur MiSeq Standard Operating
Procedure was used with default settings to make contigs of bidirectional sequences, clustered concur-
rently into operational taxonomic units (OTUs) at 97% similarity, and classify them with the Silva
reference set 126 (74, 75). A number of sequences amounting to 7.6% of total sequences were removed
as chimeric, and then approximately 5% of the remaining sequences were removed for not being
classified as Archaea or Bacteria. Analyses were considered only for taxa with more than 20 reads when
summed from the 19 time points from each of the three incubations; 927 taxonomically classified genus
level clades of bacteria and archaea met these criteria. Total reads ranged from 20,922 to 329,380 for the
57 libraries with an average of 144,957. Estimates of community coverage were determined for a rarefied
set of 90,848 OTUs using the mothur software v.1.37.0 (75). Coverage estimates were similar for all
samples, at 84% or above using Good’s coverage estimator. Relative read abundances of 16S rRNA
sequences were calculated by dividing their reads by the sum of bacterial and archaeal reads. Negative
samples containing DNA extracted from autoclaved sediment control yielded no amplification.

Population turnover time calculations. Described below is the derivation for the formula used to
calculate population turnover times. The density of cells, C, of taxon i at time t is given by the following:

Ci,t � zi FRAi,tCtot,t (3)

where Ctot,t is the density of total cells at time t, enumerated by epifluorescence cell counts using a
general DNA stain, z is a factor that cannot be absolutely measured that encompasses all biases related
to cell lysis, extraction, and amplification, and FRA is the fraction read abundance of 16S rRNA genes,
calculated as the number of reads of taxon i at time t divided by the total reads for the sample at time t.
We assume that zi is constant through time because the factors that affect zi (taxon being examined,
sediment matrix, and procedures) are constant. The population rate constant for taxon i, ki, is propor-
tional to the log change in the cell density of taxon i between time zero and time t,

ki � 1 ⁄ t � ln�Ci,t

Ci,0
� (4)

which, combined with equation 3, is

ki � 1 ⁄ t � ln� FRAi,tCtot,t

FRAi,0Ctot,0
� (5)

where zi has cancelled out, since it is identical in the numerator and the denominator, allowing a
calculation of population turnover time td:

td,i �
t � ln�2�

ln � FRAi,tCtot,t

FRAi,0Ctot,0
� (6)

which is ln(2) divided by the slope of the natural log of FRAi,tCtot,t (simplified as FRAxC) or qPCR values
versus time during the period of exponential increase. It is important to note that this FRAxC method
depends on the assumption of constant z for microbe i over the course of the experiment, which would
not be the case when comparing two samples from different locations or after the addition of a
substance between time points that affects DNA extraction efficiency.

Availability of data. 16S rRNA gene sequences can be found at the NCBI GenBank Sequence Read
Archive with project accession number SRP097059. Geochemistry and qPCR data can be found at
www.bco-dmo.org with project number 649807.
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Supplemental material for this article may be found at https://doi.org/10.1128/AEM
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