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Pavilion Lake microbialite (Marble Canyon, 
British Columbia, Canada) at 20 m, 
filamentous cyanobacterial mat (inset). 
Photo by Donnie Reid and Tyler McKay and 
SEM by Ian Power.
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Understanding the link between microbial diver-
sity and ecosystem processes is a fundamental goal 
of microbial ecologists, yet we still have a rudi-
mentary knowledge of how changes in diversity 
affect nutrient cycling and energy transfer in eco-
systems. Due to the complexity of the problem, 
many published studies on this topic have been 
conducted in artificial or manipulated systems.  
Although researchers have begun to expose some 
possible mechanisms using these approaches, 
most have not yet been able to produce conclusive 
results that relate directly to natural systems. The 
few studies that have explored the link between 
diversity and activity in natural systems have 
typically focused on specific nutrient cycles or 
processes, such as nitrification, denitrification, 
and organic carbon degradation pathways, and 
the microbes that mediate them. What we have 
learned from these studies is that there are often 
strong associations between the physical and 
chemical features of the environment, the com-
position of the microbial communities, and their 
activities, but the rules that govern these associ-
ations have not been fully elucidated. These ear-
lier studies of microbial diversity and processes 

in natural systems provide a framework for additional studies to broaden our understanding of 
the role of microbial diversity in ecosystem function. The problem is complex, but with recent 
advances in sequencing technology, -omics, and in-situ measurements of ecosystem processes 
and their applications to microbial communities, making direct connections between ecosystem 
function and microbial diversity seems more tractable than ever. 
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The Editorial on the Research Topic

Linking Ecosystem Function to Microbial Diversity

Understanding the link between microbial diversity and ecosystem processes is a fundamental goal
of microbial ecologists, yet we still have a rudimentary knowledge of how changes in diversity affect
nutrient cycling and energy transfer in ecosystems. Due to the complexity of the problem, many
published studies on this topic have been conducted in artificial or manipulated systems. Studies
of artificial assemblages of microbial species have shown direct links between species evenness and
ecosystem stability (Wittebolle et al., 2009), and the importance of complementarity for resource
use among taxa (Salles et al.). Others have taken amicrocosm approach.Webster et al. (2005) added
nitrogen to soil microcosms and showed a link between ammonia-oxidizing bacterial diversity and
nitrification rates, while Philippot et al. (2013) used a dilution approach to elucidate impacts of the
loss of diversity of denitrifying communities on denitrification rates. One commonality of these
studies is the focus on specific functional traits and functional gene sequences, which may serve
as better proxies of the relationship between diversity and function, compared to more general
phylogenetic markers of diversity. In this Research Topic, researchers expand on this theme by
conducting transplantation experiments to study metacommunity dynamics in arctic lakes (Adams
et al.), using mesocosms to quantify the relationship between nitrifiers and nitrification rates
(Bowen et al.), and challenging long-held paradigms about the impacts of nutrient supply and
phytoplankton community composition (Glibert et al.).

Although these approaches have allowed researchers to begin to elucidate some possible
mechanisms governing ecosystem function and diversity, it is still a challenge to produce conclusive
results that relate directly to natural systems. The few studies that have explored the link between
diversity and activity in natural systems have typically focused on specific nutrient cycles or
processes, such as nitrification, denitrification, and organic carbon degradation pathways, and
the microbes that mediate them. For example, Cavigelli and Robertson (2000) found that soil
denitrifying communities from tilled agricultural soils respond differently to environmental
changes compared to native soils, and Kelly et al. (2011) reported that communities of ammonia-
oxidizing archaea and ammonia-oxidizing bacteria respond differently to soil amendments, with
ammonia-oxidizing archaea most strongly linked to nitrification rates. These studies emphasize
the importance of native microbial communities in responding to environmental changes and
modulating critical biochemical processes. Similarly, Bernhard et al. (2007) found functionally
distinct ammonia-oxidizing bacterial communities along an estuarine salinity gradient, providing
another direct, and quantitative link between microbial biodiversity and ecosystem function. Not
surprisingly, many of the studies in this Research Topic focus again on nitrogen-cycling processes

in natural systems and how the diversity of functional genes relates to the dominance of specific
processes under different environmental conditions. Song et al. provide one of the first studies to
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show that diversity of bacteria that carry out dissimilatory
nitrate reduction to ammonium (DNRA) may have significant
impacts on DNRA rates, ultimately controlling the fate of
nitrogen in estuaries. Damashek et al. report data from the
nutrient-rich regions of San Francisco Bay suggesting that
community structure of nitrifiers and biogeochemical function
respond to differences in nutrient loading. And in a departure
from the N cycle, Marlow et al. help to elucidate drivers of
community structure and function at deep-sea methane seeps,
and provide insight into differences in elemental cycling between
archaeal and bacterial communities.

Earlier studies of microbial diversity and processes in natural
systems provide a framework for additional studies to broaden
our understanding of the role of microbial diversity in ecosystem
function. The problem is complex, but with recent advances
in sequencing technology, -omics, and in-situ measurements
of ecosystem processes, and their applications to microbial
communities, making direct connections between ecosystem
function and microbial diversity seems more tractable than ever.
In this Research Topic, metagenomic analysis of microbialites
reveals novel functional guilds distinct from surrounding water
and sediment (White et al.). In a companion study of an
anthropogenic microbialite-forming ecosystem, White et al.
again use metagenomic approaches to identify metabolic drivers

of microbialite formation in the subarctic. Using stable isotope
probing (SIP), Darjany et al. identify specific bacteria capable of
using lignocellulose from salt marsh plants, representing one of
the first studies to show a direct link between the source and fate
of salt marsh macrophyte carbon.

What we have learned from these studies is that there are
often strong associations between the physical and chemical
features of the environment, the composition of the microbial
communities, and their activities, but the rules that govern these
associations have not been fully elucidated. Krause et al. argue in
this Research Topic that using a combination of ecophysiology
approaches and contemporary molecular tools to develop a trait-
based framework, microbial ecologists have an opportunity to
forge new understandings of biodiversity and ecosystem function
relationships and to generate systematic principles that apply to
both micro- and macro-ecology. This Research Topic focuses on
studies that address the role of microbial diversity in ecosystem
processes, with emphasis on direct and quantitative links between
biodiversity and processes in natural systems.
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Two additional papers that are featured in this Research Topic are published in Frontiers in
Terrestrial Microbiology. Valentin et al. (2014) explore relationships of fungal diversity and
respiration rates of decomposing wood. And, using metatranscriptomics to investigate microbial
activities in thawing permafrost, Coolen and Orsi (2015) demonstrate a potential link between
bacteria carrying out acetogenesis and methanogenesis.

AUTHOR CONTRIBUTIONS

Both authors consulted on and drafted the commentary.

REFERENCES

Coolen, M. J. L., and Orsi, W. D. (2015). The transcriptional response of microbial communities in thawing Alaskan

permafrost soils. Front. Microbiol. 6:197. doi: 10.3389/fmicb.2015.00197

Valentin, L., Rajala, T., Peltoniemi, M., Pannanen, T., Heinonsalo, J., and Mäkipää, R. (2014). Loss of diversity in wood-

inhabiting fungal communities affects decomposition activity in Norway spruce wood. Front. Microbiol. 5:230. doi:

10.3389/fmicb.2014.00230

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or

financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Bernhard and Kelly. This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s)

or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these terms.

7|

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://dx.doi.org/10.3389/fmicb.2016.01299
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2016.01299&domain=pdf&date_stamp=2016-08-22
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:anne.bernhard@conncoll.edu
http://dx.doi.org/10.3389/fmicb.2016.01299
http://journal.frontiersin.org/article/10.3389/fmicb.2016.01299/full
http://loop.frontiersin.org/people/24556/overview
http://loop.frontiersin.org/people/89758/overview
http://dx.doi.org/10.3389/fmicb.2016.01041
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


ORIGINAL RESEARCH ARTICLE
published: 04 March 2014

doi: 10.3389/fmicb.2014.00082

Metacommunity dynamics of bacteria in an arctic lake: the
impact of species sorting and mass effects on bacterial
production and biogeography
Heather E. Adams1, Byron C. Crump2* and George W. Kling1

1 Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, MI, USA
2 College of Earth, Ocean and Atmospheric Science, Oregon State University, Corvallis, OR, USA

Edited by:

Anne Bernhard, Connecticut
College, USA

Reviewed by:

Hans Paerl, University of North
Carolina-Chapel Hill, USA
Warwick F. Vincent, Laval University,
Canada

*Correspondence:

Byron C. Crump, College of Earth,
Ocean and Atmospheric Science,
Oregon State University,
104 CEOAS Admin Bldg., Corvallis,
OR 97331, USA
e-mail: bcrump@
coas.oregonstate.edu

To understand mechanisms linking ecosystem processes and microbial diversity in
freshwater ecosystems, bacterial productivity and the metacommunity dynamics of
species sorting and mass effects were investigated in an 18 ha headwater lake in northern
Alaska. On most sampling dates, the phylogenetic composition of bacterial communities
in inflowing streams (inlets) was strikingly different than that in the lake and the outflowing
stream (outlet) (16S DGGE fingerprinting), demonstrating the shift in composition that
occurs as these communities transit the lake. Outlet and downstream communities were
also more productive than inlet and upstream communities (14C-leucine incorporation).
Inlet bacteria transplanted to the outlet stream in dialysis bags were equally or less
productive than control bacteria, suggesting that the inlet bacteria are capable of growing
under lake conditions, but do not remain abundant because of species sorting in the lake.
Outlet bacteria (representative of epilimnetic bacteria) transplanted to the inlet stream
were less productive than control bacteria, suggesting that lake bacteria are not as well
adapted to growing under inlet conditions. Based on water density, inlet stream water and
bacteria generally entered the lake at the base of the epilimnion. However, during low to
medium flow in the inlet stream the residence time of the epilimnion was too long relative
to bacterial doubling times for these allochthonous bacteria to have a mass effect on the
composition of outlet bacteria. The highest community similarity between inlet and outlet
bacteria was detected after a large rain event in 2003, with over 61% similarity (average
non-storm similarities were 39 ± 8%). While mass effects may be important during large
storm events, species sorting appears to be the predominant mechanism structuring
bacterial communities within the lake, leading to the assembly of a lake community that
has lost some ability to function in stream habitats.

Keywords: aquatic microbiology, arctic, bacterial production, species sorting, mass effects, metacommunity

theory, transplant experiments

INTRODUCTION
Dispersal and competition are two fundamental mechanisms that
influence the presence and dominance of populations within
biological communities including plants, animals, and microor-
ganisms. In aquatic systems, a primary dispersal mechanism for
bacterial communities is water flow from terrestrial soils into
lakes and streams, resulting in a mixture of communities and
resources that may favor certain populations or alter overall
community growth (e.g., Crump et al., 2012). Dormant and slow-
growing bacterial cells can become active when their preferred
carbon and nutrient resources appear (Judd et al., 2006; Jones and
Lennon, 2010; Lennon and Jones, 2011; Gibbons et al., 2013), and
previously active cells may be at a competitive disadvantage given
the new mix of substrates input from upstream. Over relatively
short time scales (minutes to months), dispersal via advection and
selective competition among organisms (i.e., species sorting) gen-
erate microbial biogeographic patterns across aquatic ecosystems
and landscapes (Hanson et al., 2012; Logue et al., 2012), but little

is known about the relative importance of the processes gener-
ating these biogeographic patterns (e.g., Logue and Lindstrom,
2010) or about how these patterns in diversity affect bacterial
function in ecosystems.

Metacommunity theory incorporates the mechanisms of dis-
persal and competition into four main perspectives that act
alone or interact within a habitat: species sorting, mass effects,
patch dynamics, and neutral processes (Leibold et al., 2004).
Species sorting emphasizes spatial niche separation where rela-
tively low levels of dispersal allow communities to respond to
local conditions (Leibold and Wilbur, 1992). In contrast, mass
effects allow inferior competitors to persist in the community
due to high levels of dispersal from other habitats (Urban, 2004).
Patch dynamics defines habitat patches as identical with local
species diversity determined by dispersal or species interactions,
and requires trade-offs in species traits for regional co-existence
to occur (Mouquet et al., 2005). Neutral theory assumes func-
tional equivalency among species such that patterns in diversity
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are non-deterministic and driven by immigration and chance
(Sloan et al., 2006; Lindström and Langenheder, 2012). Mass
effects and species sorting are thought to be most applicable to
aquatic bacterial communities for several reasons: bacteria are
easily dispersed by water flow and have potentially high rates of
immigration and emigration (Lindström and Bergström, 2004),
environment patches are heterogeneous, especially at the micro-
bial scale (Scheffer et al., 2003), bacterial community composition
can shift on very short time scales (e.g., days to weeks; Judd et al.,
2006; Van der Gucht et al., 2007; Hornak and Corno, 2012), and
bacterial populations differ in growth rates and metabolic capa-
bilities (Amon and Benner, 1996; Lapara et al., 2002; Bertoni
et al., 2008; Adams et al., 2010). The relative importance of
these mechanisms in controlling bacterial community assembly
depends on traits of bacterial populations such as resource spe-
cialization and dispersal ability (Lindström and Langenheder,
2012). The persistence of bacterial populations that immigrate
via water to a new habitat will depend on the number of cells
dispersed to that habitat, and their ability to outcompete pre-
existing populations through growth and avoidance of grazing or
viral lysis.

Time scales of bacterial growth and dispersal also influence
whether mass effects or species sorting are most important in
structuring a bacterial community (Logue, 2010; Lindström and
Langenheder, 2012). In lake catchments, the main mode of bacte-
rial dispersal is likely unidirectional as water flows downhill from
upstream soils, groundwater, hyporheic zones, streams, and lakes,
although atmospheric deposition can also disperse bacteria (Jones
and McMahon, 2009). Bacterial cells entrained in flowing water
rely on the water pathways and mixing to reach suitable resources
within new habitats. In order for bacteria to establish in a new
habitat, they must have a sufficient growth rate to compete with
other populations for resources, and population growth must
exceed the rate of emigration due to water flow out of a habitat
(i.e., mass effect). The physiological response of bacteria to new
environmental conditions can be quite fast; e.g., productivity can
respond to changes in temperature within 1–2 h (Kirchman et al.,
2005; Bertoni et al., 2008; Adams et al., 2010). However, commu-
nity shifts due to species sorting may take longer than the time
that bacterial populations can remain in a habitat, particularly
during a storm event with high water flow.

The mechanisms of community assembly at work in these
habitats have consequences for processing of DOM and other
resources across the landscape. Bacterial response to temperature
and substrate- or nutrient-limiting conditions may be specific
to the physiological capabilities of the community assemblage
present at a given time. For example, soil bacteria transported into
aquatic systems along with terrestrial dissolved organic matter
(DOM) mix with stream communities that likely contain bacteria
accustomed to processing terrestrial DOM. But when this com-
munity enters a lake, it encounters lake populations that may be
limited in their ability to process terrestrial DOM. For example,
Judd et al. (2006) showed experimentally that shifts in commu-
nity composition along a landscape gradient (upland terrestrial
to lowland aquatic ecosystems) occur in response to changes in
the available dissolved organic substrates, and in turn the com-
munity productivity changes; Crump et al. (2007, 2012) observed

these shifts in natural communities along the same landscape
gradients. In addition, the community composition originally
present may constrain the microbial physiological adjustment to a
change in environment or resources (e.g., Comte and Del Giorgio,
2009), but dispersal may alter this original community com-
position independent of any metabolic response (Crump et al.,
2007). Thus, the metacommunity processes have a direct effect on
ecosystem function by replacing species and altering the resultant
community’s ability to process available nutrients and carbon.
Here we investigate the role of mass effects and species sorting in
structuring bacterial communities by examining the natural vari-
ability of habitat conditions and bacterial communities upstream
and downstream of a small arctic headwater lake. We also mea-
sured the impact of dispersal on both community structure and
growth rates of bacterial communities in different habitats. We
address three main questions: (1) How do lakes alter habitat char-
acteristics and bacterial community activity and diversity along
landscape flowpaths? This is addressed by comparing habitats and
bacterial communities upstream and downstream of a headwater
lake. (2) Do stream communities remain active in a lake habi-
tat when competition with lake communities is removed? (3) Do
lake communities retain the ability to process upstream DOM, or
do community shifts in the lake result in the loss of most bac-
terial populations with this ability? These latter two questions
are addressed using transplantation of natural communities in
dialysis bags between habitats.

MATERIALS AND METHODS
STUDY SITE
Sites are located on the north slope of the Brooks Range, Alaska,
at the Arctic Long Term Ecological Research site. Samples were
collected from upstream of, downstream of, and within Lake I-
8, which is located two kilometers upstream of Toolik Lake. Lake
I-8 is 18.2 ha in area with a volume of 642,500 m3 and drains a
catchment of 2910 ha. It is oligotrophic, with mean epilimnetic
primary productivity of 17.4 µg C/L/d (range = 2.1–38.8) and
mean chlorophyll a of 0.92 µg/L during the ice-free season (Kling
et al., 2000). Lake I-8 has a main inflowing (inlet) stream, sam-
pled ∼5 km upstream of the lake at the site I-8 HW, as well as
where the stream flows into the lake at site I-8 inlet. There are
three smaller inlet streams, (I-8 NE inlet, I-8 SE inlet, and I-8 S
inlet) that also flow into the lake, and a single outflowing stream
(I-8 outlet). Site I8-I9 is one km downstream of the lake outlet
(Figure 1). Water temperatures for summers 2003–2007 (June–
August) ranged from 3.3 to 18◦C (mean = 10.5◦C) at I-8 inlet,
and ranged from 5.8 to 18.4◦C (mean = 12.9◦C) at I-8 outlet.
There are usually 2–3 storm events during the summer season,
post snow-melt.

FIELD MEASUREMENTS
Bacterial production, bacterial community composition, temper-
ature, and DOM concentration were measured weekly at Lake I-8
inlet, I-8 outlet, and at site I8-I9 in the summers of 2003–2007
(Figure 1). The smaller inlets to the lake were also sampled weekly
during the summer of 2007. I-8 HW stream and the lake itself
were sampled three times every summer, with weekly sampling
of the lake occurring during the summer of 2003 and a more
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FIGURE 1 | (A) Lake spatial sampling sites at Lake I-8, Northern Alaska. I-8
outlet is located at 394605.858 Easting 7613243.017 Northing on the UTM
Zone 6 North, WGS84 coordinate system (149.59◦W, 68.61◦N). (B)

Sampling locations in the I-series catchment to Toolik Lake, Alaska.

intense spatial sampling at eight sites across the lake on 4 July
2007 (Figure 1). Stream water samples were collected from mid-
stream while avoiding disturbance of streambed surfaces. Lake
samples were collected using a Van Dorn bottle sampler, typi-
cally at the depths of 1 m (epilimnion) and 6 m (hypolimnion).
Temperature was measured with a digital thermometer, conduc-
tivity with a model 122 Orion meter, and pH with a model 210A
Orion meter. Stream discharge and temperature were monitored
at the sites using dataloggers (Onset StowAways and Hobos) and

a Marsh-McBirney Flowmate discharge meter. Water residence
time (WRT) of the lake was calculated by dividing the lake vol-
ume by the mean outlet stream discharge. Epilimnetic WRT was
calculated using the lake volume from surface to 3 m, which is the
mean thermocline depth during the summer season. Time series
temperature measurements in 2003 were obtained from the I-8 W
station with seven Brancker TR 1050 self-contained temperature
loggers (thermistors) at depths 0.05, 0.53, 1.03, 3.03, 4.03, 5.03,
and 6.03 m (installed by MacIntyre). Isotherm depths were deter-
mined by linear interpolation of readings taken every 15 min.
Thermistors had an accuracy of 0.002◦C and a time constant of
<3 s (MacIntyre, pers. comm.).

Bacterial production (BP) was measured using 14C labeled-
leucine uptake following Kirchman (1992), and assuming an
intracellular isotopic dilution of 1. Each measure was calculated
from incubation of three unfiltered 10 mL subsamples and one
10 mL trichloroacetic acid (TCA) killed control for ∼3 h before
ending by adding TCA to a final concentration of 5%. Samples
were filtered onto 0.2 µm nitro-cellulose filters and extracted
using 5 mL of ice-cold 5% TCA. Filters were then dissolved in
scintillation vials using ethylene glycol monoethyl ether, flooded
with Scintisafe scintillation cocktail and counted on a liquid
scintillation counter (Packard Tri-Carb 2100TR).

DOM samples were filtered in the field through ashed
Whatman GF/F filters and stored at 4◦C until analysis. Protein
concentrations were determined within 48 h using the Bradford
reagent assay (modified from Bradford, 1976) and phenolic
concentrations were determined within 48 h using the Folin-
Ciocalteu assay (Waterman and Mole, 1994). DOC and chloro-
phyll a concentrations were determined as in Kling et al. (2000).

Samples for cell counts were preserved with 2.5% final concen-
tration of gluteraldehyde and stored at 4◦C until analysis. Samples
from 2005 were counted on a FACSCalibur (BD Biosciences) flow
cytometer following del Delgiorgio et al. (1996). Sub-samples
were stained with SYBR green nucleic acid stain in the dark for a
minimum of 15 min (Marie et al., 1997; Lebaron et al., 1998). The
concentration of the standard 1 µm bead solution and multiple
confirmatory cell count samples were measured by epifluores-
cence microscopy. Samples from 2006 to 2007 were counted on
a LSR II flow cytometer (BD Biosciences) as described by Ewart
et al. (2008) with data acquired in log mode for at least 60 s
and until 20,000 events were recorded, with the minimum green
fluorescence (channel 200) set as the threshold. Cell doubling
times were calculated using BP, average cell counts from environ-
mental samples, and a conversion factor of 20 fg C/cell (Lee and
Fuhrman, 1987).

Bacterial community composition was measured with dena-
turing gradient gel electrophoresis (DGGE) of PCR-amplified 16S
rRNA genes applied to DNA samples. DNA was collected by fil-
tering ∼500 mL of sample through a Sterivex 0.2 µm filter, stored
at −80◦C, and processed as described fully in Crump et al. (2003)
and Adams et al. (2010). Imaging of DGGE gels was performed
with Quantity One software on a Chemi-Doc gel documentation
system (Bio-Rad) and gel bands were identified using GelCompar
software to create a presence-absence matrix as described by
Crump and Hobbie (2005). Each band represents an opera-
tional taxonomic unit (OTU) of bacteria. Dice transformation
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(SPSS 14.0 through 17.0) was used to condense presence-absence
of OTUs into percent community similarities between samples.
PROXCAL (SPSS Categories, versions 14.0 through 17.0) was
used to create non-metric multi-dimensional scaling (NMDS)
graphs of sample similarities. Two-tailed paired t-tests (Excel
2003) were used to compare the number of populations (bands)
between sites.

TRANSPLANT EXPERIMENTS
Transplantation of bacterial communities was performed to test
activity in different habitats. Dialysis bags (Sigma dialysis tubing
cellulose membrane, 76 mm flat width, typical molecular weight
cut-off ∼14,000 Da) were used to isolate bacterial communities
from inputs of new bacteria (Gasol et al., 2002). Substrates smaller
than 12,000 Da diffuse across the tubing membrane in less than
18 h, as confirmed with a diffusion test of 14C-labeled leucine
(Supplemental Figure 1), allowing exposure of the contained bac-
teria to ambient temperature and nutrient conditions. Bags were
washed and soaked in DI water to remove excess glycerin for a
minimum of 12 h before use, no sections of tubing were used
more than once, and nitrile gloves were worn when handling the
bags. At each site, three (two in 2005) replicate samples of whole
water were collected in acid-washed 1L opaque Nalgene bottles
and either transported to another site within 15 min or imme-
diately transferred to 45.7 cm sections of tubing and closed (final
volume 640 mL). Grazers were not removed for these experiments
due to co-occurrence with particle-attached bacteria. Filled bags
were then secured to dowels with plastic ties within open-topped
plastic covered metal cages of dimensions 70 × 55 × 55 cm and
secured in streams using rebar. Each of three replicate bags for
each treatment was allowed to incubate in situ for 2–4 days. Upon
collection, the contents of each bag were transferred to an acid-
washed 1 L opaque Nalgene bottle from which 40 mL was used to
measure bacterial production, 180 mL was filtered to measure chl
a, proteins, phenolics, and DOC, 10–15 mL was preserved for cell
counts, and the remainder was filtered to collect DNA.

Several transplant experiments were conducted at I-8 inlet and
outlet. The first set of experiments presented here was performed
on 18–21 July 2006 and consisted of incubating the I-8 inlet com-
munity at both the inlet and outlet sites to test if the community
flowing into the lake would be active downstream. The second
set of experiments conducted on 5–9 July 2005 and 2–4 July 2007
included the incubation of the outlet community at inlet and out-
let sites to test if the downstream community retained the ability
to process DOM from upstream. The third set of experiments
conducted on 26–28 July 2005 and 1–3 August 2006 consisted
of transplantation of both inlet and outlet communities between
sites in addition to controls incubated at their original habitat.

RESULTS
DIFFERENCES IN ACTIVITY AND COMMUNITY COMPOSITION
BETWEEN SITES
During the ice-free summer season, bacterial productivity (BP)
was usually greater downstream of Lake I-8 than upstream
(Figure 2). At upstream sites from 2003 to 2007, BP averaged
4.3 µg C/L/d (SD = 7.6, n = 15) at I-8 HW and 2.1 µg C/L/d
(SD = 1.6, n = 56) at I-8 inlet. At downstream sites, BP averaged

FIGURE 2 | Bacterial Production at sites upstream and downstream of

Lake I-8 for sites I-8 headwaters (black circles), I-8 inlet (black

diamonds), I-8 outlet (gray squares), and I-8 to I-9 (gray triangles).

7.5 µg C/L/d (SD = 3.8, n = 57) at I-8 outlet and 4.8 µg C/L/d
(SD = 3.4, n = 50) ∼1 km downstream at site I8-I9.

Community composition was also consistently different
between sites upstream and downstream of the lake. In 2003, the
bacterial community composition at I-8 inlet was variable over
time with a low average similarity of 45% between inlet sam-
ples (inlet vs. inlet in Figure 3, Supplemental Table 1). Mid-lake
and outlet communities were generally more stable during the
summer and had average similarities of 74 and 63%, respectively.
On each sampling date, the lake and outlet communities (“lake
vs. out” in Figure 3) had a very high mean similarity of 79%;
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FIGURE 3 | Dice similarity of DGGE banding patterns at sites at Lake

I-8 in summer 2003–2007. Error bars are standard error of the mean. Solid
columns show average pair-wise similarity among communities at each site
(inlet, lake, outlet) across sampling dates. Stippled columns show average
pair-wise similarities between communities at different sites sampled on
the same day. “Inlet” designates the I-8 inlet stream, “outlet” designates
the outlet stream, and “lake” designates samples collected from the lake
water column at the I-8 West station.

this was expected because the outlet is essentially an integrated
sample of the lake epilimnion. The inlet communities were less
similar to the other two sites (average similarity of ∼40%). In
2007, community similarity between sites had a similar pattern
but absolute differences were muted. The number of OTUs also
differed between sites, with 20 ± 2 bands on average at the inlet
and 26 ± 3 at the outlet in 2003 (p-value = 0.003). The inlet also
had significantly fewer OTUs than the outlet in 2007 with 12 ± 3
bands found at the inlet and 18 ± 4 at the outlet (p-value = 0.01).

TRANSPLANT EXPERIMENTS
Bacteria transplanted between sites showed patterns in activity
similar to those observed in situ. To test if bacteria flowing into
the lake have the potential to be active in lake habitats, bacteria
from the inlet were held in place or moved to the outlet, which
represented lake conditions (Kling et al., 2000). Bacteria from
the inlet (diamonds on Figure 4) incubated at the outlet always
had greater bacterial production than control incubations at the
inlet, although the difference was not always statistically signifi-
cant. Bacteria were also moved from the outlet to the inlet to test
if the communities that developed across the lake could process
stream inlet DOM. Bacteria from the outlet (squares on Figure 4)
incubated at the inlet always had depressed activity relative to
control incubations at the outlet. In the early season transplants,
rates of bacterial production were similar for inlet and outlet
communities regardless of incubation location, but in the late
season the transplants of inlet communities often had higher
bacterial production rates than outlet communities suggesting
community-specific responses to treatments. For all transplant
experiments, the outlet habitat had more chl a and generally more
protein and DOC than the inlet habitat (Supplemental Table 2).
Temperatures tended to be warmer at the outlet, but transplants

FIGURE 4 | Left: Early summer transplants at I-8 inlet and outlet from 5

to 9 July 2005 (A) and 2–4 July 2007 (B). Right: Late summer transplants
at I-8 inlet and outlet from 26 to 28 July 2005 (C) and 1–3 Aug. 2006 (D).
For all graphs, diamonds are inlet communities and squares are outlet
communities. Error bars are standard error of the mean.

were conducted under a range of conditions including nearly
equal temperatures and warmer at the inlet. The effect of tem-
perature on bacterial productivity and community composition
at these sites was previously found to be complicated due to mul-
tiple temperature optima within the communities (Adams, 2010;
Adams et al., 2010).

LAKE INPUTS
The main I-8 inlet is the largest contributor of water to the lake,
and in 2007 it had the greatest contribution to inflow when total
inflow was highest (Table 1). The other inlets to the lake were
either ephemeral (I-8 SE inlet and I-8 E inlet) or had much lower
flow compared to the main inlet. I-8 NE inlet accounted for over
36% of water inputs on 4 July 2007, possibly due to rainstorms
only in that part of the catchment, but its flow was only 10.2 L/s,
which would have been 2% of the total inflow a month later on 3
August 2007 (Table 2). During wetter years, it is anticipated that I-
8 inlet accounts for the majority of the water inputs due to its large
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Table 1 | Water contribution to Lake I-8 for summer 2007.

Date % contribution to lake inflow Inflow (L/s) Outflow (L/s)

I-8 NE inlet I-8 S inlet I-8 SE inlet I-8 inlet

16 June 2007 10.2 32.7

18 June 2007 6.4 5.1 1.0 87.4 24.4 34.4

21 June 2007 8.5 32.1

29 June 2007 42.9 41.9

4 July 2007 36.1 6.4 n/a 57.5 28.3 27.1

11 July 2007 11.2 17.9

16 July 2007 14.0 8.7 0.8 76.4 320 47.6

20 July 2007 10.0 8.2 1.2 80.6 134 162

28 July 2007 8.3 8.9 0.9 81.9 48.3 50.7

3 Aug. 2007 5.2 5.8 0.4 88.7 503 619

Outflow is stream discharge measured at the I-8 outlet. Inflow is the sum of discharge rates for all lake inlets; inflows for dates 16, 21, and 29 June, and 11 July are

based only on discharge measured at I-8 inlet.

Table 2 | Water residence time (WRT) for Lake I-8 and doubling times (DT) for I-8 inlet and outlet bacteria, based on data from 2003 to 2007.

Year Lake WRT (days) Epilimnetic WRT (days)

Baseflow Mean Storms Baseflow Mean Storms

2003 120 3.9 1.0 89 2.9 0.8

2004 122 5.8 1.3 90 4.3 1.0

2005 811 20 1.5 600 15 1.1

2006 39 9.4 2.1 29 6.9 1.5

2007 328 23 2.7 243 17 2.0

Average 284 12.5 1.7 210 9.3 1.3

Site Longest DT (days) Mean DT (days) Shortest DT (days)

I-8 inlet 30 1.9 0.4

I-8 outlet 12 0.9 0.4

Average WRT is provided for baseflow conditions, all conditions (Mean), and during storm events.

catchment size of 1281 ha, which is 44% of the total catchment for
Lake I-8.

In order to determine the depth at which I-8 inlet water and
bacteria enter the lake, a thermistor chain was deployed at the
deep sampling site of the western basin (Lake I-8 W, Supplemental
Figure 2). The summer of 2003 was relatively cold and wet with
several large storm events (Figure 5; Adams et al., 2010). During
the summer, the lake had periods of stratification until the last
week of July, and had isothermal conditions for most of August
and for brief periods earlier in the summer. The depth of inflow
(dark columns on Supplemental Figure 2) varied throughout the
summer, with base flow and early season run-off events intrud-
ing at the base of the epilimnion. Inflowing water occasionally
entered a well-mixed water column or formed surface overflows.
Deep intrusions to the very bottom of the hypolimnion were typ-
ically found in August when inlet water temperatures were colder
(e.g., 6 August).

The spatial extent of inflowing water also affects bacterial dis-
persal into the lake, and the degree of mixing between inflow
and lake impacts the strength of mass effects on community

composition. Conductivity and pH profiles from the western
sampling stations of the lake indicate that after the first small
rain event of the season in 2007, the inflow signal intruded at
the base of the epilimnion around 3 m, but was only detectable
at the southwest station closest to I-8 inlet (Supplemental Figure
3). Presumably, this stream water mixed into the epilimnion and
lost its distinct conductivity and pH signature before reaching the
next sampling station.

The amount of time that inflowing water persists in a habi-
tat directly affects community dynamics by setting the amount
of time available for bacterial populations to grow and overcome
dilution and dispersal. Epilimnion water retention time aver-
aged ∼9 days but varied from <1 to 600 days, depending on
stream discharge (Table 2). Previous estimates of WRT at this
site were based on the lake-area relationship between Lake I-8
and Toolik Lake (Kling et al., 2000; Crump et al., 2007) instead
of the direct measurements of discharge presented here. Bacteria
cell doubling times were highly variable (Table 2). The shortest
doubling time (0.4 days) was shorter than the shortest WRT (0.8
days), but the wide range of doubling times indicates that WRT
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was occasionally shorter than doubling time, creating a condition
in which species sorting has little effect. The balance between dou-
bling time and WRT affects the persistence of populations within
the habitat. A large but variable fraction of populations in the
outlet community were concurrently detected in the inlet com-
munity, ranging from 32 to 63% (mean of 48%) in 2003 and from
50 to 71% (mean of 59%) in 2007. The degree of overlap between
the inlet and outlet community was related to the amount of
stream flow, and thus the WRT of the lake (Figure 6), in July
and August. Overall community similarity between the inlet and
outlet calculated for each sampling date ranged from 29 to 62%
(mean 42%) and was greatest after the largest storm event of 2003
(Figures 3, 5).

Bacterial communities collected from three inlet streams, the
outlet stream, and several locations in the lake on 4 July 2007
clustered based on lotic or lentic habitat (Figure 7). Lake com-
munities collected at several locations and depths within the lake,

FIGURE 5 | Modeled discharge at I-8 inlet (black line) and % similarity

of bacterial communities at I-8 inlet and I-8 outlet in the summer of

2003 (gray bars). Discharge was modeled using the relationship of
discharge between Toolik Lake inlet and I-8 inlet in 2005–2007. Highest
DNA similarity between I-8 inlet and outlet was detected after a large rain
event near the end of July.

FIGURE 6 | Dice similarity between inlet and outlet bacterial

community composition against the average estimated discharge for 3

days prior to community composition comparisons. A polynomial line is
fit to samples collected after July 1.

including I-8 outlet, had a high mean similarity to each other
of 76% (± 9% SD), while inlet communities had a lower mean
similarity to each other of 32% (± 30% SD) and had only 28%
average similarity to the lake communities (SD of 9%). The two
inlet streams draining catchments south of the lake (I-8 inlet and
I-8 S inlet) had two-thirds of their bacterial community members
in common, while the I-8 NE inlet had very low similarity to the
other two inlet sites (13 and 17%, respectively).

DISCUSSION
Bacterial populations that are best adapted to local environmen-
tal conditions should dominate in habitats with those conditions
provided that species sorting is the primary mechanism struc-
turing the community. Thus, when dispersal is relatively low
and species sorting dominates, community composition in habi-
tats with different environmental conditions should be dissimilar.
However, if dispersal is high and different habitats are linked
hydrologically, then mass effects can produce greater similarity in
community composition between habitats. Based on our hydro-
logic assessment, the inlets and outlet of lake I-8 are not highly
linked except during large storm events when the communities in
these two environments became more similar, demonstrating the
impact of mass effects on patterns in microbial diversity over time
scales of days.

The main outlet of Lake I-8 supported both greater bacterial
productivity and a more stable community composition than the
main inlet to the lake (Figures 2, 3). This elevated BP is likely
supported by relatively labile DOM sources from autochthonous
production in the lake, as indicated by higher levels of chl a
and proteins at the outlet than the inlet (Supplemental Table 2).
Community BP is not strongly correlated with temperature in
these habitats (Adams, 2010; Adams et al., 2010), and a multi-
ple regression analysis of field data showed that temperature was
only one of several parameters required to explain patterns in
BP including dissolved organic carbon, chlorophyll a, and total

FIGURE 7 | NMDS of bacterial communities at Lake I-8 on 4 July 2007

determined from Dice similarities of 16S rRNA DGGE banding patterns

for Inlet samples (black diamonds) and outlet and lake samples (gray

squares). All samples were collected from surface water (0.01 m for
streams, 0.5 m for lake) unless otherwise noted. Normalized raw stress =
0.009.
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dissolved nitrogen and phosphorous concentrations. This work
also identified multiple temperature optima within these bacterial
communities (Adams et al., 2010), suggesting that rates of bac-
terial production are influenced by the composition of bacterial
communities. The stability of the outlet community appears to be
related to the retention of water in the lake. Lakes slow the trans-
port of bacteria through catchments, and given sufficient time
allow species sorting processes to control community dynamics
and to result in downstream communities that are best adapted
to local environmental conditions (Van der Gucht et al., 2007).
However, we found that mass effects periodically disrupt the rela-
tively stable community composition in the lake when large storm
events occur, resulting in more similar communities at the inlet
and outlet (Figures 5, 6). During these periods, the communities
at both locations are likely to be able to process the allochthonous
DOM also being transported downstream, changing the function
of the ecosystem.

When transplanted, bacteria from the inlet remain active at
the outlet and have equal, if not greater, activity in this new
habitat (Figure 4). However, less than half of inlet bacterial pop-
ulations detected as OTUs on DGGE gels persist during transport
across the lake to the outlet (Figure 3, Supplemental Table 1). This
suggests that the inlet bacteria brought into the lake are being
out-competed by bacteria better adapted to process lake DOM
and grow under lake conditions (e.g., lower nitrate concentration,
higher temperature; Supplemental Table 3) (e.g., Lindström and
Langenheder, 2012). Kritzberg et al. (2005) determined that lake
bacterial production is correlated with autochthonous primary
production, even in habitats with high levels of allochthonous
(terrestrial) DOM, suggesting that lake bacteria are better adapted
to grow on autochthonous organic matter than allochthonous
organic matter. When communities from the Lake I-8 outlet were
transplanted to the inlet habitat, in general their productivity
dropped, and in the late season they were less productive than
the inlet communities incubated at the same time (Figure 4).
This suggests that outlet communities no longer include (in large
numbers) populations of bacteria that are able to rapidly process
upstream DOM and grow under inlet conditions, possibly due
to species sorting in the lake during which inlet bacteria were
either outcompeted or diluted to low numbers within the new
lake community. These inlet bacteria, though still present in the
lake, appear to be either poor competitors or potentially limited
in their dispersal to the outlet habitat during low-flow periods.

The dispersal of inlet communities into the lake is limited by
the depth, spatial extent, and volume of stream inflow. Although
the main inlet provides the majority of water to the lake (Table 1),
this water may not extend far into the lake due to mixing or insuf-
ficient volume of inflow, as observed on 4 Jul 2007 (Supplemental
Figure 3), or it may flow directly to the hypolimnion where
it becomes isolated until the lake mixes deeply (Supplemental
Figure 2). However, during large storm events the inflow is very
high and concurrent cold air and water temperatures can result
in deep mixing. Large storm events also decrease the WRT, and in
other systems short WRTs have been found to increase commu-
nity similarity (Lindström and Bergström, 2004). Both sufficient
water volume and inflow penetration into the epilimnion would
be required for mass effects to have a large impact on the outlet

community, such as occurred around 30 Jul 2003 (Figure 5,
Supplemental Figure 2). During this large storm event (∼4500 L/s
discharge), the community similarity of I-8 inlet and I-8 outlet
was 62% compared to 37% similarity before the storm. However,
storms of such magnitude are relatively rare; only 13% of sum-
mer storm events from 1991 to 2008 had a similar or greater
magnitude (Arctic LTER data).

The inlets to the lake drain sub-catchments that differ in
vegetation and surface geomorphology, both of which impact
bacterial communities and therefore the types of populations that
can move downstream (Judd and Kling, 2002). The fact that the
I-8 NE inlet had very low similarity to the other two inlet sites
(13 and 17%, respectively; Figure 7) highlights that catchment-
related differences in source communities can play a role in the
metacommunity dynamics in a lake. However, most populations
from the smaller inlets do not appear to persist in the lake, with
very low similarities between inlet and lake communities. This is
likely due to the small number of inlet bacterial cells becoming
diluted within the lake, as seen in other studies (Lindström and
Bergström, 2004), or due to unfavorable conditions during and
after dispersal (Lindström and Langenheder, 2012). Lower pop-
ulation sizes can result in stochastic extinctions and can decrease
the ability of new populations to compete with existing lake popu-
lations, although for biofilm communities assembly appears to be
robust to such stochastic processes (Besemer et al., 2012). Samples
collected at several locations within the lake indicated a laterally
well-mixed epilimnetic bacterial community with high similarity
between communities at distant sites within the lake (Figure 7).
Chemical measures of lake water support this being a well-mixed
habitat (Supplemental Table 3, Supplemental Figure 2) and there
was no evidence for a gradient of community composition along
a gradient of allochthonous inputs across the lake such as that
found in a much larger reservoir by Simek et al. (2001).

In Lake I-8, there is evidence that both species sorting and
mass effects structure bacterial community composition, with the
impact of mass effects being limited to large stream-inflow events.
Transplant experiments showed that although inlet communi-
ties have the potential for successful establishment as defined by
Hanson et al. (2012) through metabolic activity in the lake and
outlet habitat, outlet communities consist of many bacteria that
are more limited in their ability to remain active in the inlet habi-
tat and process allochthonous DOM (at least to the level of our
detection), particularly later in the summer season. The analysis
of depth, spatial extent, and volume of water inflow determined
the potential dispersal of inlet bacteria to the lake. The relative
magnitude of bacterial growth rates that drive species sorting,
compared to physical flows and WRT which controls water-borne
dispersal, determines the persistence of inlet bacteria in the lake
and outlet habitat. When WRT is short and mass effects dom-
inate, inlet stream bacteria mix farther into the lake and result
in more similar community composition between inlet and out-
let. WRT, along with environmental conditions, has been found
to control the persistence of bacterial groups in other systems
as well (Lindström et al., 2005; Crump et al., 2007), although
a threshold for the importance of mass effects across habitats
remains undetermined (Logue and Lindstrom, 2010). It appears
that when WRT is relatively long, competition and predation

Frontiers in Microbiology | Aquatic Microbiology March 2014 | Volume 5 | Article 82 | 15

http://www.frontiersin.org/Aquatic_Microbiology
http://www.frontiersin.org/Aquatic_Microbiology
http://www.frontiersin.org/Aquatic_Microbiology/archive


Adams et al. Metacommunity dynamics of bacteria in an arctic lake

structure the community in the lake, and many inlet popula-
tions do not persist or persist in very low numbers. Van der
Gucht et al. (2007) suggest that high growth rates and regular
dispersal allows bacterial communities to track environmental
conditions but that oligotrophic systems should be more prone to
mass effects than eutrophic systems with similar hydrology. In our
oligotrophic study system, bacteria have a faster average doubling
time than the average WRT, suggesting that species sorting domi-
nates while mass effects may be important only during aperiodic,
summer storm events. These metacommunity dynamics appear
to directly influence the ecosystem function of microbial com-
munities, by changing the species composition of communities
through dispersal, and altering the ability of microbial communi-
ties to process different DOM substrates and their rates of activity
under different conditions.
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The effect of equivalent additions of nitrogen (N, 30–40 µM-N) in different forms
(ammonium, NH+

4 , and nitrate, NO−
3 ) under conditions of different light exposure on

phytoplankton community composition was studied in a series of four, 5-day enclosure
experiments on water collected from the nutrient-rich San Francisco Bay Delta over 2
years. Overall, proportionately more chlorophyll a and fucoxanthin (generally indicative
of diatoms) was produced per unit N taken up in enclosures enriched with NO−

3 and
incubated at reduced (∼15% of ambient) light intensity than in treatments with NO−

3
with high (∼60% of ambient) light exposure or with NH+

4 under either light condition.
In contrast, proportionately more chlorophyll b (generally indicative of chlorophytes) and
zeaxanthin (generally indicative of cyanobacteria) was produced in enclosures enriched
with NH+

4 and incubated under high light intensity than in treatments with low light or
with added NO−

3 at either light level. Rates of maximal velocities (Vmax ) of uptake of N
substrates, measured using 15N tracer techniques, in all enclosures enriched with NO−

3
were higher than those enriched with NH+

4 . Directionality of trends in enclosures were
similar to phytoplankton community shifts observed in transects of the Sacramento River
to Suisun Bay, a region in which large changes in total N quantity and form occur. These
data substantiate the growing body of experimental evidence that dichotomous microbial
communities develop when enriched with the same absolute concentration of oxidized vs.
reduced N forms, even when sufficient N nutrient was available to the community prior to
the N inoculations.

Keywords: nitrate, ammonium, phytoplankton pigments, food webs, new and regenerated production

INTRODUCTION
Two classic tenets in oceanographic phytoplankton ecology are
that ammonium (NH+

4 ) is used preferentially to nitrate (NO−
3 )

and that the fate of production on NH+
4 and NO−

3 differs in
terms of the microbial community composition supported. The
assimilation of NH+

4 is considered to be less energy expensive
for the cell, and NH+

4 is more easily transported across the cell
membrane than NO−

3 under both balanced growth or N limited
conditions (Raven, 1984). Field efforts have provided consider-
able evidence of preferential uptake of NH+

4 over NO−
3 at con-

centrations of NH+
4 exceeding a few µM. McCarthy et al. (1975)

illustrated, for the Chesapeake Bay, the relationship between the
fraction of total N utilized by natural assemblages and the concen-
tration of ambient NH+

4 ; the uptake of oxidized forms of N never
exceeded more than a few percent of the total N ration when NH+

4
concentrations exceeded 1–2 µM. Berman et al. (1984) illustrated

the same pattern for Lake Kinneret and, more recently, Dugdale
et al. (2007) reported a comparable relationship for San Francisco
Bay estuarine phytoplankton.

In an oceanographic context, based on the concept of “new”
and “regenerated” production it is generally assumed that NH+

4
leads to production that is cycled within the microbial loop,
whereas NO−

3 —based production more often leads to production
that supports a food web leading to secondary production as well
as export out of the euphotic zone (Dugdale and Goering, 1967;
Eppley and Peterson, 1979). Shifts in nitrogen (N) form from
NO−

3 to NH+
4 have been shown in numerous systems to lead to

community shifts away from plankton communities dominated
by diatoms to those dominated by flagellates, cyanobacteria, and
bacteria, in turn, resulting in a shift in composition of higher food
webs (e.g., Legendre and Rassoulzadegan, 1995; Glibert, 1998;
Mousseau et al., 2001; Berg et al., 2003; Heil et al., 2007). In
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coastal and estuarine environments, both forms of N can be sup-
plied as “new” nutrients, and therefore the question emerges as
to whether N form plays a similar regulatory role in shaping food
webs as it does in the oceanic realm. In fact, dichotomous produc-
tion of different phytoplankton communities with N form under
N sufficiency is at odds with another paradigm of phytoplankton
ecology; that nutrients cannot be controlling of phytoplankton
composition when they are at levels sufficient to saturate the
phytoplankton demand. As stated by Reynolds (1999, p. 31),
“. . . there should be no selective effect, consequential upon dif-
ferent affinities of storage capabilities for a nutrient resource, that
might distinguish between the potential performances of any pair
of planktonic algae, so long as the resource concentrations are
able to saturate the growth demand. If that is true, then the ratio
between the (saturating) concentration of any of the resources
also fails to exert any regulatory significance.” It is thus classically
assumed, based on invariant kinetic relationships and cell quo-
tas (e.g., Droop, 1983), that when cells are growing at maximal
growth rates (set by culture or environmental conditions of light,
temperature, etc.), the total N taken up will be the same whether
the cells are provided NO−

3 or NH+
4 (or urea or other forms of N),

and therefore it has also been assumed in field studies and models
that growth and phytoplankton biomass should respond similarly
regardless of the form of N (e.g., Gowen et al., 1992).

In recent years, the idea that regulation occurs across the entire
spectrum of nutrient gradients has begun to take hold, replacing
the notion that regulation of phytoplankton growth occurs only at
the limiting end of the nutrient spectrum (Glibert et al., 2013 and
references therein). Recognition of the complexity and variability
in uptake kinetics has contributed to our evolving ideas of regu-
lation by nutrients (Glibert et al., 2013 and references therein).
However, because of the persistent focus on the role of “lim-
iting substrates,” the effects of high nutrient concentrations on
phytoplankton processes and composition has been significantly
understudied. An important question in this context is whether
the physiological and ecological consequences of dependence on
NO−

3 vs. NH+
4 remain the same under nutrient sufficiency as

under nutrient deficiency.
Moreover, growth in and of itself is not the only ecologically

relevant parameter. A clear example of this is many mixotrophic,
toxic dinoflagellates have inherently slower growth rates than
their non-mixotrophic counterparts, namely diatoms, yet play
key roles in ecological functioning (e.g., Flynn et al., 2013).
Related important ecological concepts are how the nutrient signal
propagates through the food web, whether variance in nutrient
constituents can be related to that of primary producers and
whether variances in each step of the food chain can be related
to each other. While individual nutrients, light availability, and
cellular nutrient ratios regulate the growth rate of phytoplankton,
the wide plasticity of cell composition in algae under both nutri-
ent limited and nutrient- saturated conditions alters the elemental
quality of the algal food available to grazers. What is unclear is
whether changes in nutrient quality under conditions of nutrient
sufficiency alter the composition of the primary producers that,
in turn, have an effect on the composition of the food web.

These questions have a high degree of relevance for the San
Francisco Bay Delta ecosystem (Figure 1). This system is one in

FIGURE 1 | Locations of sampling sites for transects conducted along

the Sacramento River to Suisun Bay (San Francisco Bay Delta) in

September 2011, 2012 and in March 2012, 2013. At sites Garcia Bend and
USGS4, additional samples were collected for experimental manipulations,
as described in text.

which the regulatory role of nutrients has been historically dis-
missed because most nutrients have been assumed to be at levels
that saturate (maximize) phytoplankton growth; instead phyto-
plankton growth has been considered to be regulated primarily
by light limitation (Cole and Cloern, 1984; Alpine and Cloern,
1992; Cloern and Dufford, 2005) and biomass is thought to be
limited by grazing (Kimmerer, 2004). However, over the past
decades there have been large changes in phytoplankton com-
munity composition and the role of nutrients in these changes
has received increasing scrutiny because nutrient loads are high
and increasing (e.g., Wilkerson et al., 2006; Dugdale et al., 2007,
2013; Van Nieuwenhuyse, 2007; Glibert, 2010; Glibert et al., 2011,
2013). One of the major sources of nutrients to the Bay Delta
is sewage effluent (Van Nieuwenhuyse, 2007; Jassby, 2008), with
one of the largest wastewater treatment plants (WWTP) discharg-
ing N primarily as NH+

4 at the rate of 14–15 tons day−1, and at
concentrations that have increased from ∼10 mg L−1 when the
plant came on line in the early 1980s to > 20 mg L−1 in the 2000s
(Glibert, 2010; Glibert et al., 2011). Approximately 90% of the
total N in northern San Francisco Estuary originates from this
single point source (Jassby, 2008).

Although nutrient effects have been dismissed as controlling
factors in San Francisco Estuary in favor of factors such as light
and grazing, the more subtle ecological impacts of NH+

4 loading
and the importance of changes in NO−

3 :NH+
4 in phytoplankton

succession are beginning to be considered as important factors
that may have contributed to historical changes seen in the food
web (e.g., Dugdale et al., 2007, 2012; Glibert, 2010, 2012; Glibert
et al., 2011; Parker et al., 2012a,b). Not only have dominant
species changed in this system, but rates of primary production
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have also declined over the course of the past few decades (e.g.,
Jassby et al., 2002; Kimmerer et al., 2012). In particular, increased
NH+

4 loading relative to NO−
3 in conjunction with changes in

nitrogen (N) and phosphorus (P) stoichiometry are now thought
to be related to the long-term changes in the food web because of
their effects on the dominant primary producers (Dugdale et al.,
2007, 2012; Glibert, 2010; Glibert et al., 2011). While phytoplank-
ton productivity throughout most of the year is, in fact, supported
by NH+

4 , productivity on NH+
4 is reduced relative to that of NO−

3
due to differences in cellular metabolism of NH+

4 vs. NO−
3 and the

resulting phytoplankton community that differentially develops
under these different substrates (Dugdale et al., 2007; Parker et al.,
2012a,b; Glibert et al., 2014). The reduction in N productivity
with increasing NH+

4 availability is a function of NH+
4 repression

of NO−
3 uptake on the short time scale (minutes to hours), fol-

lowed by differential growth of different phytoplankton taxa on a
longer time scale (days to weeks). Much has been written about
the inhibition or repression of NO−

3 uptake by NH+
4 (Dortch,

1990); in general, with increasing concentrations of NH+
4 , the

cell down-regulates its ability to take up or assimilate NO−
3 . The

typical response of NO−
3 uptake in the presence of increasing

NH+
4 concentrations is a near complete suppression and exam-

ples of this relationship in the literature abound (e.g., Caperon
and Ziemann, 1976; Collos et al., 1989; Dortch et al., 1991; Flynn,
1999; Lomas and Glibert, 1999a,b; Maguer et al., 2007; L’Helguen
et al., 2008). While the relationship between NH+

4 availability
and NO−

3 uptake and transport suppression is robust, it is now
recognized that down-stream metabolites, not NH+

4 per se, are
responsible for this down-regulation (e.g., Flynn et al., 1997). In
most algae, the regulation is via the size of the glutamine pool, and
such regulation has been incorporated into biochemical models
that simulate the interactions of NH+

4 and NO−
3 in “generic” algae

based on a cell quota approach (e.g., Flynn and Fasham, 1997;
Flynn et al., 1997).

Here we directly tested the effects of alterations of nutri-
ent form on phytoplankton composition and rates of N-based
productivity for samples collected from the freshwater and low
salinity reaches of San Francisco Estuary. Understanding the fac-
tors changing this ecosystem is crucial to water management,
but understanding how aquatic trophic cascades are modified by
nutrients and other factors is a key scientific question and a major
challenge more broadly (e.g., Carpenter and Kitchell, 1993; Polis
and Strong, 1996). As part of a broader study of the effects of
nutrient forms and light on phytoplankton, we report on a series
of enclosure experiments in which samples were collected from
different locations along a river to bay transect during different
seasons, enriched with NH+

4 or NO−
3 and tracked over a period

of several days when incubated under different light treatments.
We focus only on the effects of additions of the inorganic nutrient
forms of NH+

4 and NO−
3 because of the direct relevance of these

forms to the potential effect on the composition and productiv-
ity of primary producers that might be expected as a result of
management actions to increase nitrification in WWTP process-
ing of effluent in the coming years. We specifically hypothesized
that a greater proportion of diatoms would be produced when
samples were enriched with NO−

3 and that a greater proportion
of cyanobacteria and other NH+

4 -tolerant flagellates would be

produced when enriched with NH+
4 ; and that if samples were

indeed light limited, a lower rate of production overall would
be evident at reduced light levels of incubation. We expected
these changes even against a background of elevated nutrient
concentrations in the ambient environment. These experiments
supplement and extend previous “enclosure” experiments con-
ducted in Bay Delta waters (Dugdale et al., 2007; Parker et al.,
2012a) in which N depletion trends and N uptake rates were
measured on samples that did not receive supplement nutrient
enrichments.

MATERIALS AND METHODS
SITE DESCRIPTION AND SAMPLE COLLECTION
The San Francisco Estuary consists of South San Francisco Bay,
Central Bay, San Pablo Bay, Suisun Bay, and the Sacramento-
San Joaquin Bay Delta, a complex of rivers, channels, wet-
lands, and floodplains (Atwater et al., 1979; Nichols et al.,
1986; Muller-Solger et al., 2002). The upper estuary is an
inverse delta and receives the majority of its flow from the
Sacramento and San Joaquin Rivers (Figure 1, Atwater et al.,
1979; Nichols et al., 1986). The Sacramento River is the larger
river, contributing ∼80% of the freshwater to the system
(Jassby, 2008); the upper reaches of the Sacramento River drain
61,721 km2, while the upper San Joaquin River drains 19,030 km2

(Sobota et al., 2009). With exception of the deeper Central Bay,
the mean depths of the various sub-embayments in the estuary
range from 3.3 to 5.7 m (Kimmerer, 2004).

Samples were collected from the R/V Questuary during 4 sea-
sons over 2 years, September 2011, March 2012, September 2012,
and March 2013. During each period of sampling, a transect
from the upper Sacramento River to Suisun Bay was conducted,
with sites beginning above the Sacramento WWTP and ending at
Suisun Bay (Figure 1). Each survey was conducted during outgo-
ing tide, although the absolute phase of the tide was not the same
for each sampling period. At each station, a Seabird Electronics
SB-32 rosette mounted with 6, 3-L Niskin bottles and fitted with
a Seabird SBE-19 plus CTD was deployed to collect vertical pro-
files of temperature and salinity and to collect near-surface water
samples.

At each site, samples were immediately filtered on board
(precombusted, 2 h 450◦C, Whatman GF/F filters) for the collec-
tion of chlorophyll a (chl a), and accessory pigments (accessory
pigments were not collected in September 2011). Filters were
immediately frozen and returned to the laboratory for analysis.
The filtrate was also stored on ice, returned to the laboratory and
immediately analyzed for NH+

4 and NO−
3 (within 3 h). Aliquots

of sample were also frozen for subsequent analysis of PO3−
4 as

well as silicate (Si(OH)4) and organic nutrient forms of N and
P; (Si(OH)4 and organic nutrient data not shown).

During September 2011 and March 2012, over 400 L of water
were also collected from the site identified as Garcia Bend (GRC),
which is located just above the Sacramento WWTP, and during
September 2012 and March 2013 similar bulk collections of water
were undertaken at Garcia Bend as well as in Suisun Bay at site
USGS4. This water was pre-screened through 150 µm mesh to
remove large grazers, held in large carboys, shaded and returned
to the shore-based laboratory at the end of the day.
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EXPERIMENTAL TREATMENTS
All large-volume samples collected from Garcia Bend and USGS4
were held overnight at ambient temperatures at the Romberg
Tiburon Laboratory and were enriched with different N sub-
strates by midmorning the following day. In “cubitainers” of 20 L
volume, samples were enriched with either 40 µM (September
2011, March 2012) or 30 µM (September 2012, March 2013)
NO−

3 or NH+
4 , with cubitainers from each site being enriched

with each N form in parallel. The level of N enrichment was
targeted to raise the total available N to a value >40 µM, rep-
resenting a change that was >2-fold larger than that observed
in NH+

4 along the riverine transects. The cubitainers were then
placed in large (1000 L), water-filled enclosures to maintain ambi-
ent temperatures. They were covered with either a single layer
of neutral density screening to simulate 60% neutral irradiance
(high light) or with 3 layers of neutral density screening to simu-
late 15% of natural irradiance (low light). The overall experiment
was thus a 2 × 2 factorial, with 2 N sources and 2 light treat-
ments. Cubitainers were incubated under these conditions for up
to 5 days.

On a daily basis at midmorning, subsamples were collected
from each cubitainer and immediately filtered as described above
for chl a, accessory pigments and ambient nutrient concentra-
tions. Samples for chl a were subsequently extracted as described
below, while samples for accessory pigments (collected only on
selected days) were flash frozen in liquid N2 until subsequently
analyzed. The filtrates were also frozen for nutrient analysis.

At the same time subsamples were collected for nutrient and
pigment analysis, subsamples from the cubitainers were also col-
lected on days 1–2 (September 2011, March 2012) and on days
1–5 (September 2012, March 2013) for determination of the rates
of uptake of NH+

4 and NO−
3 . Sufficient sample was removed from

each cubitainer to prepare 3, 200 mL incubation bottles to which
an additional 30 µM-N were added to each, but each bottle was
enriched with a different form of 15N- labeled substrate: NH+

4 ,
NO−

3 or urea. These 15N enrichments were at levels that were
assumed to be more than sufficient to saturate the N uptake sys-
tem (these enrichments supplemented the initial NH+

4 or NO−
3

enrichment of the cubitainers). These enrichments were designed
to be large, pulsed additions and were not representative of “trace”
uptake. The goal was to characterize how the phytoplankton
responded to a pulsed addition, analogous to the interception
of a plume of effluent in a river. Each bottle was immediately
returned to the enclosures under screening that was the same
as the cubitainers from which the respective samples were taken.
Incubations for 15N uptake were ∼1 h, after which time the bot-
tles were removed from the enclosure, immediately filtered onto
Whatman precombusted GF/F filters and frozen. Samples were
later analyzed by mass spectrometry as described below.

ANALYTICAL PROTOCOLS
Ambient nutrients were analyzed using manual colorimetric
assays (NH+

4 ) and autoanalysis techiques (NO−
3 , PO3−

4 , Si(OH)4).
Concentration of NH+

4 was analyzed according to Solórzano
(1969). Samples from the transects were never frozen, while daily
samples from the cubitainers were frozen. Concentration of NO−

3
was analyzed on samples from the transects that were also never

frozen, using a Bran and Luebbe Autoanalyzer II according to
Whitledge et al. (1981) and Bran and Luebbe (1999c) Method G-
172-96, while cubitainer samplings for NO−

3 as well as PO3−
4 and

silicate (Si(OH)4) were analyzed on the same instrument after a
period of frozen storage, although there was a 24 h thawing period
before analysis (MacDonald et al., 1986). Methods for these lat-
ter analytes were Bran and Luebbe (1999b) Method G-175-96
and for Si(OH)4, Bran and Luebbe (1999a) Method G-177-96.
Samples for chl a were analyzed using a Turner Designs Model 10-
AU fluorometer following a 24 h 90% acetone extraction at 4◦C
(Arar and Collins, 1992), and a 10% hydrochloric acid addition
to correct for phaeophytin. The fluorometer was calibrated with
commercially available chl a (Turner Designs).

Accessory pigment samples were frozen at −80◦C until anal-
ysis, approximately 6 weeks after sampling. They were processed
by High Performance Liquid Chromatograph (Agilent) following
the protocols of Van Heukelem and Thomas (2001). All 15N anal-
yses were done on a Sercon mass spectrometer following drying
of the filters and encapsulation into tin capsules.

CALCULATIONS AND STATISTICAL ANALYSES
For each cubitainer for each day of incubation, the daily change
in inorganic N (typically removal) and the daily change in chl
a or accessory pigments (typically increase) were calculated and
compared, thus giving a daily chl a or pigment yield per unit N
consumed. In sum, accounting for all sites and seasons, for each
light level, there were 22 pairs of N treatments for which such cal-
culations were possible for chl a. Given that accessory pigments
were only collected on selected days, there were 14 such paired
treatments.

For each incubation irradiance condition and each N form,
all data from all dates of sampling and stations were combined.
Pearson correlation analysis was used to compare the strength of
the response in each pigment in relation to the change in total
DIN. The strength of the correlation (Pearson correlation coeffi-
cient, r) and the rates of change (slopes or regression coefficients)
for all treatments (high vs. low irradiance with NH+

4 or NO−
3

enrichment) were calculated. Significance of the regressions is
reported for both p < 0.05 and p < 0.01 levels.

For the 15N analyses conducted on each day for each
cubitainer, rates were calculated as biomass-specific uptake rates,
V (h−1), using the following formula (Dugdale and Wilkerson,
1986; Glibert and Capone, 1993):

V = V = (15N atom % sample − 15N atom % normal)

(15N atom% enrichment × incubation duration)

where atom % sample is the 15N enrichment in the sample,
atom % normal is the natural 15N background enrichment, and
15N atom % enrichment is the initial isotope enrichment based
on added plus ambient substrates (Glibert and Capone, 1993).
Given the elevated concentration of 15N made to these experi-
ments, these rates are assumed to be representative of Vmax and
no isotope dilution correction was necessary (Glibert et al., 1982;
Glibert and Capone, 1993). The individual rates for NH+

4 , NO−
3

and urea were calculated and these rates were summed. The sum-
mation is provided as a physiological index; it does not represent
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the actual uptake by the cells but rather the potential for
∑

N
uptake should all forms of N be provided at or near saturating
conditions. These summed rates were compared across N and
light treatments for each day of incubation of the cubitainers.
When summed, the values are referred to as N-based productiv-
ity rates (Wilkerson et al., 2006); here they represent maximal
N-based productivity rates. Data were analyzed using a 2-Way
ANOVA.

RESULTS
AMBIENT ENVIRONMENTAL CONDITIONS AND RIVERINE TRANSECTS
Changes in nutrient concentration and form were apparent in
all transects (Figures 2A–D). In all but March 2012, a large (20–
30 µM-N) increase in NH+

4 was noted just south of the Garcia
Bend site, which is also just south of the WWTP discharge site.

A smaller peak (∼7 µM-N) in NH+
4 was noted during March

2012 in the same river region. While increased concentrations of
NH+

4 were detected in all cases below the Garcia Bend site, it is
recognized that our surface sampling does not capture the peak
of the effluent plume. While it is not known why the March 2012
peak was smaller than that observed during the other seasons, the
WWTP does alter its discharge, even holding it for several days
without discharge, depending on conditions at the plant at the
time. As water moved from the Sacramento River toward Suisun
Bay, the NH+

4 peaks in September 2011, 2012, and March 2013
dissipated, but near equivalent increases in NO−

3 were noted, sug-

gestive of nitrification. Increases in PO3−
4 downstream were also

noted. In March 2012, concentrations of NH+
4 did not decrease

downstream, but nevertheless concentrations of NO−
3 increased

significantly.

FIGURE 2 | (A–D) Concentration changes in NH+
4 , NO−

3 (primary Y axis)
and PO3−

4 (secondary Y axis) from the upper Sacramento River to Suisun
Bay for transects conducted on dates indicated. All data shown are from
near surface samples. Note that the scales change from panel to panel

but the relationship to the primary to secondary axis remains the same
for all panels. (E–H) Concentration changes in chlorophyll a from the
upper Sacramento River to Suisun Bay for transects conducted on dates
indicated.
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The trends in chl a along the river to bay transects were
highly variable from sampling period to sampling period
(Figures 2E–H). In general, concentrations of chl a were < 3 µg
L−1 regardless of sampling site or time period, but there was one
important exception to this trend. In March 2013, all chl a-values
were higher by a few µg L−1 than observed in previous time peri-
ods and at site USGS2, a spatially limited phytoplankton bloom
was found, with chl a-values reaching 30 µg L−1 (Figure 2H).
Interestingly, in September 2011, the same USGS2 site had a
depression in chl a-values (from ∼2.5 to 0.5 mg L−1) compared
to the other sites along the transect (Figure 2E).

Large changes were observed in accessory pigments along
the riverine to bay transect, indicative of changes in species
composition (Figure 3; note that no accessory pigment data
are available for September 2011). Whether the accessory pig-
ment data are expressed in relation to concentrations of chl a
(Figures 3A,C,E), or in relation to concentrations measured at
Garcia Bend (located above the WWTP; Figures 3B,D,F), the
pattern is fundamentally the same: decreased concentrations of
fucoxanthin, suggestive of fewer diatoms, and increased concen-
trations of alloxanthin, suggestive of more cryptophytes. In all
cases, fucoxanthin declined from the upper Sacramento River to

Suisun Bay, although secondary peaks in fucoxanthin:chl a were
noted in Suisun Bay in both March 2012 and September 2012
(Figures 3A,C). Alloxanthin increased toward Suisun Bay relative
to both chl a and relative to values at Garcia Bend in all transects.
In September 2012, an increase in zeaxanthin (generally indicative
of cyanobacteria) toward Suisun Bay was also noted. Chl b had
a pronounced increase toward Suisun Bay in March 2013 when
viewed both in relation to chl a and relative to values determined
at Garcia Bend (Figures 3E,F).

Samples used in the N enrichment experiments were col-
lected during periods in which temperatures ranged over a gra-
dient from 11 to 19.6◦C (Table 1) and salinities were fresh (all
salinities <5.9, and most ≤1.0). Secchi depths reflected the tur-
bid conditions of river and bay, with values ranging from 0.3 to
1.3 m, but consistently the upper Sacramento River had higher
light penetration than did Suisun Bay (Table 1). Ambient chl a-
values did not vary by much more than a factor of 2 (1.91–4.60 µg
L−1) across the variable spatial and temporal sampling. Nutrient
concentrations for all inorganic N and P forms were never at levels
reflective of depletion; NH+

4 concentrations ranged from 0.50 to
3.2 µM-N, NO−

3 concentrations ranged from 2.70 to 28.2 µM-N,

and PO3−
4 values ranged from 0.80 to 2.42 µM-P (Table 1). Molar

FIGURE 3 | Changes in concentrations of accessory pigments from the

upper Sacramento River to Suisun Bay for transects conducted on dates

indicated. (A,C,E) Data are expressed as concentrations of accessory
pigment relative to concentrations of chlorophyll a. (B,D,F) Data are

expressed as the percent change in the accessory pigment relative to
concentrations of the same pigments at the Garcia Bend station. All data
shown are from near surface samples. Note that the scales change from
panel to panel.
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Table 1 | Ambient environmental conditions of sites sampled in the San Francisco Bay Delta from which samples were subsequently

incubated under varying N and light conditions.

Date of sample Site Temperature Salinity Secchi Chlorophyll Ammonium Nitrate Phosphate DIN:PO3−
4

collection (◦C) depth (m) a (µg L−1) (µM) (µM) (µM) (molar)

September 2011 Garcia Bend 20.1 <1.0 1.0 2.26 0.50 4.70 0.90 5.78

March 2012 Garcia Bend 11.0 <1.0 0.3 3.42 1.24 12.50 1.20 11.45

September 2012 Garcia Bend 19.6 <1.0 1.1 2.11 1.14 2.70 0.80 4.80

Suisun Bay (USGS4) 19.3 5.91 0.6 1.91 2.02 24.3 2.42 10.88

March 2013 Garcia Bend 13.2 <1.0 1.3 4.60 0.51 8.30 0.83 10.61

Suisun Bay (USGS4) 14.9 1.01 0.3 2.72 3.20 28.20 1.79 17.54

ratios of DIN (sum of NO−
3 and NH+

4 ) to PO3−
4 were less than the

canonical Redfield ratio for all sampling sites except for Suisun
Bay in March 2013 when the value was 17.5. Values of Si(OH)4

for all samples (not shown) were in the several 100 µM-Si range
for all samples collected.

RESPONSES IN PHYTOPLANKTON PIGMENTS TO DIFFERENT FORMS
OF N AND IRRADIANCE LEVELS
In the enrichment experiments, when all data from all sites and
seasons were compiled, a linear relationship emerged when the
daily rate of change in chl a was compared to the daily change
in N (Figures 4A,D; r > 0.66 in all cases; Table 2). However, the
rate of change in chl a differed significantly for those samples
enriched with NH+

4 compared to those enriched with NO−
3 when

these samples were incubated under low light conditions. Those
that were enriched with NH+

4 under low light yielded ∼1 µg
chl a:1 µM N consumed; for those that were enriched with
NO−

3 , the chl a yield was ∼2 µg chl a:1 µM N consumed
(Figures 4A,C; Table 2; significance of t-statistic for regression
comparison <0.01). The chl a yield for all high light treatments
was ∼1 µg chl a:1 µM N.

When the daily yields in individual pigments are compared
in the analogous way, the responses were quite varied (Note that
the responses for fucoxanthin are illustrated in Figures 4E–H; the
slopes of the regression lines for all pigment changes in relation
to changes in N are compared in Figure 5; Table 2 compares all
regression statistics for all pigments). For fucoxanthin, as with chl
a, there was approximately a doubling of the yield per unit N con-
sumed for samples that were enriched with NO−

3 and incubated
under low light compared with the parallel samples incubated
with NH+

4 under low light (Figures 4E,G, 5, Table 2; significance
of t-statistic for regression comparison <0.05). Interestingly, the
relationship between the daily yield of fucoxanthin and daily
change in NH+

4 for samples held under high light was not
significant (r = 0.52; Table 2, Figures 4, 5). When changes in
fucoxanthin were compared to changes in chl a, all treatments
were significantly related and not different from each other (r =
0.72–0.89; not shown).

The response of alloxanthin to change in N form differed
somewhat from those of the aforementioned pigments. In this
case, significant increases in relation to changes in N were
observed for samples enriched with NH+

4 and incubated under
both high or low light as well as for samples enriched with NO−

3
and incubated under reduced irradiance, but the relationship

was not significant for samples enriched with NO−
3 and incu-

bated under high light (r = 0.61–0.82 vs. 0.50; Figure 5, Table 2).
Highest yields in alloxanthin were found for samples incubated
with NO−

3 at low light (Figure 5). All alloxanthin responses were
significant when compared to changes in chl a (r > 0.64; not
shown).

The responses of chl b and zeaxanthin were quite different
from those of fucoxanthin and alloxanthin. For these pigments,
the most significant relationships in terms of the change in pig-
ment in relation to change in N were observed in the treatments
that were enriched with NH+

4 and incubated at high light (r =
0.67 and 0.70, respectively; Figure 5, Table 2; significance of t-
statistic for regression comparisons of both pigments at high vs.
low light <0.01). In the case of chl b, but not zeaxanthin, sam-
ples incubated with NO−

3 and also held under high light were
significantly related to the change in N (Table 2). Additionally,
whereas there was a relationship between change in N and change
in zeaxanthin for the NH+

4 and high light treatment, no such rela-
tionship was observed for the change in zeaxanthin in relation to
the change in chl a (r < 0.5, p > 0.05, not shown) suggestive that
under these conditions the proportional change in zeaxanthin was
greater.

BIOMASS-SPECIFIC N PRODUCTIVITY RATES
In contrast to the classic assumption that when provided nutri-
ents in sufficiency, rates of uptake should not vary by N form,
here it was found, based on 15N uptake measurements, that maxi-
mal N-based biomass-specific productivity rates (Vmax h−1) were
consistently higher for those samples taken from experimental
cubitainers that were initially enriched with NO−

3 compared to
those initially enriched with NH+

4 (Figure 6; see SI for fractional
uptake of each N form). [Note that the same pattern emerges if
instead of summed rates, the average uptake rates are reported].
The directionality of the different rates between samples initially
enriched with NO−

3 and those with NH+
4 was similar to the dif-

ferences in total chl a and fucoxanthin, which also trended higher
under NO−

3 enrichment than with NH+
4 enrichment. These dif-

ferences were due overwhelmingly to the depression in rates of
Vmax NO−

3 in those treatments originally enriched with NH+
4 .

Rates of Vmax NO−
3 were depressed by 88–96% in September

2011, 54–73% in March 2012, 69–95% in September 2012 and
58–93% in March 2013 in treatments enriched with NH+

4 rel-
ative to treatments enriched with NO−

3 initially. Rates of Vmax

NH+
4 , or Vmax urea, however, were not proportionately higher to
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FIGURE 4 | Daily rate of change in chlorophyll a (A–D) and in fucoxanthin

(E–H) in relation to daily rate of change in the dissolved inorganic

nitrogen (DIN) concentration. Data are the composite of all N-enrichment
experiments conducted on samples collected from the Sacramento River
(Garcia Bend) and Suisun Bay (USGS4) in September 2011, 2012, and in
March 2012 and 2013. Samples were enriched with NH+

4 (A,B,E,F; squares) or

NO−
3 (C,D,G,H; circles) and incubated at 15% of ambient irradiance (A,E,C,G;

filled symbols) or 60% of surface irradiance (B,F,D,H; open symbols). Nitrogen
enrichment levels and other experimental details are described in text. Lines
represent linear regressions. Note that of all the pigments measured, only
fucoxanthin is illustrated here. Regression statistics and comparisons for
these data as well as for other pigments are given in Table 2 and Figure 5.

compensate, and therefore total rates were lower. Thus, every one
of the 14 experiments had rates of summed uptake for the NO−

3
enrichments that were higher than for the NH+

4 enrichments-
even though in each case the pairs of treatments had exactly the
same amounts of added N. Averaging all data from all dates,
the rates of summed Vmax (and the same is the case for average
Vmax) for the NO−

3 enrichment treatments were 65% higher than
those of the NH+

4 enrichment treatments. A Two-Way ANOVA
confirmed that there were significant effects with regard to sub-
strate form (p < 0.0001) but not with light for either substrate.

DISCUSSION
The range of nutrient values from the riverine transects described
here (Figure 2) are consistent with previously reported nutrient
values in the Sacramento River in 2005 (Parker et al., 2012a,b).
Previous studies have also observed a large step increase in
NH+

4 downstream of the WWTP, leading to peak values in the
central region of river for the stage of tide on which these tran-
sects were made. The values reported herein are also similar
to those previously reported for Suisun Bay (site USGS6) in
2002, where throughout the year NO−

3 concentrations values
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Table 2 | Comparison of correlation statistics for trends in the daily rate of change in major phytoplankton pigments (µg L−1 d−1) in relation to

the daily rate of change in total dissolved inorganic N (DIN, µM d−1) for samples from San Francisco Bay Delta enriched with NH+
4

or NO−
3

and

incubated at high or low light levels.

Response variable and incubation condition Chlorophyll a Fucoxanthin Alloxanthin Chlorophyll b Zeaxanthin

(daily change); statistical parameter

LOW LIGHT—NH+
4

ENRICHED

Regression coefficient (slope) 1.07 0.48 0.017 0.006 0.001

Correlation coefficient (r) 0.66** 0.79** 0.82** 0.16 0.22

Significance (p) of r <0.01 <0.01 <0.01 0.74 0.46

N 22 14 14 14 14

HIGH LIGHT—NH+
4 ENRICHED

Regression coefficient (slope) 0.93 0.21 0.013 0.129 0.007

Correlation coefficient (r) 0.73** 0.52 0.61* 0.67** 0.70**

Significance (p) of r <0.01 0.07 0.02 <0.01 <0.01

N 22 14 14 14 14

LOW LIGHT—NO−
3

ENRICHED

Regression coefficient (slope) 2.06 0.81 0.025 0.018 0.0005

Correlation coefficient (r) 0.83** 0.84** 0.67* 0.22 −0.03

Significance (p) of r <0.01 <0.01 0.013 0.45 0.86

N 22 14 14 14 14

HIGH LIGHT—NO−
3

ENRICHED

Regression coefficient (slope) 0.99 0.31 0.013 0.037 0.0013

Correlation coefficient (r) 0.77** 0.78** 0.50 0.58* 0.25

Significance (p) of r <0.01 <0.01 0.07 0.04 0.39

N 22 14 14 14 14

Sampling periods, locations, substrate enrichment and incubation details are given in text. Correlation coefficients (r) that were significant at p < 0.01 are indicated

by **; those that are significant at p < 0.05 are indicated by *; all significant values are also shown in bold italic font.

were >30 µM-N, NH+
4 values ranged from 1.3 to 16 µM-N,

PO3−
4 values were >2 µM-P, and Si(OH)4 values were >200 µM-

Si (Wilkerson et al., 2006). Values of chl a along the transects
(Figure 3) were also consistent with previously reported ranges
for this region of the estuary for most years (Wilkerson et al.,
2006; Kimmerer et al., 2012; Parker et al., 2012a). Both previous
studies reported ambient chl a in Suisun Bay to be in the 1–2 µg
L−1 range for most of the year (occasional blooms excepted),
and long-term data covering the period from 1975 to 2005 also
show that Suisun Bay chl a-values tend to be <5 µg L−1 on aver-
age. Because of the seeming abundance of ambient nutrients in
contrast to the chl a levels accumulated, this system is typically
characterized as a High Nutrient Low Growth or Low Chlorophyll
(HNLG or HNLC) region (Cloern, 2001; Yoshiyama and Sharp,
2006; Dugdale et al., 2007). Suppression of productivity by ele-
vated NH+

4 levels is thought to be a major factor contributing to
the low growth/low biomass in this system.

The values of chl a yield found here ranged from ∼1 µg
chl a:1 µM N for both nutrient enrichment conditions at high
irradiance levels as well as for reduced irradiance with NH+

4
enrichment, but about twice that value, ∼2 µg chl a:1 µM N,
for samples enriched with NO−

3 and held under reduced irra-
diance. These values are comparable to previous values of chl a
yield reported from a range of environments (Gowen et al., 1992;
Edwards et al., 2005). Gowen et al. (1992) reported a range from
0.25 to 4.4 µg chl a:1 µM N, with a median of 1.1 µg chl a:1 µM
N for Scottish coastal waters, and a similar range was found by

Edwards et al. (2005) in studies of a coastal lagoon and of the
coast of Portugal. Although both investigators compared various
environment or seasonality in their assessments of chl a yields,
and recognized that different phytoplankton communities likely
contributed to the differences in such yields, neither reported
the effects of changing forms of N nor related their findings to
variable N forms.

Phytoplankton ecologists have long known that NH+
4 is

energetically favored over NO−
3 (Raven, 1984) and thus it is

thought to be universally preferred as an N substrate. The evi-
dence for NH+

4 preference is several-fold, much of this under-
standing grounded in the classical physiological literature, and,
importantly, in studies where N was the limiting nutrient. In
culture experiments where both NH+

4 and NO−
3 are supplied

together, as well in experimental mesocosm experiments in
which both substrates are available, the typical pattern is for
NH+

4 to be drawn down first, and only then is NO−
3 used in

any substantial way, as evidenced by disappearance from the
water or media provided. However, except in culture studies,
rarely are natural phytoplankton in an environment in which
only one form of N is available, and this condition is par-
ticularly rare in nutrient-enriched or eutrophic environments.
More typically in such conditions, a cell is balancing the uptake
of both oxidized and reduced forms of N. Importantly, dif-
ferent phytoplankton functional groups differ in their ability
to take up and assimilate different forms of N, and molecu-
lar genetics on NO−

3 transporters confirm that there are clear
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FIGURE 5 | Comparisons of the slopes and the upper and lower

confidence intervals (at the 5% significance level) for the regressions of

the daily rate of change in pigment as a function of the daily rate of

change in dissolved inorganic N (A–E) for the experimental treatments

indicated and as described in text. Regressions that were significant at the

p < 0.01 level are indicated by ∗∗; those that are significant at the p < 0.05
levels are indicted by ∗. Note that slopes for regression that were not
significant are shown as pale bars without outlines and their confidence
intervals are given for reference purposes only. Further details of the
correlation statistics are given in Table 2.

differences between the major algal groups (Song and Ward,
2007). Diatoms tend to have more copies of high affinity trans-
porters for NO−

3 , while some picoplankton and cyanobacteria
may not have any (Lindell and Post, 2001; Moore et al., 2002;
Song and Ward, 2007). Moreover, for many cyanobacteria, the
high affinity transporter for NH+

4 is not regulated at all, being
constitutively expressed (Lindell and Post, 2001). Similarly, NO−

3
reductase shows a great deal of genetic diversity across species
groups. The net effect of these metabolic differences is that, as
a generality, diatoms appear to be NO−

3 specialists, while many
cyanobacteria are NH+

4 specialists (Lomas and Glibert, 1999a,b,
2000).

The concept of differential rates of production under NH+
4 vs.

NO−
3 enrichment, even when the total load remains the same, is

not necessarily intuitive and therefore has not traditionally been
appreciated in nutrient-enriched systems, even though it is well
accepted in oceanic environments. In order to have effects on
higher trophic levels, it is often assumed that the levels of NH+

4
must be in the range that causes direct toxicity, and typically that
is considered only relevant when NH3, rather than NH+

4 is the
dominant form. However, any environmental factor that affects
the availability of substrates, the nutritional state of the cell, the
regulation of photosynthesis, or the rate of enzyme activity will
affect the rates by which NH+

4 or NO−
3 are transported and/or

assimilated. Ultimately these differences play a regulatory role in
the community composition. The more subtle ecological impacts
of NH+

4 and the importance of changes in NO−
3 :NH+

4 in phy-
toplankton metabolism and succession have been more difficult
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FIGURE 6 | Comparison of the daily change in N-based productivity rate

(Vmax h−1) for samples removed from experiments initially enriched

with NO−
3

(dark gray bars) or NH+
4

(pale gray bars) and subsequently

incubated with saturating levels of 15N- NO−
3

, NH+
4

and urea as

described in text for dates indicted. All experiments shown are for samples
originally collected from Garcia Bend. 15N uptake rates for all substrates were

summed for each day of experimentation and for each treatment from which
the samples were obtained [only 2 days of these 15N experiments were
conducted in September 2011 and March 2012 (A–D), but 5 days of 15N
experimentation were conducted in September 2012 and March 2013 (E–H)].
The initial enrichment substrate (NO−

3 or NH+
4 ) is given along the X axis. The

day of sampling of the experiments is also indicted.

to appreciate. While NH+
4 can be characterized as a paradoxical

nutrient—preferentially used at one end of the concentration
spectrum when N is limiting and toxic to the cell when sup-
plied at super-saturating levels (Britto and Kronzucker, 2002), its
regulatory effects span the entire spectrum of its availability.

The responses shown here by individual components of the
phytoplankton communities were as hypothesized based on the
oceanographic paradigms of response to oxidized (classically
termed “new”) vs. reduced (classically termed “regenerated”)

N forms. These data provide direct experimental evidence
that dichotomous phytoplankton communities developed when
enriched with the same absolute concentration of oxidized vs.
reduced N forms, even when seemingly sufficient N nutri-
ent was available to the community prior to the N inoc-
ulations (Figures 4, 5). These observations are contradictory
to the notion of Reynolds (1999) that at or near saturation
of the growth demand, different types of algae should not
have differential success when nutrients change but remain
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at saturated levels. The Reynolds idea has heretofore been
used to argue that if nutrients are not limiting for growth
in the San Francisco Bay Delta then some other factor,
namely light must be limiting for phytoplankton growth
(Cole and Cloern, 1984; Jassby et al., 2002).

Overall, greater response by fucoxanthin-containing organ-
isms (diatoms) was observed in those samples enriched with
NO−

3 and incubated under reduced irradiance, and greater
responses by zeaxanthin and Chl b-containing organisms (pre-
dominantly cyanobacteria and chlorophytes) were observed in
samples enriched with NH+

4 and incubated under higher irra-
diance. Where pigment changes were significantly correlated to
changes in N on a daily basis, the relationships were not a
function of seasonal or site differences: data from different sea-
sons and sites fell on the same trend line. The experimental
results shown here also are supportive of reduced rates of N-
based productivity for samples incubated with NH+

4 enrichment
compared to those incubated with NO−

3 enrichment (Figure 6).
These data add to the emerging body of evidence that such
responses are not solely observed in oligotrophic systems. The
pattern of low rates of productivity in the presence of elevated
NH+

4 conditions in the Sacramento River and Suisun Bay is
comparable to observations in other river, estuarine and coastal
ecosystems impacted by wastewater effluent (MacIsaac et al.,
1979; Yoshiyama and Sharp, 2006; Waiser et al., 2011). The
inhibitory effect of NH+

4 on diatoms seen here has, for exam-
ple, been observed in other estuaries, such as the Delaware
Estuary and the inner bay of Hong Kong Harbor (Yoshiyama and
Sharp, 2006; Xu et al., 2012). In the Delaware Estuary, inhibi-
tion by NH+

4 was greatest when diatoms dominated (Yoshiyama
and Sharp, 2006). A series of 3-week nutrient-rich mesocosm
experiments conducted in Wascana Lake, Saskatchewan, Canada,
yielded largely similar findings: total cyanobacterial biomass was
associated with NH+

4 additions, but diatom biomass was asso-
ciated with NO−

3 additions (Donald et al., 2013). And, earlier
mesocosm experiments conducted in eutrophic Delaware Bay
revealed higher primary production with NO−

3 than with NH+
4

(Parker, 2004).
The responses reported here were also related to the expo-

sure irradiance level, but not necessarily in a manner originally
anticipated. Whereas light has previously been thought to be
limiting in this system (e.g., Cole and Cloern, 1984), low light
enhanced the N-based yields of chl a, fucoxanthin and allox-
anthin, while high light enhanced the response of chl b and
zeaxanthin. However, pigment yields are a product of both cell
growth as well as photoacclimation. The light responses here
suggest that rather than being light limited, cells were low-
light adapted and, in fact, may have experienced some degree
of photoinhibition in the treatments with higher irradiance. It
is interesting to compare these responses in the experimental
manipulations to light responses along the riverine transects. In
all of the transects reported here, Secchi depths were never greater
than 1.6 m, and the greatest light penetration was always observed
in the Sacramento River, above site USGS655. Reductions in
light penetration were noted in Suisun Bay compared to the
upper reaches of the river (Table 1), as also previously observed
by Parker et al. (2012b). In all transects, fucoxanthin declined

downriver (with the exception of two single sites around USGS2
in March 2013). Shifts away from diatoms in the transects in
the region of Suisun Bay occurred despite the decrease in light
penetration, the opposite direction of our experimental find-
ings in which more fucoxanthin was produced in treatments
with lower light. These shifts in community composition were,
however, consistent with a lesser production of fucoxanthin in
waters influenced by the NH+

4 —enriched conditions. In the tran-
sects reported herein, Secchi depths varied by factors of 2.5 to 5,
with the largest range measured in March 2013, but, by contrast,
NH+

4 concentrations varied along the transects by a minimum
of 11-fold (in March 2012) to 65-fold (in March 2013), and
the ratio of NH+

4 : NO−
3 varied along the same spatial gradi-

ent by 4-fold (in September 2011) to >100-fold (in September
2012). If light were the dominant regulatory factor, we would
have expected to see shifts in community composition along
the transects that compared at least in directionality with those
of the experimental high vs. low light manipulations. The dif-
ference in the experimental enclosures when incubated with
differing nutrient forms were indeed consistent with trends in
changes in pigments, and we thus suggest that the large nutri-
ent changes, delivered over a short section of the river, were the
dominant factors contributing to changes in phytoplankton com-
munity composition, observed along the riverine to bay transects
(Figure 3).

During September 2012 (the only September for which pig-
ment transect data are available), a large increase down-river in
zeaxanthin was also noted. Cyanobacteria not only are preferen-
tial users of NH+

4 compared to NO−
3 (Berg et al., 2003; Glibert and

Berg, 2009), but they also are favored under the warmer tempera-
tures of that season compared to temperatures observed in March
(Paerl and Huisman, 2008). All transects had a >100% increase
in alloxanthin (relative to values at Garcia Bend) beginning at the
riverine site where the pulse of NH+

4 became pronounced- a trend
also consistent with reductions in water column transparency
from the upper river to the bay (not shown).

There are a number of important implications of these data
in the context of management implications of nutrient loads
in the San Francisco Bay Delta region. These results bear sub-
stantially on the ongoing management debate in the Bay Delta
region concerning the importance of reducing total N loads from
sewage effluent and/or adding nitrification with or without N
reductions. Water management in California is challenging and
contentious, and a significant fraction of the water supply for
state needs is extracted from the Delta. The Bay Delta is also
the subject of considerable national public awareness due to the
sociopolitical and socioeconomic tension surrounding the plight
of the endemic delta smelt (Hypomesus transpacificus), a small
(length ca. 6 cm) fish whose decline has been taken as a sign of
adverse environmental conditions in the region. The delta smelt
was put on the Threatened Species list in 1993 (Wanger, 2007a,b)
and it underwent further population decline along with longfin
smelt (Spirinchus thaleichthys), threadfin shad (Dorosoma pete-
nense) and young-of-the-year striped bass (Morone saxatilis) in
the early 2000s (Sommer et al., 2007). Accelerated losses dur-
ing the last decade have been termed the “Pelagic Organism
Decline” (POD) period (Sommer et al., 2007). An important
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question is whether fish declines are related to changes in both
abundance and species composition of the primary producers,
and if so, are the changes in primary producers a result of
shifts in nutrient quantity and quality? Before 1982, chl a con-
centrations in Suisun Bay were relatively high, averaging 9 µg
L−1, with numerous values exceeding 30 µg L−1, and diatoms
and delta smelt were abundant. The decline in diatoms, which
began in 1982, has been shown to be highly correlated with
the increase in NH+

4 loading that occurred with the start of the
operations of the WWTP on the Sacramento River (Dugdale
et al., 2007; Glibert, 2010; Glibert et al., 2011). Beginning
around 1999, when sharp declines in fish species began to be
noted, NH+

4 loading from wastewater discharge increased >25%,
from ∼9 tons day−1 to 12–14 metric tons day−1, and flagel-
lates and cyanobacteria emerged as the dominant phytoplank-
ton class (Lehman, 1996; Muller-Solger et al., 2002; Lehman
et al., 2005, 2008; Brown, 2010; Glibert, 2010; Glibert et al.,
2011).

The data herein lend support to a growing experimental body
of evidence that an important management strategy for the San
Francisco Bay Delta is the planned improvement in effluent N dis-
charge through nitrification and denitrification; such a strategy
is projected to increase the proportional production of diatoms
and should lead to an increase in food quality (and amount)
for fish and other higher trophic level consumers (Wilkerson
et al., 2006; Dugdale et al., 2007, 2012; Glibert, 2010; Glibert
et al., 2011; Parker et al., 2012a,b). Based on the data here,
it can be inferred that by increasing the fractional availability
of NO−

3 relative to NH+
4 , N-based production should increase,

as will the yield per unit N of both chl a and fucoxanthin in
this low-light environment. This growing consensus is further
supported by recent modeling efforts of Dugdale et al. (2012;
2013). Dugdale et al. (2012) developed a conceptual model that
correctly predicted the development of two unusual spring phy-
toplankton blooms in Suisun Bay based on only three criteria:
the rate of NH+

4 loading (based on present day sewage effluent
loads), the water column concentration of NH+

4 , and river flow
(analogous in steady-state chemostat growth to “washout”). This
conceptual model was further advanced in a one-dimensional,
N-based model (Dugdale et al., 2013) that included terms for
the time-varying rates of maximum NO−

3 uptake as a func-
tion of NO−

3 concentration and for inhibition of NO−
3 uptake

by NH+
4 and that predicted either a high-biomass state that

occurred under low flow and variable NH+
4 levels, or a low-

biomass state that occurred under high flow conditions but
high NH+

4 conditions. The modeled high-biomass, NO−
3 -based,

high-productivity state is analogous to the pre-1982, diatom era
during which delta smelt were plentiful (Glibert, 2010; Glibert
et al., 2011). Interestingly, in 2014, a major spring bloom was
observed in Suisun Bay that also conformed to the low-flow, high
NO−

3 , high biomass state. This bloom is thought to have been
a response to the long-term drought that not only resulted in
longer residence time for phytoplankton growth and accumula-
tion, but also allowed a longer period of time for nitrification
to occur, reducing sewage-derived NH+

4 to a level where the
NO−

3 could be accessed for uptake and growth (Glibert et al.,
2014). The modeled low-biomass, low-productivity state based

on NH+
4 is analogous to the post-1982 cryptophyte/flagellate

era that is related to the decline of smelt, threadfin shad, and
young-of-the-year striped bass (Glibert, 2010; Glibert et al.,
2011).

Placing these findings in the context of other observations
of physiological changes in phytoplankton metabolism along the
entire spectrum of nutrient availability suggests that the form of N
plays a regulatory role in physiology and community composition
at all concentration levels, not just at the limiting end of the spec-
trum (Glibert et al., 2013). Finally, the findings herein also point
to an important consideration in the development of numeric cri-
teria for nutrients in estuaries, a challenge that many states are
now facing (U.S. EPA, 2010). Many such criteria, or integrated
indices of water quality status and trends, are based on total N or
P, rather than specific forms of N or P (U.S. EPA, 2010). The more
subtle ecological impacts of NH+

4 loading and the importance of
changes in NO−

3 :NH+
4 in phytoplankton succession have not been

appreciated in nutrient criteria development to date. These find-
ings show that N form is related to the “quality” of phytoplankton
and that has previously been related to the trajectory of higher
trophic levels in this N-rich ecosystem.
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Connecting molecular information directly to microbial transformation rates remains
a challenge, despite the availability of molecular methods to investigate microbial
biogeochemistry. By combining information on gene abundance and expression for key
genes with quantitative modeling of nitrogen fluxes, we can begin to understand the
scales on which genetic signals vary and how they relate to key functions. We used
quantitative PCR of DNA and cDNA, along with biogeochemical modeling to assess how
the abundance and expression of microbes responsible for two steps in the nitrogen
cycle changed over time in estuarine sediment mesocosms. Sediments and water were
collected from coastal Massachusetts and maintained in replicated 20 L mesocosms for 45
days. Concentrations of all major inorganic nitrogen species were measured daily and used
to derive rates of nitrification and denitrification from a Monte Carlo-based non-negative
least-squares analysis of finite difference equations. The mesocosms followed a classic
regeneration sequence in which ammonium released from the decomposition of organic
matter was subsequently oxidized to nitrite and then further to nitrate, some portion
of which was ultimately denitrified. Normalized abundances of ammonia oxidizing
archaeal ammonia monoxoygenase (amoA) transcripts closely tracked rates of ammonia
oxidation throughout the experiment. No such relationship, however, was evident between
denitrification rates and the normalized abundance of nitrite reductase (nirS and nirK )
transcripts. These findings underscore the complexity of directly linking the structure of
the microbial community to rates of biogeochemical processes.

Keywords: ammonia oxidizing archaea, denitrification, nitrification, nirS, amoA, estuarine sediments, nitrogen

cycle, quantitative PCR

INTRODUCTION
In shallow estuarine ecosystems the biogeochemistry of sediments
and the overlying water column are tightly coupled (Howarth
et al., 2011). Human perturbation, however, has resulted in a
substantial increase in nutrient loading to coastal waters (Bowen
and Valiela, 2001; Galloway et al., 2003) resulting in a host
of deleterious effects, including increases in the frequency of
anoxic events (Diaz and Rosenberg, 2008) and other associated
symptoms of eutrophication (Valiela et al., 1992; Cloern, 2001;
Smith, 2003). Increased anthropogenic nutrient additions can
alter the biogeochemical coupling between estuarine sediments
and waters (Burgin and Hamilton, 2007), which can further
exacerbate eutrophic conditions (Howarth et al., 2011). The
microbial communities within estuarine sediments are respon-
sible for numerous geochemical processes that can remove
anthropogenic nitrogen, including canonical denitrification, cou-
pled nitrification and denitrification, and anaerobic ammonium
oxidation (anammox). As a result of these nitrogen removal
pathways, microbes help to ameliorate the threat of coastal
eutrophication.

The capacity of estuarine sediments to remove fixed nitrogen
depends on a suite of factors. Remineralization of organic mat-
ter in estuarine sediments typically results in reducing conditions
and high porewater ammonium (NH+

4 ) concentrations. When
estuarine bottom waters are oxic, some portion of NH+

4 formed in
the sediment is oxidized at the sediment water interface to form
nitrite (NO−

2 ) and then nitrate (NO−
3 ) through the microbially

mediated nitrification pathway. This oxidized NO−
3 is then lost

as nitrogen gas from the adjoining suboxic sediments through a
coupling of the nitrification and denitrification pathways (Jenkins
and Kemp, 1984; An and Joye, 2001; Risgaard-Petersen, 2003). In
estuaries that have frequent summertime bottom water hypoxia
or anoxia, the coupling of nitrification and denitrification can be
interrupted as nitrification becomes inhibited by a lack of oxygen
and by the accumulation of sulfide (Joye and Hollibaugh, 1995).

Canonical denitrification has typically been considered the
dominant nitrogen loss process in estuarine sediments (Burdige,
2012). Rates of denitrification are controlled primarily by the
absence of oxygen and the availability of both organic matter and
oxidized nitrogen (Zumft, 1997). Anaerobic ammonia oxidation
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(anammox) can also be an important nitrogen loss process in
some environments (Dalsgaard et al., 2005) but tends to account
for a smaller proportion of fixed nitrogen loss in organic rich sys-
tems such as those found in the coastal zone (Dalsgaard et al.,
2005; Rich et al., 2008; Nicholls and Trimmer, 2009). A third
process, dissimilatory reduction of NO−

3 to NH+
4 (DNRA) can

also occur in estuarine sediments (Giblin et al., 2013). This pro-
cess does not remove nitrogen from the system, rather, it results
in a change in the oxidation state of the nitrogen such that it
remains bioavailable. Fixed nitrogen loss (both from anammox
and denitrification) can be limited by a lack of oxidized nitro-
gen substrates, competition for substrate by DNRA, and sulfide
inhibition (An and Gardner, 2002; Burgin and Hamilton, 2007).
Although these pathways have been fairly well documented in
estuarine sediments, how these important biogeochemical cycles
are regulated at the microbial genetic level has received consider-
ably less attention.

The exact nature of the coupling between geochemical rates
and microbial gene expression is complex (van de Leemput et al.,
2011) and appears to vary in space and time (Nogales et al., 2002;
Smith et al., 2007; Abell et al., 2010; Laverock et al., 2013). Directly
linking these biogeochemical processes to the genetic structure
and activity of the microbial community responsible for facilitat-
ing these processes has remained a challenge. A series of reciprocal
transplant experiments in estuarine sediments demonstrated that
changes in microbial community composition had a direct effect
on ecosystem function (Reed and Martiny, 2012), though it was
not possible to directly tie these ecosystem scale effects to changes
in relevant functional genes. Numerous correlational studies in
coastal systems have linked functional gene abundance or expres-
sion to environmental drivers (Bernhard et al., 2007; Mosier and
Francis, 2008; Abell et al., 2010), though far fewer studies include
examination of these patterns over time (Laverock et al., 2013)
or as a result of experimental manipulation. More quantitative
data directly linking microbial genetics to geochemical fluxes are
needed to improve the predictive capacity of geochemical models
(Treseder et al., 2011).

Defining the relationship between microbial genetic diversity
and ecosystem function is a central goal of microbial ecology
(Morales and Holben, 2010). Advances in molecular methods
have rapidly accelerated our understanding of microbial com-
munity structure and gene expression, yet translating shifts in
microbial community structure into changes in ecosystem func-
tion remains a challenge (Knight et al., 2012; Ottesen et al., 2013).
Metatranscriptomics approaches currently offer glimpses of how
transcription profiles of the dominant microbial taxa respond to
environmental changes (Ottesen et al., 2013) but do not allow
insight into the activity of low abundance phylotypes that may
also be active contributors to ecosystem function (Campbell
et al., 2011; Campbell and Kirchman, 2012). Metatranscriptomic
analyses are an even greater challenge in complex systems with
high taxonomic richness such as those that exist in estuarine
sediments.

In this study we examined the relationships among gene abun-
dance and expression, nutrient fluxes, and modeled rates of
nitrification and denitrification in a coastal sediment mesocosm
experiment. The intention of this experiment was not to mimic

processes as they occur in coastal sediments. Rather, it was to
set in motion a chain reaction of geochemical fluxes that also
occur in coastal systems, and to monitor changes in gene abun-
dance and expression that occur coincident with changes in the
mesocosm geochemistry. We hypothesized that because ammonia
oxidation is largely the only metabolic option for this phyloge-
netically constrained group of organisms, the abundance of the
ammonia monooxygenase (amoA) gene (and thus the ammo-
nia oxidizing bacteria and archaea) would closely track rates
of ammonia oxidation. If a tight coupling between amoA gene
expression and ammonia oxidation rates is observed, it suggests
that other ammonia loss processes (those that do not require
ammonia monooxygenase or, like anammox, that occur under
strictly anoxic conditions; Kartal et al., 2011), might not be
important contributors to nutrient cycling in the mesocosms.

Further, we hypothesized that the correlation between the
abundance of genes that encode nitrite reductase, a key enzyme
in the denitrification pathway, and associated rates of denitrifica-
tion would be more difficult to disentangle. Denitrifying bacteria
are capable of utilizing numerous electron acceptors, including
NO−

3 , and therefore the presence of the nirS gene does not nec-
essarily indicate that active denitrification is occurring. However,
we predicted that gene expression, when normalized to the total
amount of the gene present in the samples, would roughly pre-
dict modeled rates, as it is only those bacteria actively expressing
the genes and synthesizing proteins that are responsible for the
biogeochemical process in situ. Establishing quantitative rela-
tionships between biogeochemical process rates of nitrification
and denitrification and the underlying genetic controls on these
processes could help increase the predictive power of biogeo-
chemical models and our understanding of the marine microbial
environment.

MATERIALS AND METHODS
EXPERIMENTAL DESIGN AND SAMPLE COLLECTION
We used a benthic grab deployed from a small boat to collect
surface sediment from five locations within Eel Pond in Woods
Hole Massachusetts (41◦ 31′33 N, 70◦ 40′12 W) on 28 September
2008. Sediments were collected from 3 to 4 meters of water with
a salinity of 28 ppt and a temperature of 19◦C. None of the sedi-
ments collected exhibited signs of sulfide accumulation. Surface
sediments (1–2 cm) from each grab were sectioned off with a
knife, pooled together, and stored on ice until arrival at Princeton
University, where they were then stored in a 12◦C cold room until
processing. Additionally, we collected 120 L of site water from Eel
Pond, filtered it through a Whatman® GF/F filter and stored it in
the dark until the mesocosms were constructed.

Four replicate mesocosms were established on 1 October 2008,
each containing 3 kg of sediments overlain with 20 liters of fil-
tered site water. Sediments from the initial grabs were thoroughly
homogenized and visible macrofauna were removed. The 3 kg
of sediment was then distributed evenly over the 0.1 m2 area of
the mesocosm to a depth of approximately 2 cm. 20 L of filtered
site water was then added to the mesocosm and sediments were
allowed to settle for 24 h prior to sampling. Each mesocosm was
fitted with a tightly sealed lid containing a two-port valve. One
port of the valve was fitted with an air stone to gently circulate
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air through the overlying waters. The other port contained a
sampling tube for removal of water for nutrient analyses. The
overlying waters of the mesocosm remained oxic throughout the
experiment and there was no evidence of sulfide accumulation.

The mesocosms were maintained in a darkened room for 45
days. Initial duplicate samples of sediment from the homoge-
nized pool were collected with a 5 cc syringe corer and stored
at −80◦C. Two 15 mL aliquots of initial water were also col-
lected for later nutrient analyses as described below. Every day
or every other day water was withdrawn for nutrient analysis
using a syringe to draw water through the sampling valve. pH
and dissolved oxygen were measured on 20 mL of the withdrawn
water using a YSI handheld meter. Two 15 mL aliquots were also
removed and were filtered through a Whatman® GF/F filter and
stored frozen for later nutrient analysis. Approximately once per
week each mesocosm was opened and a sterile 5 cc syringe corer
was used to remove an entire sediment column from the meso-
cosm. Sediment cores (3–4 cores taken through the entire depth
of the sediment column) were collected, homogenized, and split
between duplicate cryovials for immediate storage at −80◦C.

NUTRIENT ANALYSES AND MODELED GEOCHEMICAL RATES
At each time point we measured duplicate water column concen-
trations of NH+

4 , NO−
2 , and NO−

3 . Colorimetric analyses were
used to measure NO−

2 (Strickland and Parsons, 1972) and NH+
4

(Koroleff, 1983). NO−
3 concentrations were measured by chemi-

luminescence after vanadium reduction (Garside, 1982; Braman
and Hendrix, 1989). The measured nutrient concentration data
were used to derive modeled rates of ammonification, ammo-
nia oxidation, nitrite oxidation, and denitrification (Babbin and
Ward, 2013). Briefly, a simple box model linking the three
measured DIN species via these four biological processes was
implemented.

To calculate rates of sediment biological N transformation
from DIN measurements in the overlying water, we generated,
in a Monte Carlo fashion (n = 5000), random sets of DIN mea-
surements derived from the means and standard deviations of
our concentration measurements. We then smoothed the con-
centrations with time using a Savitzky-Golay filter to minimize
sampling noise. Time derivatives were numerically calculated for
each of the three DIN species, and a least squares non-negative
fit of rates was determined using the algorithm of Lawson and
Hanson (1974) in Matlab. The Monte Carlo simulation accounted
for the replicate variability in DIN concentration measurements,
and the means and standard deviations of the trials are reported.

DNA AND RNA EXTRACTIONS
DNA was extracted in duplicate from approximately 0.5 g (wet
weight) of sediment using the MoBio PowerSoil® DNA Isolation
Kit (MoBio Laboratories, Carlsbad, CA) following manufacturer’s
instructions. Extracted DNA was purified via isopropanol pre-
cipitation and quantified using Quant-iT™ PicoGreen® dsDNA
Assay (Life Technologies, Grand Island, NY). RNA was extracted
from ∼1 g of sediment using the MoBio RNA Powersoil® Total
RNA isolation kit (MoBio Laboratories, Carlsbad CA), also
following manufacturer’s instructions. mRNA was quantified
using a NanoDrop ND-1000 UV-Vis spectrophotmeter (Thermo

Fisher Scientific, Pittsburgh, PA), and immediately reverse tran-
scribed to cDNA using SuperScript® III First Strand Synthesis
System (Invitrogen™, now Life Technologies, Grand Island, NY).
Residual DNA was digested using DNase1 (New England Biolabs,
Ipswich, MA) and removal of all DNA contamination was ver-
ified via PCR amplification and gel electrophoresis following
manufacturer’s instructions.

QUANTITATIVE PCR
Denitrifier nirS qPCR
We performed qPCR of the nirS gene in bacterial DNA and cDNA
using primers from Braker et al. (1998). The 25 µL reaction com-
prised 12.5 µL of SYBR®Green Brilliant III Ultra-Fast master mix
(Agilent Technologies, Santa Clara, CA), 2.5 µL each of 20 µM
nirS1F and nirS3R primer stocks (Braker et al., 1998), 1 µL of
1 ng/µL template DNA or cDNA, and 6.5 µL H2O. The qPCR
reaction was carried out on a Stratagene MX-3000 (Stratagene,
La Jolla, CA) with an initial denaturation step at 95◦C for 15 min,
followed by 40 cycles of 94◦C for 15 s, 62◦C for 30 s, and 72◦C for
30 s. A melt curve was then performed to test the stringency of
the reaction, and resulting PCR products were examined via gel
electrophoresis to confirm specificity of product formation.

Denitrifier nirK qPCR
We performed qPCR of the nirK gene in bacterial DNA using
the nirK1F and nirK5R primers from Braker et al. (1998). Each
25 µL reaction contained 12.5 µL SYBR®Green Brilliant III Ultra-
Fast master mix (Agilent Technologies, Santa Clara, CA), 8.7 µL
MilliQ water 1.25 µL each of the forward and reverse primers
(0.5 µM final concentration), 0.3 µL ROX dye, and 1 µL of 10 ng
µL−1 DNA. The qPCR reaction was performed on an Agilent
MX3005p qPCR system, with an initial denaturing step at 94◦C
for 5 min, followed by 35 cycles of 95◦C for 30 s, 58◦C for 40 s and
72◦C for 40 s. Melt curves were performed to test the stringency
of the reaction and the PCR product size was confirmed via gel
electrophoresis. Repeated attempts to quantify nirK in the cDNA
were unsuccessful.

Ammonia oxidizer amoA qPCR
We performed qPCR on the amoA gene in DNA and cDNA from
ammonia oxidizing bacteria (AOB) using previously published
AOB amoA primers (Rotthauwe et al., 1997). Briefly, in a 20 µL
reaction we added 1 µL of 12 ng/µL template DNA or cDNA,
10 µL SYBR®Green Brilliant III Ultra-Fast master mix (Agilent
Technologies, Santa Clara, CA), 0.3 µL ROX dye, 1 µL each of
10 µM forward and reverse primers, 0.6 µL BSA (300 µg/mL) and
6.1 µL water. To amplify the amoA gene from ammonia oxidiz-
ing archaea (AOA) we also used previously published primers
(Francis et al., 2005) in 20 µL reactions containing 1 µL of
12 ng/µL DNA or cDNA template, 10 µL SYBR®Green Brilliant
III Ultra-Fast master mix (Agilent Technologies, Santa Clara, CA),
0.3 µL ROX, 0.2 µL each of 0.2 µM forward and reverse primers,
0.6 µL BSA (300 µg/mL), 0.5 µL MgCl2(3 mM final concentra-
tion) and 7.2 µL water. Both AOA and AOB qPCR reactions
were performed on an Agilent MX3005p qPCR system with an
initial 5 min denaturing step at 94◦C, followed by 42 cycles of
94◦C for 1 min, 50◦C for 1.5 min, and 72◦C for 1.5 min. Melt
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curves were again derived to test for amplification stringency, and
resulting PCR products checked for specificity of product via gel
electrophoresis.

Standards for all four genes (nirS, nirK, AOA, and AOB amoA)
were prepared from cloned gene fragments and were serially
diluted over six orders of magnitude to generate a standard curve.
Gene copy numbers were calculated from Quant-iT™ PicoGreen®
dsDNA Assay (Life Technologies, Grand Island, NY) quantifica-
tion of the most concentrated standard. All samples from each
mesocosm and for all dates for a specific gene were analyzed in
triplicate on a single 96-well plate to avoid plate-to-plate vari-
ability in quantification. All plates included triplicate standard
curves as well as triplicate no template controls. The Agilent soft-
ware automatically generated cycle threshold values (CT) and, if
present in the no template controls, the CT values were at least
five cycles higher than the CT values for the lowest standard.
Amplification efficiencies ranged from 80 to 94% for nirS and
nirK DNA and cDNA qPCR reactions and 75–84% for AOA and
AOB amoA qPCR reactions.

RESULTS
NUTRIENT CONCENTRATIONS
Each of the mesocosms followed a classic remineralization
sequence, with an initial rapid flux of NH+

4 resulting from decom-
position of the ambient organic matter present in these rich
coastal sediments at the time of sampling (Figure 1, blue dia-
monds). This flux of NH+

4 was followed by a large flux of NO−
2

(Figure 1, green triangles), and a lower and more gradual increase
in NO−

3 (Figure 1, red circles). The magnitude of the NH+
4 con-

centration maximum varied from 20 to 37 µM and occurred
within the first 9 days of the experiment. In all tanks NH+

4
concentrations increased from approximately 3 µM in the ini-
tial water to over 10 µM within the first 2 days and remained
above 10 µM for up to 2 weeks. Subsequently, typically after 9–12
days, the concentration of NO−

2 began to increase to peak con-
centrations ranging from 31 to 62 µM. The increase in NO−

2
concentration coincided with a relatively rapid decrease in NH+

4 .
The NO−

2 peaks persisted in the mesocosms until NH+
4 concen-

trations were depleted and then NO−
2 concentrations decreased

to low levels (below 3 µM) for the remainder of the experiment.
The concentrations of NO−

3 did not show the same sharp peak as
was observed with the concentrations of NH+

4 or NO−
2 . Rather,

the concentrations of NO−
3 generally increased at a gradual rate

throughout the duration of the experiment, with the highest con-
centrations of NO−

3 evident at day 40 or later. All four mesocosm
experiments demonstrated the same general patterns, though the
timing and magnitude of peak nutrient concentrations varied
slightly from tank to tank.

RATES OF NITROGEN CYCLING
Calculated rates of both stepwise components of nitrification
(ammonia oxidation and nitrite oxidation) and denitrification
also exhibited patterns that varied with regard to the magnitude
and timing of their peaks (Figure 2), but that generally showed
the same basic pattern among the four replicates. Rates were
integrated over the entire sediment column and were calculated
based on the changes of each nutrient in the overlying water.

FIGURE 1 | Water column concentrations (µM) of NH4, NO2, and NO3

during the 45 days of the experiment. (A) Tank 1, (B) Tank 2, (C) Tank 3,
(D) Tank 4.

FIGURE 2 | Modeled rates of ammonia oxidation, nitrite oxidation, and

denitrification in each mesocosm. (A) Tank 1, (B) Tank 2, (C) Tank 3, (D)

Tank 4.

As expected, ammonia oxidation rates peaked first (Figure 2,
blue diamonds), typically around day 10–12. The highest rates of
ammonia oxidation were observed in tank 4, where they peaked
at 19 µM d−1. In all cases there was a lag of approximately 5 days
between peak ammonia oxidation rates and peak nitrite oxidation
rates (Figure 2, green triangles). The magnitude of the peaks in
nitrite oxidation rates was also consistently lower than the peaks
in ammonia oxidation rates. Nitrite oxidation either immediately
preceded or exactly co-occurred with peak rates of denitrification
(Figure 2, red circles) though denitrification rates were typically
slightly lower than nitrite oxidation rates. When each of the
rates was integrated over time, consistent patterns emerged across
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all mesocosms (Figure 3). The total amount of ammonification
(Figure 3, yellow bars) established the absolute amount of reac-
tive nitrogen in the system and amounts of ammonia (Figure 3,
blue bars) and nitrite oxidation (Figure 3, green bars) did not sur-
pass the amount set by ammonification. In each case, however, the
integrated amount of denitrification (Figure 3, red bars) never
achieved parity with other processes. Denitrification attained only
52–76% of the maximum possible, as estimated from the amount
of nitrate produced.

GENE ABUNDANCE AND EXPRESSION
We used qPCR to quantify the gene abundance (via DNA) and
gene expression (via cDNA) for key genes in the nitrification
and denitrification pathways. In all mesocosms the abundance of
AOA amoA in microbial DNA was around three orders of mag-
nitude higher than the abundance of AOB amoA (Figure 4A vs.
Figure 4C). For both AOA and AOB the abundance of amoA
was relatively uniform throughout the experiment, displaying no
temporal changes in the genetic capacity for ammonia oxidation
for either domain of ammonia oxidizers (Figures 4A,C). By con-
trast, amoA gene expression for both AOA (Figure 4B) and AOB
(Figure 4D) varied much more dramatically than in the DNA,
with AOA peaking on day 14, and AOB peaking on day 22. Rates
of AOB amoA gene expression were below the limits of detection,
except on Days 14 and 22. Both the nirS (Figure 4E) and nirK
(Figure S1) genes, which encode the two functionally redundant
dissimilatory nitrite reductases in the denitrification pathway,
when quantified in the DNA, were also relatively uniform. All
mesocosms contained roughly similar numbers of copies of the
nirS gene (108–109 copies per gram of sediment) and abun-
dances did not change systematically through the experiment
(Figure 4E). Similarly, there were no differences among the meso-
cosms with regard to the abundance of the nirK gene (Figure
S1), though it was present only in ∼105 copies per gram of sedi-
ment, 3–4 orders of magnitude less abundant than the nirS gene.
There were, however, widely different degrees of nirS gene expres-
sion (Figure 4F) among the different mesocosms with a low of
1.9 × 106 copies per gram sediment in the cDNA of mesocosm #2

FIGURE 3 | Total integrated rates of ammonification, ammonia

oxidation, nitrite oxidation, and denitrification in each mesocosm.

to a high of 1.4 × 109 copies per gram of sediment in mesocosm
#3. We were unable to amplify nirK from the cDNA, suggesting
minimal expression of the nirK gene during this experiment.

Normalizing gene expression to the total gene abundance
present in DNA yielded trends that closely tracked rates of ammo-
nia oxidation (Figure 5, left panels) and that occasionally, though
not typically, tracked rates of denitrification (Figure 5, right pan-
els). In all of the mesocosms, NH+

4 concentrations peaked within
the first 10 days of the experiment. After a lag of approximately a
week, there was a simultaneous peak in both ammonia oxidation
rate and in the ratio of AOA amoA cDNA:DNA. NH+

4 concen-
trations were essentially depleted by the time both rates and
normalized gene expression values peaked. AOB amoA expres-
sion (and thus the cDNA:DNA ratio) was high only on day 22,
well after the decline of the peak in ammonium concentration.
The trend in normalized nirS gene expression occasionally mir-
rored denitrification rates (e.g., Figure 5A), but was considerably
offset from maximal rates in most mesocosms.

We assessed whether the normalized gene expression of
ammonia oxidizers and denitrifiers, calculated as the ratio of
cDNA to DNA for AOA amoA and nirS, was predictive of the
modeled rates of these processes by linear regression analysis
(Figure 6). Rates of ammonia oxidation did increase linearly as
a function of normalized gene expression (Figure 6A) with a
moderate coefficient of determination. There was no statistically
significant relationship between normalized gene expression and
rates of denitrification.

FIGURE 4 | Gene abundance (A,C,E) and gene expression (B,D,F) for

ammonia oxidizing archaeal amoA (A,B), ammonia oxidizing bacterial

amoA (C,D), and nirS denitrifiers (E,F) during the time course of the

experiment.
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FIGURE 5 | Comparison of ammonium concentrations (µM) and ammonia oxidation rates (A,C,E,G) and nitrate concentrations (µM) and denitrification

rates (B,D,F,H) with the normalized gene expression for ammonia oxidation (via AOA amoA cDNA:DNA) and denitrification (nirS cDNA:DNA).

DISCUSSION
Our objective was to induce a series of biogeochemical reac-
tions that mimic the nitrogen remineralization sequence and to
determine whether changes in geochemistry would be mirrored
by changes in the expression of associated genes. The ultimate
goal was to determine quantifiable relationships between func-
tional gene abundance and geochemical change to help inform
geochemical models (Reed et al., 2014). The nitrogen cycle, how-
ever, is particularly complicated to model because of the numer-
ous functional genes involved and because different taxonomic
groups can dominate in different environments. For example,
research in the Gulf of California showed that ammonia oxidiz-
ing archaeal (AOA) but not bacterial (AOB) gene copy number
tracked ammonia oxidation rates quite closely, suggesting that
the relationship between gene expression and ecosystem func-
tion is quantifiable, and dominated by AOA (Beman et al., 2008).
However, in agricultural soils Jia and Conrad (2009) show that
changes in ammonia oxidation rates, upon addition of NH+

4 , co-
occurred with changes in abundance of AOB gene copy number
but not AOA copy number, despite the fact that AOA were numer-
ically much more abundant. More data on what functional genes
are abundant and active under what environmental conditions are
needed to better constrain geochemical models.

We hypothesized that rates of nitrification, which is assumed
to be largely an obligate metabolism, would roughly track with
changes in total abundance of the amoA gene. In general, the
data confirmed this hypothesis. There was a significant linear
relationship between modeled rates of ammonia oxidation and
the normalized expression of the AOA amoA gene (Figure 6A).
Interestingly, despite the largely obligate nature of the pathway,
the abundance of amoA in the DNA of our samples, while vari-
able, did not systematically change throughout the experiment.
It is possible that some AOA in the sediments use alterna-
tive metabolisms that do not depend on amoA gene expression
(Mußmann et al., 2011), which would further obscure the rela-
tionship between the quantity of amoA in DNA and the rates
of ammonia oxidation. There was, however, a distinct pattern in
the expression of the AOA amoA gene, with peaks in expression
occurring about 2 weeks into the experiment. Gene expression of
AOB amoA showed a similar sharp peak shortly after the peak
in abundance of AOA amoA gene expression but the AOB tran-
scripts were at least three orders of magnitude less abundant than
the AOA transcripts. These results indicate that more emphasis
needs to be placed on analysis of gene expression, rather than
abundance, as inactive cells in the environment could obscure the
linkage between gene abundance and ecosystem function.
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FIGURE 6 | Linear regression analysis of the normalized gene

expression for AOA amoA compared to ammonia oxidation rates (A)

and normalized nirS gene expression and denitrification rates (B).

(∗∗p < 0.01).

These results highlight the importance of AOA in the nitrogen
cycling of estuarine sediments, as has been previously demon-
strated (Beman and Francis, 2006; Caffrey et al., 2007; Bernhard
et al., 2010). Although mesocosm experiments such as these can-
not be considered analogs for in situ processes, the results do
suggest that it is primarily the AOA that are carrying out ammonia
oxidation in these experiments. AOA in the initial (T0) sedi-
ments were three orders of magnitude more abundant than AOB
(Figures 4A,C), indicating that the estuarine conditions at the
time of collection strongly favored AOA. The numbers of AOA
and AOB stayed consistent throughout the experiment, but the
AOA gene expression peaked at much higher numbers and more
quickly, than AOB gene expression when a source of mineralized
NH+

4 became available. AOB, by contrast, appear to only increase
expression of their amoA gene after the AOA amoA expression
decreased. It is worth noting, however, that although AOB amoA
gene expression was much lower than AOA amoA gene expres-
sion, the normalized gene expression (cDNA:DNA) of AOB was
approximately 0.1, compared to 0.01 for AOA, suggesting that
AOB may play a disproportionately large role, relative to their
total abundance, in the observed ammonia oxidation rates.

In contrast to the ammonia oxidizers, we hypothesized that
the facultative denitrification pathway would be more difficult
to disentangle. Since denitrifying bacteria are capable of utiliz-
ing a number of different electron acceptors, we expected that the
absolute abundance of nirS in sediments would not track rates of
denitrification, though we did expect to see a greater correlation

between denitrification rates and the number or nirS mRNA
transcripts in the sediments. In general the half-life of mRNA
is relatively short (Selinger et al., 2003; Frias-Lopez et al., 2008;
Steglich et al., 2010; Moran et al., 2013), and in experimental
studies of the denitrifier Pseudomonas stutzeri the half life of nirS
was approximately 13 min (Härtig and Zumft, 1999). The operon,
however, was shown to operate nearly continuously through the
3 h experiment until resources were depleted and nitrite reduction
ceased (Härtig and Zumft, 1999). Based on these experimental
results we expected to see a stronger correlation between nirS
gene expression and rates of denitrification. Our data, however,
indicate that there was no consistent relationship between the
normalized gene expression of the nirS gene and modeled rates
of denitrification (Figure 6B).

Since nirS is one of two functionally redundant nitrite reduc-
tases encoded by prokaryotes, we hypothesized that the relation-
ship between nirS and denitrification rates could be obscured by
nitrogen loss by organisms containing the other nitrite reduc-
tase, nirK. We quantified nirK gene abundance in the mesocosm
sediments and determined that the abundance was at least three
orders of magnitude lower than the abundance of nirS (Figure
S1). Further, we were unable to amplify nirK from the cDNA. We
thus concluded that the abundance and activity of nirK denitri-
fiers is not likely sufficient to obscure the relationship between
gene expression and modeled rates of denitrification. Nitrogen
loss through the anammox reaction is another possible mecha-
nism that could obscure the relationship between denitrification
rates and nirS and nirK gene abundance. In general anammox
rates are low in carbon rich environments such as are found in
coastal sediments (Rich et al., 2008; Koop Jakobsen and Giblin,
2009). Furthermore, if anammox were an important process in
the mesocosms it would also obscure the relationship between
NH+

4 oxidation rates and amoA gene expression because there
would be an additional unaccounted for loss of NH+

4 . That we
see a relatively tight relationship between NH+

4 and amoA gene
expression (Figure 6A), we can conclude that anammox rates are
not sufficiently high to account for the lack of a relationship
between nirS gene expression and denitrification rates. Instead we
can only conclude that the facultative nature of denitrifying bacte-
ria makes it challenging to directly link nirS gene expression with
rates of denitrification.

Measureable accumulation of NO−
2 in coastal waters is rare,

although this may in part be a methodological artifact, as data
are most often recorded as NO−

3 +NO−
2 . Differences in the reac-

tion rates between ammonia oxidation and nitrite oxidation,
however, can lead to transitory accumulation of NO−

2 . Culture
experiments with Nitrobacter, a key nitrite oxidizer, demon-
strated that high concentrations of NH+

4 in the culture inhib-
ited nitrite oxidation and resulted in the accumulation of NO−

2
(Anthonisen et al., 1976). Additional modeling work indicated
that the threshold concentrations for the inhibition of nitrite
oxidation by free ammonia and free nitrous acid were much
lower than for ammonia oxidation (Park and Bae, 2009). In our
study, all four mesocosm tanks demonstrated a sharp increase
in NO−

2 concentrations (Figure 1), and accumulation of NO−
2

in the overlying water began during times of high NH+
4 con-

centrations. NO−
2 continued to accumulate in the mesocosms
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until ammonia oxidizers were able to reduce available NH+
4 con-

centrations sufficiently that inhibition of nitrite oxidizers was
released.

The inhibition of nitrite oxidation by initially high NH+
4 con-

centrations provides one plausible explanation for the overall
reduced NO−

3 removal capacity that was evident in the meso-
cosms (Figure 3). Although nearly 100% of the ammonia gen-
erated from ammonification was oxidized to NO−

2 and then to
NO−

3 , only between 52 and 76% of the oxidized NO−
3 was ulti-

mately denitrified (Figure 7) and, unlike NH+
4 and NO−

2 , NO−
3

concentrations remained high at the end of the experiment. Rates
of NO−

3 removal via denitrification can be limited by, among
other things, the supply of NO−

3 or labile organic carbon. As there
was no initial NO−

3 in the overlying water, the only sources of
NO−

3 to promote denitrification are from oxidation of accumu-
lated NO−

2 that then diffuses into the anoxic sediments, or from
direct coupling of nitrification and denitrification. The accu-
mulation of NH+

4 in the overlying water and the inhibition of
nitrite oxidation suggests that, initially, denitrification was lim-
ited by NO−

3 supply. Further evidence for this limitation comes
from the close coupling in time between rates of nitrite oxidation
and rates of denitrification in the first weeks of the experiment
(Figure 2).

Ultimately, however, it is likely carbon limitation that pre-
vents complete denitrification in the mesocosms, as eventually
complete oxidation of NO−

2 to NO−
3 did occur and NO−

3 con-
centrations persisted in the overlying waters through the end of
the experiment (Figure 1). Carbon limitation has been shown
to limit denitrification in coastal sediments both in mesocosms
(Babbin and Ward, 2013) and in biogeochemical models (Algar
and Vallino, 2014), and is likely to be the ultimate factor limiting
complete denitrification in this system. Regardless of whether it is
carbon or NO−

3 limitation, the limitation was ultimately observed
at the genetic level. Although there was no direct relationship
between denitrification rate and nirS gene abundance (Figure 6),
when nirS gene expression was averaged over the time course of

FIGURE 7 | Average (± SD) number of gene transcripts found in each

mesocosm for the amoA and nirS gene. The numbers above each bar
refer to the % completion of the process facilitated by that gene.

the experiment (Figure 7), the mean abundance of transcripts
mirrored the differences in total NO−

3 removal capacity, such that
the mesocosm with the lowest NO−

3 removal capacity also had the
lowest average expression of the nirS gene.

Although it is difficult to extrapolate from mesocosm experi-
ments to rates and processes in coastal sediments more broadly,
these experiments bring us one step closer to understanding envi-
ronmental microbial processes than experiments done solely with
cultured organisms. The four mesocosms examined here repli-
cated fairly well, with each tank demonstrating a classic regener-
ation sequence. The variations in the timing and magnitude of
fluxes in each of the mesocosms, however, illustrate the small-
scale heterogeneity that exists in coastal marine sediments. These
experiments allowed us to establish a quantitative relationship
between microbial community structure and ecosystem function
for ammonia oxidizing archaea, but not for the much more genet-
ically diverse denitrifiers (Bowen et al., 2013). Additional work is
needed to see if the AOA/nitrification relationship is generalizable
to different systems, but it is a first step in providing quantita-
tive data on the role that these microbes play in coastal sediments
and can form a basis for incorporating microbial ecology into
geochemical models.
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Dissimilatory nitrate reduction to ammonium (DNRA) and denitrification are two nitrate
respiration pathways in the microbial nitrogen cycle. Diversity and abundance of
denitrifying bacteria have been extensively examined in various ecosystems. However,
studies on DNRA bacterial diversity are limited, and the linkage between the structure and
activity of DNRA communities has yet to be discovered. We examined the composition,
diversity, abundance, and activities of DNRA communities at five sites along a salinity
gradient in the New River Estuary, North Carolina, USA, a shallow temporal/lagoonal
estuarine system. Sediment slurry incubation experiments with 15N-nitrate were
conducted to measure potential DNRA rates, while the abundance of DNRA communities
was calculated using quantitative PCR of nrfA genes encoding cytochrome C nitrite
reductase, commonly found in DNRA bacteria. A pyrosequencing method targeting nrfA
genes was developed using an Ion Torrent sequencer to examine the diversity and
composition of DNRA communities within the estuarine sediment community. We found
higher levels of nrfA gene abundance and DNRA activities in sediments with higher
percent organic content. Pyrosequencing analysis of nrfA genes revealed spatial variation
of DNRA communities along the salinity gradient of the New River Estuary. Percent
abundance of dominant populations was found to have significant influence on overall
activities of DNRA communities. Abundance of dominant DNRA bacteria and organic
carbon availability are important regulators of DNRA activities in the eutrophic New River
Estuary.

Keywords: DNRA, nrfA, qPCR, pyrosequencing, diversity

INTRODUCTION
Sedimentary nitrogen (N) cycling in rivers and estuaries is
highly dependent on microbial processes. Nitrate can be dis-
similated by denitrification, dissimilatory nitrate reduction
to ammonium (DNRA) and anaerobic ammonium oxidation
(anammox), depending on prevailing environmental conditions.
Denitrification and anammox remove fixed nitrogen by produc-
ing dinitrogen (N2) gas. In comparison, DNRA retains nitrogen
within an ecosystem by recycling nitrate (NO−

3 ) to ammonium
(NH+

4 ). Denitrification and DNRA both compete for NO−
3 as an

electron acceptor and both processes generally rely on organic
carbon and sulfide as the source of electrons in anoxic sediments.

DNRA has been found to be an important nitrogen cycling
pathway in various aquatic ecosystems including estuaries
(Kelly-Gerreyn et al., 2001; An and Gardner, 2002) and salt
marshes (Tobias et al., 2001a; Koop-Jakobsen and Giblin, 2010).
Geochemical and physical features such as high carbon to NO−

3
ratios, high levels of sulfide, elevated temperature and salinity
provide favorable conditions to support DNRA over denitrifica-
tion in estuarine and coastal sediments (An and Gardner, 2002;
Giblin et al., 2010; Dong et al., 2011). However, abundance, com-
position, and diversity of DNRA communities have not been
evaluated as microbial controls of DNRA in an ecosystem.

A diverse group of microorganisms has been shown to
use DNRA as an anaerobic respiratory pathway (Simon and
Klotz, 2013). DNRA is carried out by fermentative bacte-
ria or by chemolithotrophic bacteria, which oxidize sulfide or
other reduced inorganic substrates. The genes and enzymes
involved in the DNRA pathway by fermentative bacteria are
well characterized (Simon, 2002). However, little is known about
chemolithotrophic bacterial DNRA (Giblin et al., 2013).

A pentaheme cytochrome C nitrite reductase (NrfA) is the
central enzyme which catalyzes the reduction of nitrite (NO−

2 )
to NH+

4 (Einsle et al., 1999). The functional gene nrfA is
present in diverse groups of bacteria including Proteobacteria,
Planctomycetes, Bacteroides, and Firmicutes (Mohan et al.,
2004). Some members of the Epsilonproteobacteria, such as
Campylobacter spp. and Nautilia profundicola, are capable of
DNRA in the absence of nrfA genes through the use of a puta-
tive reverse hydroxylamine:ubiquione reductase module path-
way (Hanson et al., 2013). In addition, respiratory metabolism
pathways in DNRA bacteria are diverse, including fermentation,
denitrification, anammox, and sulfate reduction (Simon, 2002;
Kartal et al., 2007). Due to this metabolic versatility, the diver-
sity and abundance of DNRA bacteria might be greater than
other N transforming organisms in sediments. However, DNRA
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community composition in sediments has only been examined in
two previous studies of the Colne River Estuary, based on nrfA
gene analysis (Takeuchi, 2006; Smith et al., 2007). The limitation
of studies examining the diversity and composition of DNRA bac-
teria is due to the lack of proper molecular methods capable of
nrfA gene detection in environmental samples.

In order to gain a better understanding of the microbial
and geochemical factors affecting DNRA processes, we exam-
ined sediment communities along the estuarine gradient of
the New River Estuary, North Carolina, USA. The New River
Estuary is a shallow and microtidal estuary with high anthro-
pogenic N loading. The mesohaline regions of the estuary were
found to have organic and sulfidic sediments, which may sup-
port DNRA (Anderson et al., 2013). In addition, Lisa et al.
(2014) suggested a linkage between DNRA and anammox in
sulfidogenic sediment communities of the estuary. These charac-
teristics make the New River Estuary an ideal place to examine
the importance of DNRA in the estuarine N cycle. Sediment
slurry incubation experiments with 15NO−

3 were conducted to
measure potential DNRA rates, while abundance of DNRA com-
munities was quantified using quantitative PCR (qPCR) of nrfA
genes. A new method utilizing next generation sequencing tech-
niques was developed to examine diversity and composition
of nrfA genes in the sediment communities of the New River
Estuary.

MATERIALS AND METHODS
SITE DESCRIPTION
The New River Estuary is located in southeastern North Carolina,
USA. It is a shallow estuary (<5 m deep) with broad lagoons
connected by narrow channels. The New River watershed encom-
passes a 1436 km2 area and receives drainage from mostly forested
and agricultural lands in the upper regions of the watershed,
while the lower estuary is bordered by extensive intertidal wet-
lands (Burkholder et al., 1997; Mallin et al., 2005). Barrier islands
located at the mouth of the estuary prevent tidal exchange,
contributing to the 64 day mean flushing time in the estuary
(Ensign et al., 2004). Within the watershed are large numbers
of industrialized livestock facilities, the City of Jacksonville and
the United States Marine Corps Base at Camp Lejeune. The estu-
ary has been classified as “a nutrient sensitive” estuary since
1998, with nitrogen being the limiting nutrient (Mallin et al.,
2000). It is a vulnerable ecosystem with various anthropogenic
disturbances.

SEDIMENT SAMPLING
Sampling along nutrient and salinity gradients from the head-
waters to the mouth of the estuary was conducted in April
of 2010 (Figure 1). Five sites were examined and included an
upstream site AA2 (34◦76′N, 77◦45′W), two mid-estuary sites
JAX (34◦73′N, 77◦43′W), M47 (34◦68′N, 77◦39′W), and two
lower estuary sites M31 (34◦59′N, 77◦40′W), M15 (34◦55′N,
77◦35′W). All samples and measurements were collected in the
channel west of the indicated channel markers. Environmental
parameters including sediment characteristics and geochemical
features of porewater and bottom waters were previously reported
by Lisa et al. (2014).

FIGURE 1 | Sampling Sites in the New River Estuary, NC, USA. Five
sites include an upper estuary site (AA2), two mid-estuary sites (JAX and
M47), and two lower estuary sites (M31 and M15).

15N TRACER INCUBATIONS
Sediment slurry incubation experiments with 15N tracer, using
a modified method of Tobias et al. (2001b), were conducted
to measure potential DNRA rates. Sediment slurries contain-
ing two grams of homogenized surface sediment (upper 3 cm)
were incubated anaerobically in helium-purged Exetainer tubes,
following the addition of 15NO−

3 tracer (99at%, 200 nmoles).
Time series samples were sacrificed by adding saturated ZnCl2.
DNRA was calculated from the amount of 15N tracer measured
in the extractable NH+

4 pool. NH+
4 was isolated from the slurry

by alkaline acid trap diffusion (Holmes et al., 1998) following
the addition of 7 ml of 40 ppt NaCl solution, 0.15 g MgO, and
3 µmoles of unlabeled NH+

4 carrier. The mole fraction excess
15NH+

4 (MF) was measured via continuous flow isotope ratio
spectrometry using an elemental analyzer interface. The DNRA
rate was calculated from:

DNRA = MF 15NH4 • [NH4]

MF 15NO3 • t

where MF is the 15N mole fraction excess of either the extractable
ammonium or the added nitrate tracer. The MF15NH4 is corrected
for the mass of the carrier ammonium. The extractable ammo-
nium concentration [NH4] was measured spectrophotometri-
cally using the phenol-hypochlorite method on split sediment
slurries, and “t” represents the incubation time.
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DNA EXTRACTION AND QUANTITATIVE PCR OF nrfA GENES
Sediment DNA was extracted from homogenized sediments using
PowerSoil DNA Kit (Mo-Bio Laboratories, Inc., Carlsbad, CA)
following the manufacturer’s protocol with the following mod-
ifications: wet sediment (0.6 g) was used for the extraction and
Thermo Savant Fast Prep FP 120 Cell Disrupter (Qbiogene Inc.
Carlsbad, CA) was used for cell disruption. qPCR assays of nrfA
genes were carried out to quantify the abundance of DNRA bacte-
ria in the sediment communities. qPCR reactions were carried out
in a volume of 20 uL containing SYBR green using Go-Taq qPCR
Master Mix (Promega Corporation, Madison, WI) with 10 ng of
DNA and the primers nrfAF2aw (CARTGYCAYGTBGARTA) and
nrfAR1 (TWNGGCATRTGRCARTC) (Mohan et al., 2004; Welsh
et al., 2014). The primers target heme-binding motifs, which are
conserved and diagnostic for the nrfA gene. Welsh et al. (2014)
tested specificity of the primers with proteobacterial isolates and
a soil sample. The expected size of the PCR product is 235–
250 bp. PCR conditions were as follows: an initial cycle of 94◦C
for 10 min; 50 cycles of 94◦C for 15 s, 52◦C for 45 s, 72◦C for 20 s,
80◦C for 35 s (data acquisition step); and a dissociation step of
95◦C for 15 s, 52◦C for 1 min, 95◦C for 15 s. Thermal cycling,
fluorescent data collection, and data analysis was carried out
using ABI Prism 7500 Real Time PCR System Sequence Detection
System (Applied Biosystems, Carlsbad, CA).

In order to generate qPCR standards the nrfA gene fragment
in Escherichia coli K-12 was amplified using the primers and PCR
conditions described above. The PCR product was cloned using
the pGEM-T Easy cloning kit (Promega, Madison, WI) following
the manufacturer’s instruction. Plasmid DNA was extracted from
a culture of recombinant E. coli JM109 using the FastPlasmid
Mini kit (5 PRIME, Gaithersburg, MD). The plasmid was lin-
earized using the EcoRI restriction enzyme and purified using the
Wizard SV Gel and PCR Clean-Up System (Promega, Madison,
WI). The purified products were quantified using Qubit DNA
quantitation assay (Life Technologies, Grand Island, NY) follow-
ing the manufacturer’s instructions. A ten-fold serial dilution of
a known copy number of the purified plasmid was prepared for
qPCR standards. The qPCR standard has 92.5% identity of DNA
sequences with the nrfA gene of Escherichia albertii in Figure 3.
qPCR efficiency and the detection limit were evaluated by treat-
ing qPCR standards as unknown samples. The qPCR efficiency
was 98.9%, although the detection limit was 9 × 104 copies of
nrfA genes. qPCR inhibition was not apparent based on an addi-
tional test using a mixture of qPCR standards and sediment
DNA.

ION TORRENT PGM SEQUENCING OF nrfA GENES
Composition and diversity of nrfA genes in sediment samples
were examined with a barcode pyrosequencing method using
the Ion Torrent PGM sequencer. PCR was conducted in dupli-
cate with each 20 µL sample reaction containing the nrfA2Faw
and nrfAR1 primers modified to include 8-bp barcode (for-
ward primers) (Hamady et al., 2008) and adapter sequences
for the Ion Torrent PGM sequencer (Life Technologies, Grand
Island, NY). The primer sequences used for pyrosequencing
are listed in Supplementary Table 1. PCR reactions were car-
ried out using Platinum PCR Supermix (Life Technologies,

Grand Island, NY) with the following PCR cycle: an initial
5 min at 94◦C, 40 cycles of 94◦C for 30 s, 52◦C for 45 s, and
72◦C for 20 s, followed by 5 min at 72◦C. PCR results, gen-
erating 290 base pair fragments, were checked by running an
aliquot on a 2% agarose gel. Duplicate reactions were combined,
and amplicons were purified using UltraClean GelSpin DNA
Purification Kit (Mo-Bio, Carlsbad, CA). The concentration of
purified PCR products was measured using a 2200 TapeStation
instrument and D1K reagents (Agilent Technologies, Santa Clara,
CA) following the manufacturer’s instruction. Pyrosequencing
was conducted using an Ion Torrent PGM sequencer with
barcode samples pooled on 316 chips, following the Ion
Torrent 400 bp sequencing kit protocol (Life Technologies, Grand
Island, NY).

BIOINFORMATIC ANALYSIS OF nrfA SEQUENCES
The bioinformatic pipeline of nrfA gene pyrosequences is
outlined in Supplementary Figure 1. The pipeline contains easy-
to-use web based programs and computer based programs. The
FastQ file was downloaded from the Torrent Server after primary
base calling was conducted using Torrent Suite v3.0 software (Life
Technologies). The RDP Pipeline Initial Process (https://pyro.

cme.msu.edu/init/form.spr) was used to sort the nrfA sequences
in 5 libraries based on the barcode sequences. Primer sequences
were trimmed, and sequences shorter than 200 bp and lower
than 25 quality score were removed. Acacia (Bragg et al., 2012)
was used to de-noise the trimmed sequences, and a chimera
check was performed using UCHIME in the FunGene Pipeline
(http://fungene.cme.msu.edu/FunGenePipeline/chimera_check/
form.spr) (Fish et al., 2013). The selected sequences were
translated and compared to NrfA reference sequences using
the FunGene Pipeline Frambot tool (http://fungene.cme.msu/
edu/FunGenePipeline). A total of 383 sequences was used as
reference NrfA sequences after trimming and dereplicating
1690 sequences available in the FunGene repository (http://
fungene.cme.msu.edu). The Frambot translated sequences were
visually inspected to detect and to remove frame-shift errors.
PRINSEQ (http://edwards.sdsu.edu/cgi-bin/prinseq/prinseq.cgi)
(Schmieder and Edwards, 2011) was used to rename each
sequence ID corresponding to the sampling sites. Sequences with
renamed IDs (valid sequences) were used to examine diversity
of NrfA sequences and compare the composition of DNRA
communities.

In order to reduce sequence redundancy in diversity computa-
tion, identical NrfA sequences were dereplicated using PRINSEQ
(Schmieder and Edwards, 2011). Unique NrfA sequences in
each sediment community were aligned by MUSCLE (Edgar,
2004) in MEGA 5.2 (Tamura et al., 2011). The Protdist pro-
gram in Phylogeny Inference Package (PHYLIP) (Felsenstein,
1989) was used to generate a distance matrix of aligned NrfA
sequences with Kimura’s method. Rarefaction, richness esti-
mates, and diversity indices were computed based on a dis-
tance matrix using DOTUR (Schloss and Handelsman, 2005).
Pielou’s evenness was calculated by dividing the Shannon diver-
sity index (H) by the natural log (Ln) of total number of
operational taxonomic units (OTUs) (Pielou, 1966). In order
to select protein distance for OTU determination, a total of
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123 NrfA reference sequences from 123 species and 82 gen-
era were analyzed using DOTUR. A protein distance of 0.1
was found to be the sub-genus level cutoff, while a distance
of 0.2 was at the genus level. The OTUs were determined
based on 0.1 protein distance cutoff, which is approximately
90% amino acid sequence identity. OTUs, determined with
90% amino acid sequence identity, were used in other pyrose-
quencing analyses of functional genes involved in nitrogen
cycling pathways (Mao et al., 2013, 2011; Pereira E Silva et al.,
2013).

The composition of sedimentary DNRA communities at the
five sites was compared using CD-HIT (Li and Godzik, 2006) by
clustering valid NrfA sequences that shared more than 90% iden-
tities. For phylogenetic analysis, a representative OTU sequence
from each cluster was aligned through MEGA 5.2 (Tamura
et al., 2011) using MUSCLE (Edgar, 2004). Normalized weighted
UniFrac (Lozupone et al., 2006) was conducted for PCoA anal-
ysis to compare differences among the five DNRA communities.
The NrfA sequences, found in only one community, were used to
compute percent abundance of endemic sequences and OTUs in
each community. In addition, the OTUs containing more than 1%
of total NrfA sequences in each community were defined as dom-
inant OTUs (or sequences), and percent abundance of the dom-
inant sequences were calculated. The representative sequences of
dominant OTUs, along with the reference NrfA sequences, were
also used for phylogenetic analysis. Bootstrap analysis of 1000
repetitions was used to estimate reliability of phylogenetic recon-
struction with 50% support threshold. In addition, a heat map
was constructed with the percent abundance of dominant OTUs
using Microsoft Excel.

STATISTICAL ANALYSIS
Pearson’s correlation and analysis of variance (ANOVA) were
conducted to identify relationships among DNRA rates, nrfA
gene abundance, diversity, composition, and environmental
parameters using the StatPlus program (AnalystSoft Inc.).
Canonical correspondence analysis (CCA) was also performed
to examine covariance among environmental variables and the
dominant OTUs.

NUCLEOTIDE SEQUENCE ACCESSION NUMBERS
The pyrosequences of nrfA genes were deposited in the ENA Short
Read Archive under submission number PRJEB6248.

RESULTS
PHYSICAL AND GEOCHEMICAL CHARACTERISTICS OF THE NEW RIVER
ESTUARY
Geochemical and physical characteristics of bottom water and
sediment samples at the five sites are reported in Table 1. The
data were obtained from the seasonal study of anammox com-
munities (Lisa et al., 2014). Bottom water salinity ranged from
9.1 to 33.6 ppt along the estuary. AA2 was designated as an oli-
giohaline site, JAX and M47 were both mesohaline, and M31
and M15 were situated in the polyhaline reaches of the estuary.
Bottom water NH+

4 concentration was higher than NO−
3 concen-

tration at all the sampling sites. Higher concentrations of H2S
in porewater were measured in the mesohaline sites JAX and
M47 compared to other sites. Sediment % organic content and
extractable NH+

4 were also higher in these mesohaline sediments
(Table 1).

ABUNDANCE AND ACTIVITIES OF DNRA COMMUNITIES
Potential rates of DNRA at the five sites ranged from
2.15 to 25.09 nmoles N g−1 h−1 (Table 2). Higher DNRA
rates (>20 nmoles N g−1h−1) were measured in the sed-
iments from JAX, M47, and M31, while the lowest rate
was found at M15. Abundance of DNRA communities based
on nrfA gene detection agreed with rate measurements as
higher abundance of nrfA was also measured in the sedi-
ments of JAX, M47, and M31. Among geochemical character-
istics measured at each site, % organic content and extractable
NH+

4 in sediments positively correlated with nrfA gene abun-
dance and DNRA rates with no significant statistical support
(Supplementary Table 2).

Table 2 | Potential rates of DNRA and nrfA gene abundance in the five

sediment communities of the New River Estuary.

Sampling site DNRA rates nrfA gene

nmoles N g−1 h−1 copies g−1

AA2 13.8 ± 1.8 7.72 × 108 ± 4.76 × 107

JAX 20.7 ± 0.02 2.58 × 109 ± 6.27 × 107

M47 22.6 ± 1.0 1.56 × 109 ± 2.68 × 108

M31 25.1 ± 3.4 2.18 × 109 ± 3.16 × 108

M15 2.2 ± 0.8 2.31 × 108 ± 2.50 × 107

Table 1 | Physical and geochemical characteristics measured at 5 sampling sites in the New River Estuary.

Sampling site Bottom water Sediment

Salinity NO−
3

NH+
4

% organic H2S NO−
x Extractable NH+

4

ppt µM µM µM µM µmol g−1

AA2 9.1 0.44 7.8 15.57 0.90 0.26 0.06

JAX 17.8 0.25 0.75 17.98 486.90 0.23 0.21

M47 16.4 0.37 1.18 18.95 249.87 0.54 0.28

M31 27.0 0.47 1.45 10.19 3.21 0.33 0.20

M15 33.6 0.62 1.32 0.33 0.20 0.72 0.04
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DIVERSITY OF DNRA COMMUNITIES BASED ON nrfA GENE
PYROSEQUENCING
A total of 50,882 sequences was obtained following the initial pro-
cess of filtering the sequences. Total numbers of sequences per site
are listed in Table 3. Denoising and chimera check yielded 47,591
sequences, which were translated to amino acid sequences using
Frambot. After manually removing frame shift errors, 46,165
valid NrfA sequences were used to compare composition and
diversity of DNRA communities (Table 3). After dereplicating
identical NrfA sequences, approximately 2000 sequences were
classified as unique to each site.

Richness and diversity of each DNRA community were evalu-
ated based on the unique NrfA sequences (Table 4). Chao1 and
ACE estimates showed highest richness of NrfA in AA2 sediment,
while the lowest was in M47 community. Shannon index showed
the highest diversity of NrfA in AA2 and the lowest in M47. The
highest sequence evenness was found at M15, where the low-
est DNRA rate was measured (Table 2). The M31 community,
with the highest DNRA rate, was found to have the lowest even-
ness. Among the environmental variables, extractable NH+

4 had
a significant and negative correlation with NrfA sequence diver-
sity (r = −0.94 and p = 0.016, Supplementary Table 2). There
was no clear trend between salinity gradients and NrfA diversity,
although highest richness and diversity of NrfA sequences were
observed at AA2, the oligohaline site (Table 4).

COMPARISON OF DNRA COMMUNITY COMPOSITION BASED ON nrfA
GENE PYROSEQUENCING
Based on 90% identity as a cutoff of sub-genus level, the
valid sequences were clustered into OTUs, and a representative

sequence from each OTU was used for normalized weighted
Unifrac analysis. Figure 2 shows the spatial variation of the
DNRA communities with 75.41% percent variation explained
(sum of the first and second PCoA principal coordinates). The
AA2 community was the most distinct of the DNRA commu-
nities. The composition of JAX and M47 communities were
more similar to each other than to other communities, while
M31 and M15 communities also clustered together. Salinity was
a significant environmental factor (p < 0.05) segregating these
communities along the P1 coordinate, while bottom water NO−

3
concentrations, porewater H2S and extractable NH+

4 became
significant variables (P < 0.05) along the variation of the P2
coordinate.

Cluster analysis revealed that endemic sequences comprised
less than 17% of total NrfA sequences in JAX, M47, and M31
communities and more than 30% in AA2 and M15 (Table 3).
Relative percent of endemic sequences (sequences found in only
one community) was higher in AA2 and M15 communities,
where rates were lowest, than in the mid estuarine commu-
nities. The highest relative percent of endemic sequences was
found in the M15 community with 39.8%, while the JAX com-
munity had the lowest with 11.7% (Table 3). The numbers of
endemic OTUs in each community significantly and positively
correlated with diversity of NrfA sequences (r = 0.95, p < 0.05).
Most of the OTUs with endemic sequences were rare OTUs
(≤0.1% of total sequence) or low abundant OTUs (between
0.1 and 1% of total sequences) in each community. Percent
abundance of endemic sequences was significantly and nega-
tively correlated with the DNRA rates and nrfA gene abun-
dance (r = − 0.93 and r = −0.93, respectively). In contrast, the

Table 3 | Number of nrfA sequences filtered during different steps of bioinformatic analysis.

Sampling site Number of sequences

Initial RDP process Denoise/Chimea Check Frambota Validb Dominantc(%) Endemicd(%)

AA2 7,918 7,557 7,483 7,346 42.3 30.9

JAX 8,821 7,940 7,910 7,852 50.7 11.7

M47 13,870 13,464 13,130 12,952 46.8 13.6

M31 11,197 10,243 10,218 10,000 50.2 16.7

M15 9,076 8,387 8,330 8,015 38.6 39.8

aFrambot converted DNA sequences into amino acid sequences and identified nrfA genes based on the reference sequences.
bValid sequences were defined as amino acid sequences without frame-shift errors.
cDominant sequences were defined as an OTU comprising of more than 1% of total NrfA sequences in each community.
d Endemic sequences were detected at only one site.

Table 4 | Estimates of sedimentary NrfA sequence richness and diversity in the New River Estuary.

Sampling site Unique OTUsa Chao1a ACEa Shannona Evennessb

AA2 2,052 1,012 1,958.6 2,162.3 6.507 0.940

JAX 1,714 827 1,569.5 1,638.0 6.298 0.938

M47 2,022 799 1,237.8 1,381.5 6.188 0.926

M31 2,210 1,005 1,897.8 2,106.9 6.360 0.920

M15 2,157 933 1,489.9 1,603.5 6.446 0.943

aRichness and diversity were determined based on 0.1 protein distance.
bEvenness was calculated by dividing Shannon index by Ln (OTUs).
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FIGURE 2 | Weighted and normalized PcoA plot of the DNRA

communities in the New River Estuary. Unifrac analysis was conducted
with representative NrfA OTUs in the five sediment communities. The black
circles indicate the communities sharing higher composition similarities.

dominant OTUs were more abundant in the mid estuarine com-
munities than the AA2 and M15 communities. More than 50%
of total NrfA sequences in JAX and M31 sites were clustered with
the dominant OTUs (Table 3). Percent abundance of dominant
sequences had significant and positive correlations with activities
and abundance of DNRA communities (r = 0.92 and r = 0.99,
respectively).

COMPARISON OF DOMINANT NrfA OTUS IN SEDIMENT COMMUNITIES
A total of 69 dominant OTUs was found in five sediment commu-
nities. The sequences associated with the dominant OTUs in each
community were included in the heat map analysis, although this
accounted for less than 1% of sequence abundance (Figure 3). A
representative sequence of each OTU was phylogenetically com-
pared with NrfA sequences found in bacterial isolates (Figure 3).
The AA2, JAX, and M15 communities had higher numbers of
dominant OTUs (18, 20, and 19, respectively) than the M47
and M31 communities, which had 16 and 13 dominant OTUs,
respectively (Supplementary Table 3). Most of dominant OTUs
were found in more than one community, with the exception
of 10 OTUs. OTU1 and OTU2 were endemic at AA2, while
OTU27, OTU36, OTU37, OTU46, and OTU47 were only found
in the M15 community. OTU60 and OTU65 were endemic at
M47, and OTU54 was only present at M31. In contrast, OTU11,
OTU23, OTU31, and OTU 55 were cosmopolitan OTUs com-
monly present in all five sediment communities, although none
of them were predominant in any of the five sediment commu-
nities. OTU11 and OTU23 were dominant in the AA2 and JAX
communities, but not in other communities. OTU31 and OTU55
were only dominant in M15.

Among 69 OTUs, OTU53 was the most abundant member
of M31 (28.2%) and M15 (9.1%), but accounted for less than
1% at M47 and was not detectable at AA2 and JAX (Figure 3).
Phylogenetic analysis showed that OTU53 was closely related
to NrfA found in Escherichia albertii, Shewanella oneidensis,

and Aggregatibacter actinomycetemcomitans (Figure 3). The most
abundant member in M47 community was OTU21 (6.1%), while
OTU35 accounted for 5.6 and 14.6% at JAX and M47, respec-
tively. NrfA sequences found in bacterial isolates did not cluster
with these OTUs (Figure 3). OTU19, which is closely related to
Holophaga foetida NrfA, was most abundant, composing 8.1%
in the AA2 community, but contributed less than 1% in JAX,
and not detected in other sites (Figure 3). Phylogenetic analysis
showed that OTU9, dominant in M47, was closely associated with
Sulfurospirillum deleyianum and OTU32, the dominant member
of JAX and M47 communities, was related to Thioalkalivibrio
nitratireducens (Figure 3).

CCA with dominant OTUs showed that the first two CCA axes
(CCA1 and CCA2) explained 67.5% of the cumulative variance
of the DNRA communities in the New River Estuary (Figure 4).
Different environmental variables affected relative abundance of
dominant OTUs in sediment communities. Group A was com-
posed of 24 OTUs that were dominant members of M31 or M15
communities. Salinity significantly and positively influenced the
abundance of OTU49, OTU50, and OTU55 within Group A.
OTU49 and OTU50 were closely related to Planctomyces spp.
(Figure 3). Group B was made up of three OTUs (25, 31, and
56) found in three to five communities. Porewater NO−

x con-
centrations had a positive significant correlation with this group.
The OTUs in Group C were dominant members of JAX or M47
communities. Sulfide concentration was shown to have signif-
icant and positive influences on 10 OTUs (17, 20, 24, 29, 30,
32, 35, 63, and 67) within this group. None was closely related
to NrfA sequences found in bacterial isolates. Group D was
composed of 12 OTUs (1, 2, 10, 13, 15, 16, 18, 19, 22, 26,
45, and 62) found primarily in the AA2 community (Figure 3).
They had a significant and positive correlation with bottom
water NH+

4 concentration. Among these dominant OTUs, OTU1,
OTU16, and OTU19 were closely associated with H. foetida,
while OTU2 showed high similarity to Pelobacter carbinolicus.
Together, the CCA and phylogenetic analyses revealed that dif-
ferent environmental variables contributed to the presence of
the different dominant members in DNRA communities at
oligohaline, mesohaline, and polyhaline reaches of the New
River Estuary.

DISCUSSION
Two dissimilatory NO−

3 reduction pathways, DNRA and den-
itrification, influence the recycling and removal of fixed N
in an aquatic ecosystem. We found that sedimentary DNRA
activities were higher than the reported denitrification activ-
ities collected from AA2, M47, M31, and M15 during the
same time (Supplementary Figure 2; Lisa et al., 2014). DNRA
was responsible for 44–74% of sedimentary dissimilatory NO−

3
reduction. This demonstrates that DNRA was the major dis-
similatory NO−

3 reduction process in the New River Estuary,
as shown in other estuarine ecosystems (Kelly-Gerreyn et al.,
2001; Tobias et al., 2001a,b; An and Gardner, 2002). DNRA
rates measured in the New River Estuary are comparable to
those reported in shallow coastal systems and salt marshes
(Sørensen, 1978; Gardner and McCarthy, 2009; Koop-Jakobsen
and Giblin, 2010).
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FIGURE 3 | Phylogenetic tree and heat map of dominant NrfA OTUs in

the New River Estuary. Dominant OTUs were defined as the OTUs
containing more than 1% of total number of NrfA sequences in each
community. Neighbor-joining tree was constructed from amino acid

sequences and bootstrap analysis with 1000 replicates used to estimate
confidence. Bootstrap values of >50% were listed in the tree. The heat map
was constructed in Microsoft Excel based on the percent relative of each
OTU in each sediment community.

Positive correlation between DNRA rates and extractable
NH+

4 in sediments indicates that DNRA is an important pro-
cess for sediment NH+

4 flux, as well as mineralization. Higher
DNRA rates were measured in the mid estuarine sites where
H2S concentration and % organic contents in sediments were
elevated. High H2S may inhibit nitrification and denitrification,

which results in a greater contribution of DNRA to dissim-
ilatory NO−

3 reduction processes. This was also shown in a
shallow estuary in southern Texas (An and Gardner, 2002). In
addition, H2S can be utilized as an electron donor by DNRA
bacteria. Two dominant OTUs in JAX and M47 were closely
related with S. deleyianum and T. nitratireducens. S. deleyianum
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FIGURE 4 | CCA ordination plot deciphering the relationship between

dominant NrfA OTUs and environmental variables in the New River

Estuary. Color circles represent the ordinates of each community based on
dominant OTUs. Some of dominant OTUs were clustered in groups as
indicated with black circles. Group A contains OTUs 27, 31, 34, 36, 37, 38,
40, 41, 42, 43, 44, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 66, and 68.
Group B has OTUs25, 31, and 56. Group C carries OTUs 3, 4, 9, 12, 17, 21,
24, 29, 30, 32, 33, 35, 39, 58, 59, 60, 61, 63, 64, 65, and 67. Group D
includes OTUs 1, 2, 10, 13, 15, 16, 18, 19, 22, 26, 45, and 62.

is a mixotrophic bacterium that can utilize organic carbon
and H2S as electron sources (Eisenmann et al., 1995), while
the obligate chemolithoautotrophic bacterium, T. nitratireducens,
reduces NO−

3 coupled to sulfur oxidation (Tikhonova et al.,
2006). The presence of Sulfurosprillum spp. and Thioalkalivibrio
spp. suggests the use of sulfur compounds as reducing
power for dissimilatory NO−

3 reduction in these sediment
communities.

The abundance of bacteria capable of DNRA can be an impor-
tant microbial regulator for the respiratory process in aquatic
ecosystems. However, quantification of DNRA bacteria based
on nrfA gene detection has had limited success. To our knowl-
edge Dong et al. (2009) is the only other study that measured
three subsets of nrfA gene abundance in the Colne River Estuary.
The new primer combination used in this study was able to
amplify nrfA genes in all five of the sediment samples, even
though more than 9x104 copies of nrfA genes were required
for proper detection. This high detection limit might be due to
degeneracy of PCR primers. qPCR success allowed quantifica-
tion of total abundance of nrfA carrying bacteria in estuarine
sediments communities, which were then compared with DNRA
activities. This is the first study reporting a co-occurrence of
higher DNRA rates in the sediment communities with higher
nrfA gene abundance, and suggests the abundance of DNRA
bacteria can act as an important microbial control in estuar-
ine sediments. In addition, nrfA gene abundance may have the

potential to be used as a genetic proxy of DNRA potential in
sediments.

Composition and diversity of DNRA bacteria can be another
microbial regulator of DNRA in aquatic sediments. Differences
in DNRA community composition were found along the salin-
ity gradient of the New River Estuary. Takeuchi (2006) reported
a similar trend in the Colne River Estuary. Endemic popula-
tions accounted for 10–40% of the sediment communities in
the New River Estuary. The increased numbers of an endemic
population supported higher diversity of NrfA sequences, but
negatively influenced the DNRA activities. This finding leads
us to hypothesize that selected members of DNRA communi-
ties become predominant and responsible for overall community
activities. We found that relative abundance of dominant popu-
lations had a significant positive correlation with the rates and
abundance of DNRA communities in the New River Estuary.
Bulow et al. (2008) and Francis et al. (2013) demonstrated the
presence of a few dominant OTUs in denitrifying communities
along the salinity gradient of the Chesapeake Bay, based on the
nirS gene analysis. The dominant nirS OTUs were also highly
expressed in the mesohaline and polyhaline sediment commu-
nities (Bulow et al., 2008), which supports the importance of
dominant populations in in situ community activities. These find-
ings readdress the importance of dominant population and their
roles in overall community activities.

Dominant DNRA populations were influenced by different
geochemical and physical parameters in the New River Estuary.
The dominant members in JAX and M47 communities, posi-
tively influenced by H2S, might be able to oxidize both organic
carbon and sulfide as observed in S. deleyianum (Eisenmann
et al., 1995). Alternatively, DNRA communities in JAX and M47
were more tolerable and adaptive to high sulfidogenic condi-
tions. The dominant members in the oligohaline AA2 community
were positively correlated with bottom water NH+

4 concentration,
while the members in M31 and M15 were influenced by salinity.
This suggests that the dominant populations of each community
are well adapted to different environmental conditions present
in their unique environments. Sun et al. (2013) reported 13
dominant OTUs were mainly responsible for changes in metal
and hydrocarbon contaminants in estuarine sediments based on
16S rRNA gene pyrosequencing analysis. Abundance of differ-
ent dominant populations in each community strongly influences
overall community activities, while geochemical and physical
conditions affect the composition of DNRA communities in the
New River Estuary. This study reveals that the relative abundances
of dominant populations serves as an important microbial con-
trol for community activities, while the abundance of endemic
populations is an important factor for DNRA bacterial diversity
in estuarine sediments.
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Methane seeps are among the most productive habitats along continental margins, as
anaerobic methane-oxidizing euryarchaeaota and sulfur-metabolizing deltaproteobacteria
form the biological base of a dynamic deep-sea ecosystem. The degree of methane
seepage therefore represents one important variable in ecosystem dynamics, and
the recent discovery of carbonate-hosted endolithic methanotrophy exposes another
potentially discriminating factor: physical substrate type. Methanotrophic microbial
communities have been detected within diverse seep-associated habitats, including
unlithified sediments, protolithic carbonate nodules, and lithified carbonate slabs and
chemoherms of distinct mineralogies. However, a systematic assessment of the diversity
and community structure associated with these different habitats has been lacking. In
this study, microbial aggregate analysis, microbial abundance quantification, mineralogical
identification, and archaeal and bacterial 16S rRNA gene clone libraries were used to
deconvolve the relationships between seepage activity, substrate type, and microbial
community structure. We report prevalent methane-oxidizing archaeal lineages in both
active and low-activity seep settings, and a strong community dependence on both
seepage activity and substrate type. Statistical treatments of relative taxa abundances
indicate that archaeal community structure is more dependent on the degree of methane
seepage than physical substrate type; bacterial assemblages appear to be more strongly
influenced by the type of colonization substrate than seepage activity. These findings
provide a window into the determinants of community structure and function, improving
our understanding of potential elemental cycling at seep sites.

Keywords: methane seeps, anaerobic methane oxidation, microbial diversity, 16S rRNA gene, microbe-mineral

interaction

INTRODUCTION
The seafloor is a dynamic and varied environment whose bio-
logical communities are dependent upon organic detritus from
surface waters and/or chemically reduced fluids emitted from the
subseafloor. Benthic habitats cover a range of productivities; in
all cases, microorganisms play critical roles in mobilizing chem-
ical or organic energy sources and mediating elemental fluxes
(Orcutt et al., 2011 and references therein). Many studies of
seafloor microbial ecology have focused on near-surface sedi-
ment, examining, for example, methane generation (Claypool
and Kvenvolden, 1983), dinitrogen production (Thamdrup and
Dalsgaard, 2002), or organic matter remineralization with a range
of electron acceptors (Reeburgh, 1983). As the full extent of ben-
thic microbial activity comes into focus, clarifying the identities,
distribution, and metabolic roles of constituent organisms in not
only sediments, but also endolithic and deeper-seated habitats
across a spectrum of energetic regimes, has emerged as a priority.

Methane seeps are among the most productive habitats
on the sub-photic zone seafloor. In these regions, reduced,

methane-rich fluids come into contact with oxidized seawa-
ter, fueling chemosynthetic communities such as anaerobic
methanotrophic archaea (ANME)/Deltaproteobacteria consor-
tia that mediate the sulfate-coupled anaerobic oxidation of
methane (AOM). AOM is a globally significant process which
consumes an estimated 80–90% of methane at the seafloor
(Reeburgh, 2007). The cultivation-independent investigation of
the microorganisms responsible for AOM has revealed two
primary constituents: methane-oxidizing archaea and sulfur-
metabolizing bacteria. ANME are believed to activate methane
and transfer reducing equivalents to their syntrophic part-
ners, sulfate-reducing or sulfur disproportionating bacteria
(SRB; Hoehler et al., 1994; Nauhaus et al., 2002; Milucka
et al., 2012). The metabolic byproducts of methanotrophy sup-
port micro- and macrofaunal communities in the seep food
web, including sulfide-oxidizing bacteria (Beggiatoa, Thioploca),
chemosynthetic clams (Vesicomya), mussels (Bathymodiolus),
tube worms (Siboglinidae), and ampharetid polychaetes that
serve as visual manifestations of CH4 seepage on the seafloor
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(Van Dover et al., 2003; Levin, 2005; Niemann et al.,
2013).

Detailed examination of microbial communities within
methane seep sediments has further revealed the community
composition and exposed relationships between constituent
members. The archaeal group ANME-1 is currently divided
into two subgroups (ANME-1a and ANME-1b) and represents
a novel order within the Euryarchaeota (Hinrichs et al., 1999;
Hallam et al., 2004; Meyerdierks et al., 2005). These anaero-
bic methane-oxidizing microorganisms have been observed as
single cells, as monospecific aggregates, and in association with
bacteria (Orphan et al., 2002; Treude et al., 2007; Holler et al.,
2011). The Methanosarcinales-affiliated ANME-2 (divisible into
three phylogenetic subgroups, ANME-2a, -2b, and -2c; Orphan
et al., 2001a) frequently form aggregates with members of the
Desulfobacteraceae family (e.g., the Seep-SRB1 group; Boetius
et al., 2000; Knittel et al., 2005; Schreiber et al., 2010) or
Desulfobulbaceae (Pernthaler et al., 2008; Green-Saxena et al.,
2014). Members of the ANME-3 clade have been shown to asso-
ciate with Bacteria most closely related to another lineage within
the Desulfobulbaceae (Lösekann et al., 2007; Green-Saxena et al.,
2014).

Sulfate-coupled methane oxidation produces two units of alka-
linity per unit of dissolved inorganic carbon, thereby promoting
the precipitation of authigenic carbonate minerals (Aloisi et al.,
2002). These precipitates form loosely consolidated protoliths,
hereafter referred to as “nodules,” found below the sediment-
water interface within methane-perfused sediments (Orphan
et al., 2004; Watanabe et al., 2008). Larger, fully lithified car-
bonate rocks also form, likely within methane-perfused sediment
(Stadnitskaia et al., 2008; Bian et al., 2013), and can be exposed at
the seabed following episodes of uplift and winnowing (Greinert
et al., 2001; Naehr et al., 2007; Ussler and Paull, 2008). AOM
activity associated with methane seepage at the seabed results
in a heterogeneous landscape of reduced sediments and car-
bonate pavements, chemoherms, and large mounds, covered by
patches of chemosynthetic communities. Carbonate structures
can be hundreds of meters tall and likely represent the time-
integrated accretion of AOM-linked authigenic carbonate pre-
cipitation (Greinert et al., 2001). Subsurface advective methane
flow can shift with time, turning “active” habitats, which exhibit
gas bubbling and/or seafloor chemosynthetic communities, into
“low-activity” sites with minimal or no apparent methane flux to
the seabed (Treude et al., 2003; Boetius and Suess, 2004). These
low-activity areas often contain carbonates with negative δ13C
values that are presumed to reflect previous AOM activity, yet it
remains unclear how sediment and carbonate-hosted microbial
communities differ between active and low-activity sites.

The recent quantification of active metabolic rates of
methanotrophic microbial biomass living within the pore spaces
of authigenic carbonates in active and low-activity areas fur-
ther motivates the study of endolithic microbial communi-
ties (Marlow et al., 2014). Previous literature has characterized
the common taxa associated with carbonates in methane-rich
regimes such as cold seeps and mud volcanoes by examining
lipid biomarkers (Blumenberg et al., 2004; Stadnitskaia et al.,
2005, 2008; Gontharet et al., 2009) and 16S rRNA gene signatures

(Reitner et al., 2005; Stadnitskaia et al., 2005, 2008; Heijs et al.,
2006). These published findings have been used to discuss the
paleo seepage record (Gontharet et al., 2009), as well as stages
of carbonate formation (Reitner et al., 2005; Stadnitskaia et al.,
2005, 2008; Bahr et al., 2009). Microbial communities associated
with carbonate crusts and sediments have been broadly com-
pared in the euxinic Black Sea (Stadnitskaia et al., 2005) and the
eastern Mediterranean Sea (Heijs et al., 2006), but the extent to
which methanotrophic communities within partially and fully
lithified habitats differ from adjacent sediment-hosted commu-
nities at continental margin seeps remains largely unconstrained.
Given the influence of AOM in methane processing, the commu-
nity structure of carbonate-based habitats may exert a significant
influence on methane and sulfur biogeochemical processes in the
deep sea.

This study examines microbial abundance and community
diversity in six structural classes of methane seep habitats
(active sediments, active nodules, active carbonates, low-activity
sediments, low-activity carbonates, and off-seep background sed-
iments), which integrate two key environmental variables: seep-
age activity and physical substrate type. We analyze mineralogy,
16S rRNA gene archaeal and bacterial sequence diversity, and
cell abundances of 12 samples, from six different deep-sea habi-
tats associated with methane seepage at Hydrate Ridge, OR, USA
(Table 1; Figure 1). With this dataset, we characterize the micro-
bial diversity and the potential importance of seepage activity and
substrate as determinants of microbial community structure in
and around methane seeps.

METHODS
SITE DESCRIPTION
Microbial DNA samples were collected from active and low-
activity sites around Hydrate Ridge, Oregon, a convergent tec-
tonic margin well established as a site of methane seepage and
sediment-based AOM (e.g., Suess et al., 1999; Tryon et al., 2002;
Treude et al., 2003). Samples were collected in consecutive years,
with the DSV Alvin during R/V Atlantis leg AT-15-68 (September
2010), and with the ROV Jason during Atlantis leg AT-18-10
(September 2011). Two samples representative of each substrate-
activity pairing were used in this study—one from Hydrate Ridge
North (44◦40.25′N, 125◦06.30′W, ∼600 m water depth), and one
from Hydrate Ridge South (44◦34.09′N, 125◦09.14′W, ∼780 m
water depth), a separation distance of approximately 11.2 km.
Sampling at two distinct seep-influenced locations at Hydrate
Ridge confers interpretive power across a relatively broad spa-
tial scale (km rather than meters). Active nodules were recovered
from a corresponding active sediment push core (i.e., AN-3730N
refers to a carbonate nodule found within the AS-3730 sediment
core). Background sediment was collected from an off-seep site
approximately 15 km east of Hydrate Ridge (Table 1, Figure 1).
The sulfate-methane transition zone (SMTZ) at Hydrate Ridge
active seep sites has been reported to occur within the top sev-
eral cm of seafloor sediment, corresponding to peak values of
microbial aggregate abundance, methane oxidation, and sulfate
reduction (Boetius et al., 2000; Boetius and Suess, 2004). Methane
concentrations within the most active seep sediments reach sev-
eral mM, and have been measured and modeled at values up to
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Table 1 | Identification numbers, site location details, and mineralogical identifications of carbonate, sediment, and nodule samples used in

this study from the Oregon margin, USA.

Identification Seep Sample depth Physical Site Location Water Mineralogy

number activity level horizon substrate type (latitude, longitude) depth (m)

AS-3730 Active 0–6 cm Sediment HR South 44◦34.20′,125◦8.87′ 775 Quartz

AS-5119 Active 6–9 cm Sediment HR North, site 7 44◦40.02′, 125◦5.99′ 600 Quartz

AN-3730N Active 0–6 cm Nodule HR South 44◦34.20′, 125◦8.87′ 775 Q/C/A Mix

AN-5119N Active 6–9 cm Nodule HR North, site 7 44◦40.02′, 125◦5.99′ 600 Q/C/A Mix

AC-3439 Active Seafloor* Carbonate HR South 44◦34.11′, 125◦9.17′ 774 Aragonite

AC-5120 Active Seafloor* Carbonate HR North, site 7 44◦40.02′, 125◦6.00′ 601 Dolomite

LS-3433 Low activity 0–6 cm Sediment HR South 44◦34.23′, 125◦8.80′ 774 Quartz

LS-5164 Low activity 6–9 cm Sediment HR North, site 8 44◦40.05′,125◦6.03′ 601 Quartz

LC-3662 Low activity Seafloor* Carbonate HR South 44◦34.09′, 125◦9.18′ 788 Aragonite

LC-5189 Low activity Seafloor* Carbonate HR North, site 8 44◦40.06′, 125◦6.04′ 604 Q/C/A Mix

OS-3487 Off-seep 0–5 cm Sediment Off-seep 44◦35.27′, 124◦53.50′ 600 Quartz

OS-3582 Off-seep 10–15 cm Sediment Off-seep 44◦35.28′, 124◦53.56′ 589 Quartz

Identification numbers are encoded with information regarding the seepage activity of the sample site (A, active; L, low-activity; O, off-seep) and the physical

substrate type (S, sediment; N, nodule; C, carbonate rock). Q/C/A Mix, refers to a mineralogical mixture of quartz, calcite, and aragonite.
*All carbonate rocks were collected from the seafloor; samples used for mineralogical, cell count, and phylogenetic analysis were manually isolated from endolithic

fractions >5 cm from the exposed surface.

70 mM (Boetius and Suess, 2004) and 50 mM (Tryon et al., 2002),
respectively.

SAMPLE COLLECTION AND PROCESSING
On the seafloor, sediment was collected in push cores (35 cm
long) deployed by the ROV Jason or DSV Alvin. Individual car-
bonate rocks were collected with the manipulator arm and placed
inside Plexiglas compartments in a subdivided, insulated biobox
with a lid to minimize water column or cross-sample contami-
nation during recovery. During ascent to the surface, supersat-
urated methane may have degassed during depressurization, as
was apparent from gas pockets in core tubes. Shipboard, push
cores and carbonates within their respective plexiglass contain-
ers were immediately transferred to a 4◦C walk-in cold room
and processed within several hours. Samples intended for DAPI
(4′,6-diamidino-2-phenylindole) counts and fluorescence in situ
hybridization (FISH) were fixed in 2% paraformaldehyde and
stored at 4◦C overnight, while samples intended for DNA extrac-
tion were frozen at −80◦C. The next day, the formaldehyde was
washed from the sample with sterile 1× PBS buffer and then
replaced with 100% ethanol and transferred to a −80◦C freezer.
In the case of carbonate rocks, interior portions (≥5 cm from an
exposed surface) were isolated to ensure the analysis of endolithic
communities; this was done by breaking the sample with an
autoclaved ceramic mortar and pestle and removing the outer
surface with a sterile razor blade. Similar mortar and pestle treat-
ment of sediment and subsequent DAPI visualization confirmed
that aggregate morphology is not an artifact of carbonate sample
preparation.

X-RAY DIFFRACTION
Samples for X-ray diffraction analysis (XRD) were powdered with
an autoclaved ceramic mortar and pestle. The diffraction pro-
files were measured with a Phillips X’Pert Multi Purpose X-Ray

Diffractometer housed in the Division of Materials Science at
Caltech. SiO2 was used as an internal standard, and best-fit analy-
ses (with peak-shifting permitted) were conducted with the X’Pert
HighScore software and its library of diffractograms.

The analysis of XRD data focused on four components: quartz
(SiO2), calcite (CaCO3), dolomite [CaMg(CO3)2], and arago-
nite (CaCO3). These minerals are the primary constituents of
seep-associated carbonates (Greinert et al., 2001). The following
peaks were used as diagnostic markers following peak-shifting:
calcite (104) 2θ = 30.0◦, dolomite (104) 2θ = 31.2◦, aragonite
(221) 2θ = 46.0◦, and quartz (011) 2θ = 27.0◦ (Kontoyannis and
Vagenas, 2000; Zhang et al., 2010). Each of these peaks is the
most prominent for its respective mineral type, allowing for qual-
itative compositional characterization by relative peak heights
(Tennant and Berger, 1957; Bergmann, 2013). Minor constituents
not accounted for by the four components described above can-
not be ruled out, but these four peaks, as well as the additional
peaks associated with each mineral, account for the majority of
XRD features in all spectra.

MICROSCOPY DETERMINATION OF RELATIVE MICROBIAL BIOMASS
Formaldehyde/ethanol fixed samples of carbonate and sediments
were prepared for microbial aggregate characterization and FISH
as follows. Nodules and interior carbonate pieces were pulverized
with an autoclaved porcelain mortar and pestle. To concentrate
biomass away from mineral and sediment particles, a percoll
density separation was performed on all samples following a
modified protocol outlined in Orphan et al. (2001b). Specifically,
60 μl sample was mixed with 1290 μl TE (pH = 9.0) and heated
for 3 min at 60◦C to permeabilize cells. The sample tubes were
placed on ice for 5 min; 4.5 μl of 30% H2O2 was then added (to
deactivate native peroxidase for CARD-FISH) and incubated at
room temperature for 10 min. Tubes were placed back on ice,
and 150 μl 0.1 M sodium pyrophosphate was introduced. Sample
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FIGURE 1 | A map of Hydrate Ridge, OR, showing the locations of origin

of the samples used in this study, accompanied by images showing the

general locations of sample collection. Samples LC-5189, LC-5164,
AC-5120, AS-5119, and AS-5119N were collected from Hydrate Ridge north
(mound summit ∼600 m depth); samples AC-3439, LS-3433, LC-3662,
AS-3730, and AS-3730N were collected from Hydrate Ridge south (mound

top ∼780 m depth); samples OS-3582 and OS-3487 were collected off-seep
from a water depth of ∼600 m. Hydrate Ridge north and south sampling sites
were located approximately 12 km apart. Base map is derived from Global
Multi-Resolution Topography (GMRT, Ryan et al., 2009; GeoMapApp); contour
lines represent 100 m of depth, and each minute of latitude represents
1.85 km. In the images, push cores are 10 cm in diameter for scale.

mixtures were sonicated (Branson sonifier 150) on ice 3 times
at 8 W (10 s each time) and overlaid on a percoll density gradi-
ent. The gradient tubes were then centrifuged at 4800 rpm for
15 min at 4◦C (Allegra X-15R, Beckman Coulter, Indianapolis,
IN). The percoll supernatant overlaying the sediment/carbonate
pellet was removed and concentrated by vacuum filtration
through both a 3 μm and a 0.22 μm white polycarbonate filter

(Millipore). Filtered samples were immediately rinsed with 2 ml
sterile 1× PBS and dehydrated with 2 ml of a 1:1 ethanol:PBS
solution while on the filter tower. Dried filters were removed
and stored in the dark at 4◦C prior to analysis. Cell counts were
performed on an epifluorescence microscope (Olympus BX51)
under 60× magnification (Plan Apo N objective) using the gen-
eral DNA stain DAPI (4′,6-diamidino-2-phenylindole). 25 fields
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Table 2 | Cell abundance parameters from all seep-associated samples.

Sample Number of Mean aggregate Aggregate biovolume Proportion of Cell abundance Relative cell

aggregates/cm3 diameter, µm (SD) factor (SD) single cells (per cm3) abundance

AS-3730 9.59E+07 6.2 (1.3) 1* (0.19) 0.15 1.99E+10 0.77

AS-5119 8.67E+07 5.7 (1.1) 1* (0.19) 0.18 1.45E+10 0.56

AN-3730N 1.04E+08 6.8 (1.7) 0.46* (0.03) 0.12 1.26E+10 0.49

AN-5119N 1.07E+08 6.4 (1.9) 0.46* (0.03) 0.16 1.14E+10 0.44

AC-3439 1.35E+08 10.2* (2.2) 0.215* (0.07) 0.11 2.57E+10 1.00

AC-5120 1.37E+08 9.7 (2.3) 0.215* (0.07) 0.16 2.36E+10 0.92

LS-3433 4.08E+07 6.2 (0.9) 0.88 (0.16) 0.29 8.92E+09 0.35

LS-5164 5.16E+07 5.8 (1.4) 0.88 (0.16) 0.31 9.50E+09 0.37

LC-3662 6.49E+07 5.6 (1.7) 0.35 (0.05) 0.28 4.10E+09 0.16

LC-5189 6.23E+07 5.9 (1.6) 0.35 (0.05) 0.23 4.30E+09 0.17

OS-3487 NA NA NA > 0.99 1.93E+08 7.50E-03

OS-3582 NA NA NA > 0.99 1.50E+08 5.85E-03

Values marked with * indicate data from Marlow et al. (2014). SD = standard deviation.

of view were counted for each of the 10 seep-linked samples
(Table 2).

The architecture of DAPI-stained aggregates was examined by
acquiring a z-stack of epifluorescence images with a DeltaVision
RT microscope and the associated Softworx program (Applied
Precision, Inc., Issaquah, WA). Subsequent image processing was
conducted with the DAIME image analysis and 3D visualization
program (Daims et al., 2006). By recognizing fluorescently stained
cells within manually delineated aggregate boundaries through-
out a z-stack of images, DAIME is able to calculate biovolume
and the pair correlation function. Biovolume is determined by
dividing the 3D integrated volume of cells by the overall aggre-
gate volume, and the peak pair correlation value corresponds to
the most favored cell-cell distance (Daims et al., 2006). Biovolume
and pair correlation values were obtained from five representative
aggregates from each habitat; individual cell sizes were broadly
consistent for all samples.

Relative microbial abundance within the 12 distinct samples
was determined by calculating the cumulative aggregate vol-
ume per unit volume sample, dividing by a typical cell (1 μm
diameter) volume, multiplying by the maximum possible spher-
ical packing density (0.7405; Steinhaus, 1999), and scaling by
the DAIME-determined biovolume aggregate factor. The abun-
dance of single cells (recovered on the 0.22 μm filter) was then
added to the aggregate value, and the sum of both aggregate-
associated cells and single cells was divided by the largest cell
abundance calculated for the dataset (sample AC-3439). Resulting
values thus indicate the fraction of microbial cell abundance
associated with each sample, relative to the sample with the
highest cell count. This calculation did not distinguish between
Archaea and Bacteria, and overall microbial abundance scaling
factors (Table 2) were applied to both Domains’ diversity charts
(Figures 2, 3).

PHYLOGENETIC ANALYSIS
To assess 16S rRNA gene diversity, the following workflow was
performed for all 12 samples. DNA was extracted from ∼0.5 g
of sediment or pulverized nodule/carbonate material using

the UltraClean Soil DNA isolation kit (Mo Bio Laboratories,
Carlsbad, CA). Bacterial and archaeal 16S rRNA genes were
amplified in separate Polymerase Chain Reactions (PCR)
with 27F (5′-AGAGTTTGATCCTGGCTCAG-3′)/1492R (5′-
GGYTACCTTGTTACGACTT-3′) and Arc8F (5′-TCCGGTTG
ATCCTGCC-3′)/Arc958R (5′-YCCGGCGTTGAMTCCAATT-3′)
primers, respectively (all primer concentrations were 0.4 μM,
primers from Integrated DNA Technologies, Inc., Coralville, IA),
New England BioLab’s Taq DNA Polymerase (NEB, Ipswich,
MA), 0.4 μM dNTP solution mix (NEB), and 1× ThermoPol
Reaction Buffer (NEB). PCR was performed on an Eppendorf
Mastercycler Ep Gradient S thermocycler with a 2-min 95◦C
initialization, followed by 35 cycles of a 30 s 94◦C denaturation,
60 s 54◦C annealing, and 90 s 72◦C elongation. A final 7-min
72◦C elongation completed the procedure, at which point the
block was cooled to 4◦C until samples were retrieved (<15 h).
16S rRNA gene amplicons were cleaned by filtration through
a Millipore MultiScreen Filter Plate (Millipore Corp., Billerica,
MA) and cloned using the TOPO TA Cloning Kit following
the manufacturer’s instructions (Invitrogen, Carlsbad, CA). For
bacterial analysis, 288 transformants (colonies) were picked
for each sample, an average of 233 of which contained appro-
priately sized inserts. For archaeal clone libraries, 192 colonies
were picked for each analysis, and an average of 168 of these
colonies contained the correctly sized insert. A random subset
of clones in each library (Table S1) were selected and sequenced
by Laragen, Inc. (Culver City, CA). Archaeal amplicons were
sequenced in one direction (∼900 bp), using the T3 primer
(5′-ATTAACCCTCACTAAAGGGA-3′), while bacterial inserts
were sequenced bi-directionally, using the T3 primer and the T7
primer (5′-TAATACGACTCACTATAGGG-3′). Vector sequence
was removed and contigs (∼1500 bp) were constructed (90%
minimum match, 10 base minimum overlap) using forward and
reverse sequences from the same clone; when one direction of
sequence passed quality control inspection but the other did
not, the low quality sequence was not used. Chimeric sequences
were identified with the Slayer, Uchime, and Bellerophon pro-
grams; non-chimeric sequences were manually aligned in ARB
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FIGURE 2 | Distribution of archaeal 16S rRNA gene sequences recovered

from carbonate, nodule and sediment samples. Phylogenetic groups that
account for at least 20% of overall abundance in one or more samples are
shown. In all cases, bar lengths are scaled by the microbial abundance
observed in each sample, with AC-3439, which has the highest microbial

abundance, as the longest bar (see Table 2). Each bar segment length
represents the microbial abundance-weighted proportion of that sample’s
clones falling within the phylogenetic group in question. Inset: Off-seep
samples OS-3487 and OS-3582 have biomass values orders of magnitude
lower than those of seep-associated samples.

FIGURE 3 | Distribution of bacterial 16S rRNA gene sequences

recovered from carbonate, nodule and sediment samples.

Phylogenetic categories representing phyla (or class, in the case of

Proteobacteria) that account for at least 10% of overall abundance in
one or more samples are shown. Bar lengths are scaled as in
Figure 2.
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(Ludwig et al., 2004) in reference to the Silva 111 NR98040812
database and used for subsequent phylogenetic analysis. The
sequences were submitted to Genbank with the following
accession numbers: KF616551-KF616600; KF616676-KF616751;
KM356307-KM357226. See Table S1 for the number of sequences
involved at each stage of analysis.

Non-metric multidimensional scaling (MDS) treatments and
analysis of similarity (ANOSIM) were performed on these
sequences in Primer 6.1.13 (Clarke and Primer, 2006) using Bray-
Curtis similarity matrices that had been square-root transformed
to prevent artificial over-emphasis of abundant taxa on com-
munity structure (Legendre and Legendre, 1998). Chao, Inverse
Simpson, Bray-Curtis, and Weighted Unifrac indices were calcu-
lated from 97% sequence similarity OTUs in reference to the Silva
104 NR99100211 database using the Mothur platform (Schloss
et al., 2009).

RESULTS AND DISCUSSION
In this study, the microbial abundance and diversity of 12 sam-
ples representing six classes of methane seep habitats (Table 1)
are assessed with the aim of establishing the influence of seepage
activity and physical substrate type on the microbial community.
Mineralogical examination, cell abundance calculations, and 16S
rRNA gene archaeal and bacterial sequences, as well as statistical
analyses of sequence diversity, reveal distinct patterns in, and raise
intriguing questions about, the forcing of microbial community
structure at methane seep-associated habitats.

MINERALOGY OF AUTHIGENIC CARBONATES IN THE SEEP
ENVIRONMENT
XRD analysis of the 12 samples considered in this study supports
four broad categories of mineralogical identification (Figure S1):
sediments containing a dominant siliciclastic component identi-
fied as quartz (AS-3730, AS-5119, LS-3433, LS-5164, OS-3487,
OS-3582); quartz, aragonite, and calcite mixtures (AN-3730N,
AN-5119N, LC-5189); aragonitic carbonate rocks (AC-3439,
LC-3662); and a dolomitic carbonate (AC-5120). Sediment with
a low carbonate component was also reported by Orphan et al.
(2004); the high proportion of quartz suggests a significant con-
tribution from continental silicate weathering products, while
other components including iron sulfide minerals are also likely
present (Jørgensen et al., 2004; Van Dongen et al., 2007).

Changes in porewater chemistry with depth in the sediment
column, particularly sulfate concentration, are hypothesized to
influence mineralogy during precipitation (Burton, 1993; Savard
et al., 1996; Naehr et al., 2007). Among carbonate precipi-
tates, aragonite is the most thermodynamically favored pseu-
domorph in high-sulfate, high-alkalinity conditions above the
SMTZ (Burton, 1993; Savard et al., 1996), and, in particular, at
Hydrate Ridge seafloor environmental conditions (Greinert et al.,
2001). Calcite is believed to form lower in the sediment column
where sulfate is depleted (Naehr et al., 2007), and seep-associated
dolomites have δ13C and δ18O values that have been interpreted
as consistent with formation in deeper methanogenic sediment
horizons (Naehr et al., 2007; Meister et al., 2011). Mineralogical
differences may thereby record information about the depth and
local porewater composition during precipitation.

RELATIVE MICROBIAL ABUNDANCE
Relative cell abundance calculations (Table 2) demonstrate that
active carbonates, which contained more abundant and larger,
but less densely packed cell aggregates, exhibited the highest cell
counts of all sample types, with AC-3439 containing the highest
cell abundance of the sample set. Active seep sediment samples
contained 77% (AS-3730) and 56% (AS-5119) as many visible
cells as the active carbonate AC-3439. Active carbonate nodule
microbial abundance was roughly half that of active carbonates
(49 and 44%, compared with 100 and 92% for active carbon-
ate samples). Both nodule samples (AN-3730 and AN-5119)
contained more (though less densely-packed) aggregates than
the corresponding sediment horizons (AS-3730 and AS-5119)
from which they were collected. Samples collected from areas
of lower seepage activity had fewer microbial aggregates and
larger numbers of single cells, resulting in relative cell abundance
values of 35 and 37% for low-activity sediments (LS-3433 and
LS-5164, respectively) and 16 and 17% for low-activity carbonates
(LC-3662 and LC-5189, respectively). The microbial abundance
of off-seep background sediments was approximately two orders
of magnitude lower than active seep and low-activity samples and
was comprised almost exclusively of single cells.

Archaeal and bacterial diversity in seafloor methane seep sedi-
ments, carbonate nodules, and carbonate slabs were characterized
by 16S rRNA gene clone libraries. Supplementary Data files 1
and 2 provide the genus-level phylogenetic assignments of each
sequence. Combining the relative abundance of 16S rRNA genes
from archaeal and bacterial clone libraries with bulk microbial
abundance data of unknown domain-level distribution (Table 2),
abundance-scaled charts of phylogenetic distributions were gen-
erated (Figures 2, 3).

ARCHAEAL COMMUNITY CHARACTERIZATION
Euryarchaeota belonging to diverse ANME groups dominated the
archaeal 16S rRNA gene sequences recovered from active seep
sediments (82.4% of all archaeal clones; percentages compiled
from pooled sequences of a given sample type, see Supplementary
Data file 1c). Similarly, ANME sequences comprised 84.3% of the
total archaeal diversity from active nodules; this proportion was
59.6% for archaeal sequences recovered from active carbonates
and 71.1% for archaeal sequences from low-activity sediments.
Archaeal clone libraries constructed from low-activity carbonates
showed a smaller proportion of ANME sequences, representing
24.7% of all archaeal sequences, while ANME sequences were
not recovered in off-seep background sediment clone libraries,
which instead contained abundant representatives of the uncul-
tured Thaumarchaeotal lineage Marine Benthic Group B (MBGB)
(Vetriani et al., 1999).

Among ANME representatives, ANME-1—predominantly the
ANME-1b subgroup (Teske et al., 2002)—were more abundant
in low-activity samples (83.1% of all ANME sequences from low-
activity sediments and carbonates; Supplementary Data file 1e)
than samples associated with actively venting seeps (34.2% of
pooled ANME sequences from active sediments, nodules, and
carbonates). ANME-2—mostly the ANME-2c subgroup (Orphan
et al., 2001a)—exhibited the opposite pattern, accounting for
58.3% of ANME sequences recovered from active samples and
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13% from low-activity samples. The exception to this trend is
the phylogenetic distribution of sequences recovered from the
active dolomitic sample AC-5120, whose archaeal clone library
contained 48.8% ANME-1b and 2.3% ANME-2c representatives.
Members of the ANME-3 group were observed in most active and
low-activity seep sediment samples and carbonate nodules (6.8%
of total archaeal diversity on average among these samples), but
were not recovered from any of the seafloor exposed carbonate
rock samples or off-seep sediments (Supplementary Data file 1).

Members of the ANME lineages are the dominant Archaea
linked to sulfate-coupled methane oxidation at marine methane
seeps (Knittel and Boetius, 2009), and their environmental abun-
dances often correlate with methane flux in sulfate-perfused,
anoxic sediment near the seabed. When compared with 16S rRNA
gene sequences recovered from active seep sediments, our data
demonstrate that the carbonate rock substrate variable accounted
for an approximate 25% decrease in ANME sequence abundance
relative to active sediments. [To make this calculation, active
carbonate archaeal sequences were pooled (n = 94 sequences),
relative abundance was determined, and this value was compared
with the analogous value derived from combined active seep sed-
iment samples (n = 74 sequences); see Supplementary Data file
1c]. Low seepage activity accounted for a 14% decrease (pooled
low-activity sediment sequences compared with combined active
seep sediment sequences). When low-activity carbonate samples’
sequences were pooled, a 70% decrease in ANME relative abun-
dance (compared with active sediment samples) was observed.
This finding suggests that the combination of factors relating
to methane seepage activity (low-activity) and physical substrate
(carbonate) negatively impacts the relative ANME abundance
more than the sum of each factor individually. For example,
in low-activity carbonate habitats, anaerobic archaeal methan-
otrophs may become energy or carbon limited as a result of
self-entombment (e.g., Luff et al., 2004). Additionally, unfavor-
able geochemical conditions associated with decreased methane
flux and/or the intrusion of oxygenated seawater after exposure
on the seafloor may limit the successful persistence of these obli-
gate anaerobes. Other archaeal groups—most notably marine
group 1 (MG 1) Thaumarchaeota—were more prevalent in low-
activity carbonate communities, which may be attributable to
their colonization of a habitat less suitable for anaerobic methan-
otrophs and/or a diminished ability of MG 1 to inhabit the
reducing active seep settings.

ANME-1 are believed to be better adapted to lower sulfate
and/or methane conditions than their ANME-2 counterparts
based on observations of niche differentiation in Japan Sea sedi-
ments (Yanagawa et al., 2011), Black Sea mats (Blumenberg et al.,
2004), diffusion driven continental margin sediments (Harrison
et al., 2009), and other environmental comparisons (Nauhaus
et al., 2005; Rossel et al., 2011). Our findings corroborate this
trend: ANME-1 representatives constituted 25.5% of archaeal
sequences from active seep sites and 37.9% of combined archaeal
sequences recovered from low-activity sediment and carbonate
samples (Supplementary Data file 1d). It remains unclear whether
all members of the ANME-1 are methanotrophs physiologically
adapted for low-methane conditions, or facultative methanogens
(Reitner et al., 2005; House et al., 2009; Lloyd et al., 2011), a

metabolic plasticity that would confer a competitive advantage
in zones of limited methane. The relative abundance of ANME-
1 sequences recovered from AC-5120 is markedly higher than
that of other active-site samples, an observation that may sug-
gest a contributing role of mineralogy in community structure
(Figure 2, see discussion below). ANME-3 representatives were
not recovered in our carbonate rock diversity surveys. Whether
this is due to their relative low abundance in the Hydrate Ridge
ecosystem overall (∼9% of archaeal sequences in active seep sed-
iments) or if the apparent absence of ANME-3 in carbonates
is indicative of habitat preference requires further investigation
(Supplementary Data file 1). Members of the ANME-3 are typi-
cally reported as minor constituents from diverse seep sediment
habitats and have only been reported as a dominant member from
one site (Haakon Mosby mud volcano) to date (Lösekann et al.,
2007).

Archaeal lineages not traditionally linked to methane oxi-
dation also demonstrate activity-based trends. Euryarchaeotal
Thermoplasmata were detected in 11 of the 12 samples, com-
prising a low percentage of the total archaeal sequences in active
seep (5.2%) and low-activity samples (9.5%), and were observed
at substantially higher proportions in off-seep background sam-
ples (31%; Supplementary Data file 1d). Sequences from the
Halobacteria class, related to sequences from methane seep sed-
iments (Harrison et al., 2009) or hydrothermal vents (Schauer
et al., 2009), were recovered in low abundance (2.5% average of
archaeal sequences, across all samples) from nearly all sample
types with the exception of active carbonates.

The most prevalent thaumarchaeotal classes included MBGB
and MG1. Sequences most closely related to the MBGB family,
whose representatives are common in anoxic sediments (Vetriani
et al., 1999), including those influenced by methane (Biddle et al.,
2006), were abundant in clone libraries from all carbonates and
low-activity and off-seep sediments (20.9% of pooled archaeal
sequences recovered from these samples). The relative proportion
of recovered MBGB sequences was lower in sediment and nodules
from active seeps (8.9%). MG1 accounted for 39.5% (LC-3662)
and 44% (LC-5189) of the total archaeal sequences of the two
low-activity carbonate samples recovered from the seabed out-
side of active seepage areas; this proportion never exceeded 13.7%
(AC-3439) in any of the other 10 samples.

The thaumarchaeotal class MG1 is pervasive in the deep-water
column (Massana et al., 1997; Karner et al., 2001), and its high rel-
ative abundance in archaeal diversity surveys of the low-activity
carbonates is likely reflective of seawater infiltration of these
exposed carbonates at the seabed. Neither surface-exposed car-
bonates from active seep sites nor low-activity/off-seep sediments
display the same MG1 abundance. This observation indicates
that both low seepage activity (with low corresponding levels of
methane and sulfide) and carbonate rock substrate appear to be
necessary factors for MG1 prevalence, a finding that is consis-
tent with MG1 acting as a passive colonizer of seawater-infused
carbonates. In hydrothermal vent-associated basalt, MG1 repre-
sentatives appear to be more abundant in weathered, off-vent
samples (Lysnes et al., 2004) compared with initial communities
in subseafloor hydrothermal environments (Huber et al., 2002).
Channels of concentrated fluid flow developed by faulting and
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exploited by upward advection of methane-rich fluids during
periods of seep activity may serve as conduits for downward,
tidally-enhanced fluid delivery (Tryon et al., 2002) during sub-
sequent periods of quiescence. Convection (Aloisi et al., 2004)
and hydrologic recharge mechanisms at mound bases (Paull
et al., 1991; Teichert et al., 2005) may also remain active. These
processes may have preferentially seeded carbonate rocks from
low-activity settings, where upward advection is less prominent,
with MG1 representatives from bottom water. Alternatively, the
presence of MG1 organisms may represent a secondary coloniza-
tion resulting from carbonate exposure to bottom water following
exhumation. The low-activity and off-seep sediment samples
encompassing the 0–6 cmbsf horizon (LS-3433 and OS-3487) dis-
played minimal MG1 representation, suggesting that they may
be outcompeted in the sediment habitat. MG1 representatives
have been implicated in ammonium oxidation (Konneke et al.,
2005; Nicol and Schleper, 2006), but the metabolic proclivities of
carbonate-associated MG1 is not currently known.

BACTERIAL COMMUNITY CHARACTERIZATION
Among bacterial sequences, Deltaproteobacteria was the
most abundant class recovered from 8 of the 12 samples
(AS-3730, AS-5119, AN-5119N, AC-3439, LS-5164, LC-5189,
OS-3487, and OS-3582), and the second most abundant class
detected in the remaining samples, with the exception of
LS-3433 (Supplementary Data file 2c). Desulfobacteraceae
and Desulfobulbaceae representatives were the most abundant
deltaproteobacterial families recovered in active-seep samples
(sediments, nodules, and carbonates), which likely reflects
these taxa’s role in AOM (e.g., Orphan et al., 2001a; Schreiber
et al., 2010; Kleindienst et al., 2012; Green-Saxena et al., 2014).
These families were abundant in bacterial diversity surveys
from low-activity sediments as well (accounting for 75% of
Deltaproteobacteria; Supplementary Data file 2d) but signifi-
cantly less so in low-activity carbonates and off-seep sediments
(15%), where members of the uncultured deltaproteobacterial
groups SAR324 and SH765B-TzT-29 were more prevalent.
Relatives from the SAR324 and SH765B-TzT-29 groups have
been described from seafloor lavas (Santelli et al., 2008), South
Atlantic Ocean sediment (Schauer et al., 2009), and river estuaries
(Jiang et al., 2009). This geographic range suggests that these
groups are widely distributed and have no particular dependence
on methane geochemistry, though SAR324 methanotrophy has
been proposed (Swan et al., 2011). Cultured representatives of
these clades are lacking, but recent meta-omics approaches have
begun to shed light on their physiological capabilities; members
of the SAR324 clade associated with hydrothermal vent plumes,
for example, have been implicated in several facultative metabolic
modes, including sulfur and hydrocarbon oxidation (Sheik et al.,
2014).

Epsilonproteobacteria most closely related to Sulfurovum sp.
recovered from other methane seeps (Mills et al., 2005; Pernthaler
et al., 2008; Beal et al., 2009) were prevalent in sediment
samples from active seeps, but were detected at very low rel-
ative abundances in other active seep habitats including nod-
ules and carbonate rocks. This observation potentially reflects a
substrate-based control on diversity (Supplementary Data files

2b,c). Similar trends between seep sediments and their associ-
ated carbonate nodules were observed in an additional set of
cores from Hydrate Ridge and Eel River Basin seeps (Mason
and Orphan, personal observation). Sulfurovum from deep-sea
hydrothermal vents are capable of multiple sulfur oxidation path-
ways (Yamamoto et al., 2010), and representatives of this genus
have been described from methane seep sediments (Arakawa
et al., 2006; Roalkvam et al., 2011) and methane-impacted terres-
trial mud volcanoes (Green-Saxena et al., 2012). In this study, the
near-exclusive presence of Sulfurovum in active sediments—even
in horizons 6+ cm beneath the seafloor (AS-5119)—suggests
that these environments contain dynamic sulfur cycles, with sul-
fide produced through sulfate-coupled AOM potentially being
re-oxidized to sulfate by members of the Epsilonproteobacteria
and Gammaproteobacteria.

Aerobic methanotrophic activity has been documented using
radiotracer methods in sediments and carbonates from both
actively seeping and low-activity locations at Hydrate Ridge
(Marlow et al., 2014). Surprisingly, the majority of samples lacked
16S rRNA evidence of known aerobic methanotrophs with the
exception of AC-5120, a dolomite sample collected from an
active seep site, where sequences affiliated with gammaproteobac-
terial Methylococcales comprised 8% of recovered sequences
(Supplementary Data file 2a). In contrast to the 16S rRNA
findings, previous studies have reported the common occur-
rence of diverse particulate methane monooxygenase (pmo) genes
related to gammaproteobacterial aerobic methanotrophs in sur-
face sediments within seeps (Tavormina et al., 2008) as well
as from the water column overlying seeps, at more than 50
times the abundance of sites over non-seep locations (Tavormina
et al., 2010). Whether this general discrepancy between 16S
rRNA and pmo findings is due to primer bias, low gammapro-
teobacterial methanotroph abundance, or the occurrence of
as yet unidentified methane-oxidizing bacteria requires further
investigation.

Verrucomicrobia—some of whose members have been impli-
cated in aerobic methanotophic metabolism (Op den Camp
et al., 2009)—were recovered only from active seep carbonates,
comprising 7% of pooled active carbonate bacterial sequences
(Supplementary Data file 2c). This sample-based specificity may
suggest a dependence on methane or other geochemical com-
ponents associated with active seeps. In addition, an indirect
stimulation of heterotrophy (Freitas et al., 2012) associated
with the high microbial abundances linked to active carbonates
could sustain members of this phylum. The most closely related
Verrucomicrobia sequences were reported from deep-sea sedi-
ment unaffiliated with methane seepage (Schauer et al., 2009),
though some members of the phylum have been recovered from
authigenic carbonate crusts linked to mud volcano AOM (Heijs
et al., 2006).

DIVERSITY ANALYSIS: ENVIRONMENTAL CONTROLS ON COMMUNITY
STRUCTURE
Alpha (within sample) and beta (between sample) diversity statis-
tics demonstrate how communities are structured and how they
relate to each other (Table 3). Examining how environmental
variables such as seep activity and substrate type map onto these
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Table 3 | Chao-1 and Inverse Simpson values for Archaeal and Bacterial clone libraries made from each of the 12 samples examined in this

study.

Sample Archaea Bacteria

Chao-1 Chao-1 lnv lnv simpson Chao-1 Chao-1 lnv lnv simpson

LCI, HCI simpson LCI, HCI LCI, HCI simpson LCI, HCI

AS-3730 10 9.1, 19.7 7.3 5.2, 11.9 109 56.0, 279.4 14.5 10, 25.9

AS-5119 8.5 8, 16.3 4.4 3.1, 7.2 41.1 29.2, 80.5 16.6 9.5, 64.1

AN-3730N 8.5 8, 16.3 5.2 3.9, 7.7 28.3 19.7, 64.7 13.8 8.7, 33.1

AN-5119N 8.5 8, 16.3 4.1 2.9, 7.4 58 34.1, 138.4 15 9.2, 40.2

AC-3439 11 10.1, 20.7 6.2 4.9, 8.5 103.1 71.6, 178.4 49.1 30.9, 120.5

AC-5120 6.5 6, 14.3 2.8 2.2, 3.8 52.2 33.3, 114.5 28.3 17.4, 74.8

LS-3433 10 9.1, 19.7 4.5 3, 9 61.2 37.8, 135.1 41.1 24.7, 121.8

LS-5164 9 8.1, 21.9 4.1 2.8, 7.5 32.4 25.5, 58.9 29.3 19, 63.9

LC-3662 15 10.8, 42.1 4.6 3.3, 7.5 86.8 47.6, 208 41 24.1, 137.6

LC-5189 7 6.1, 19.7 3.5 2.8, 4.8 97 54.7, 218.5 78 41.2, 720.7

OS-3487 20.5 14.3, 55.5 7.9 5.5, 13.9 45.4 32.1, 88.3 32.8 19.6, 101.4

OS-3582 14.5 13.2, 25.5 8.9 6.4, 14.7 60.2 36.8, 134.1 32.2 18.4, 127.3

Larger values indicate higher alpha diversity. LCI and HCI indicate the 95% low-end and high-end confidence intervals, respectively.

relationships can help reveal factors that may play a role in
determining microbial community structure. Such analysis may
also help us understand the ecology of animal consumers, which
exhibit trophic partitioning of microbial resources at Hydrate
Ridge (Thurber et al., 2012; Levin et al., 2013).

Alpha diversity analyses, as computed by Chao-1 and Inverse
Simpson values, provide comparative information capturing
the two main components of community diversity: rich-
ness and evenness. Inverse Simpson values, which incorporate
both parameters, reveal higher diversity in recovered bacte-
rial sequences compared with archaeal sequences, a finding in
agreement with Heijs et al.’s (2006) analysis of carbonate crust-
associated microbial communities from Mediterranean mud vol-
canoes. A high degree of localized heterogeneity among Bacteria
at the 97% sequence similarity OTU level was also observed, and
archaeal diversity was substantially higher at off-seep locations
compared with seep-associated sites, suggesting a larger range of
niches available to Archaea in such environments (Table 3). There
is no clear distinction in Chao-1 values between active and low-
activity samples for archaeal and bacterial communities in sedi-
ment and carbonates, but bacterial communities in low-activity
sediments and carbonates do exhibit higher Inverse Simpson val-
ues than their active-site counterparts. This finding suggests that
bacterial communities in active seep habitats are dominated by
lineages dependent upon seep-based physico-chemical conditions
and/or groups associated with methanotrophic archaea. However,
with longer residence time on the seafloor—during which alter-
ation products or additional mineral phases can develop and
the reducing, anoxic conditions related to active seep environ-
ments can dissipate—a broader range of methane-independent
metabolic (or physical) niches may become available. A simi-
lar link between bacterial diversity and the degree of substrate
alteration in weathered seafloor basalts was observed by Santelli
et al. (2009). We observed no correspondence between sample-
specific archaeal and bacterial alpha diversity metrics (linear best
fit R2 values were 2.8 × 10−5 and 0.029 for Chao-1 and Inverse

Simpson inter-domain comparisons, respectively), suggesting
that the two Domains respond differently to physico-chemical
and ecological drivers of diversity (Figure S2).

Beta diversity analyses were used to characterize community
differences among different habitat types. After sequences were
combined by either activity level or substrate type, the depen-
dence of community structure on these environmental variables
was evaluated. Through our assessment of seep activity, we estab-
lished a scale from most methane seep activity (“active”) to
least (“off-seep”), with “low-activity” occupying an intermedi-
ate position. If seep activity is an important control on diversity,
active and low-activity communities would be more similar than
active and off-seep communities as judged by beta diversity met-
rics. Similarly, off-seep and low-activity communities would be
less divergent than off-seep and active communities. Equivalent
expectations can be stated regarding substrate type, along the
sliding scale of lithification, from least (“sediment”) to most
consolidated (“carbonate”), with “nodules” as the intermediate
group.

Beta diversity statistics were used in order to evaluate not
only significant differences between communities, but also the
relative magnitude of such differences (Figure 4). Bray-Curtis
analysis (Bray and Curtis, 1957) quantifies the similarity between
samples based on the relative abundances of constituent OTUs,
while weighted UniFrac (Lozupone et al., 2007) statistics incorpo-
rate phylogenetic distances between constituent 16S rRNA gene
sequences; both approaches can be used as distance measures
(Faith et al., 1987; Lozupone et al., 2011). Our results indicate
that off-seep and low-activity archaeal and bacterial commu-
nities are more similar than off-seep and active communities.
Similarly, active and low-activity archaeal and bacterial commu-
nities are more similar than active and off-seep communities
(Figures 4A,C). The wide range in archaeal beta diversity com-
parison values, particularly noticeable in Figure 4A, suggests that
archaeal communities are more strongly shaped by seepage, and
that even low apparent methane flux moves the community away
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FIGURE 4 | Results from beta diversity analyses of sequences

binned by seep activity (A,C) or physical substrate (B,D). (A,B)

provide Bray-Curtis similarities derived from comparison of proportional
abundances of 97% sequence similarity OTUs. (C,D) Show weighted
UniFrac-derived data for which all pairwise P-values are < 0.001.

Green-shaded fields contain data from archaeal sequences;
blue-shaded fields contain Bacteria-specific data. Weighted UniFrac
values were subtracted from 1 and multiplied by 100 to provide a
more intuitive statistic; in all cases, higher numbers indicate more
similar communities.

FIGURE 5 | Non-metric MDS showing (A) archaeal and (B) bacterial communities derived from genus-level relative abundances.

from background off-seep composition. High lateral heterogene-
ity in geochemistry, microbial assemblages, as well as in rates of
sulfate reduction and methane oxidation, have been reported on
sub-meter scales within and adjacent to seep-associated sulfide-
oxidizing microbial mats and chemosynthetic invertebrate com-
munities, illustrating the importance of seepage activity as a
dominant control on the sediment-hosted microbial community
(e.g., Barry et al., 1996; Lloyd et al., 2010). When substrate type
is examined, both beta diversity measurements demonstrate that
sediment and nodule communities are more similar than sedi-
ment and carbonate communities (Figures 4B,D). This finding
may be partially attributable to spatial proximity, as the sediment-
hosted nodules were recovered directly from the active seep
sediment cores analyzed in this study. Weighted UniFrac analysis
indicates that bacterial communities in carbonates and nodules
are more similar than those in carbonates and sediment. However,
the reverse was observed for archaeal communities, suggesting
that bacterial diversity may be more dependent on substrate type
than seepage level.

Non-metric MDS assessments (Figure 5) visualize Bray-Curtis
community similarities between the 12 samples. In the two-
dimensional plot of archaeal data, communities cluster primarily
by seepage activity (Figure 5A). (The dolomitic sample AC-5120
is the single exception to this framework, which may be related
to its unique mineralogy, discussed below.) This observation cor-
roborates the Bray-Curtis and weighted UniFrac data that point to
seepage activity as the primary determinant of archaeal commu-
nity structure in and around methane seeps; similar qualitative
observations have been reported at a number of seep habitats
(e.g., Lloyd et al., 2010). ANOSIM supports the finding that seep-
age activity is a significant determinant of archaeal community
structure (global R = 0.65, p-value = 0.002) rather than physi-
cal substrate (e.g., sediment, nodule, carbonate; R = −0.04, p =
0.509; see Table S2a for all pairwise values).

The bacterial non-metric MDS plot (Figure 5B) suggests a pri-
mary dependence on substrate type: sediments are distributed
in the lower/lower right portion of the coordinate system,
sediment-hosted nodules are positioned to the upper right, and
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seafloor carbonates to the left. ANOSIM reveals that physical
substrate is a significant driver of bacterial community struc-
ture (global R = 0.41, p = 0.021), while seep activity level is not
(global R = 0.215, p = 0.094; Table S2b). The fact that substrate
appears to discriminate among bacterial inhabitants is counter to
an analogous study of seafloor basalts showing that the majority
of clades are represented in both seafloor basalts and sediments
(Mason et al., 2007). This discrepancy may be attributable to
other environmental aspects distinctive of methane seep carbon-
ates, such as fluid chemistry, mineralogy, predation pressure,
permeability, or authigenic mineral formation (Heijs et al., 2006;
Thurber et al., 2012). Indeed, activity appears to play a secondary
role in separating bacterial communities, with active samples at
the upper segment of the plot, off-seep samples to the bottom,
and low-activity samples in between.

Mineralogy is another potential determinant of diversity. The
geochemical association of sulfate-coupled AOM with carbon-
ate minerals provides a direct link between microbial metabolism
and authigenic mineral precipitation, a feedback that may, in
turn, influence microbial community structure through physi-
cal constraints (Luff et al., 2004) and/or thermodynamic forcing
(Knab et al., 2008). Specific links between diversity and car-
bonate mineralogy were difficult to discern with the relatively
limited sample set included in this study. Aragonitic carbon-
ates (AC-3439 and LC-3662) both contained abundant ANME
sequences, an observation that is consistent with initial precip-
itation in zones of both high sulfate concentrations and high
rates of AOM near the seabed (Burton, 1993; Savard et al., 1996;
Greinert et al., 2001; Teichert et al., 2005). The lack of sulfate-
reducing deltaproteobacteria in the calcitic LC-5189 is consistent
with both a low-sulfate calcite formation environment (Naehr
et al., 2007) as well as its current low methane seepage habitat, but
it is difficult to parse the relative magnitudes of these influences.
Sample AC-5120, a dolomite, may have formed in a deeper sedi-
ment horizon exhibiting low relative rates of AOM, as has been
hypothesized on the basis of dolomite δ13C and δ18O isotopic
signatures (Naehr et al., 2007; Meister et al., 2011). The diver-
gence of this sample’s archaeal community from those of other
active site samples, characterized by the relative abundance of
ANME-1 and lack of ANME-2 phylotypes, is consistent with for-
mation in deeper sediment horizons (Knittel et al., 2005; Harrison
et al., 2009), or may be uniquely influenced by the dolomitic
mineralogy. In general, however, microbial community composi-
tion appears to be more dependent upon current environmental
context rather than the original precipitation environment, as
interpreted from mineralogical signatures. Indeed, when sample
mineralogy is specifically plotted within the archaeal and bac-
terial MDS plots (Figure S3), the partitioning of communities
is less clear than when only seepage activity or the degree of
lithification (sediment, nodule, or carbonate, irrespective of min-
eralogy) is considered (Figure 5). The subsidiary importance of
mineralogy in conveying microbial community relationships in
our dataset suggests that this parameter is less significant than
both methane seepage activity and lithification, which likely exert
stronger influences over nutrient supply and metabolic interme-
diate exchange. The importance of mineralogy as a determinant
of community composition has been documented at inactive

hydrothermal vent deposits (Toner et al., 2012); with a more
extensive dataset focused on mineralogy, it remains possible that
this variable may help to explain additional microbial commu-
nity differences unaccounted for by methane seepage activity or
substrate type.

CONCLUSIONS
The analysis of mineralogy, microbial abundance, and archaeal
and bacterial community structure across a range of habitats
within and surrounding marine methane seeps reveals several key
findings with implications for microbial ecology and seep devel-
opment beyond what has been previously reported for marine
sediment habitats.

Microbial community composition, as determined by 97%
sequence similarity OTU-level 16S rRNA gene clone libraries, was
remarkably similar among samples with similar seep activity lev-
els and substrates—even if separated by several kilometers and
acquired from different sediment depth horizons. This finding
suggests that divergence owing to spatial heterogeneity, which has
been reported in isotopic, geochemical, and community com-
position at the cm-scale in seep sediment (Orphan et al., 2004;
House et al., 2009; Lloyd et al., 2010), is a less significant driver
of bulk microbial diversity on its own than methane flux and/or
substrate type.

The persistence of ANME Archaea and microbial aggregates
typically associated with AOM in low-activity samples suggests
that even at fluxes that do not support established sulfide-based
chemosynthetic communities at the seabed (microbial mats or
chemosynthetic clam beds), potential for anaerobic methan-
otrophy remains (Marlow et al., 2014). These findings imply
that methanotrophic potential is pervasive on and below the
seafloor across substrate types, and the degree to which ancient
seep deposits preserve signals of microbial community succes-
sion is unknown. Studies of carbonate crusts from active mud
volcanoes (Stadnitskaia et al., 2005) and of Black Sea AOM
mats (Blumenberg et al., 2004) demonstrated an imperfect link
between recovered lipids and 16S rRNA gene sequences, in which
higher complexity lipid profiles suggested a more diverse micro-
bial assemblage. In this context, lipid biomarkers, which are com-
monly used in geobiological studies to constrain communities or
environmental conditions (e.g., Vestal and White, 1989; Turich
and Freeman, 2011), may represent a time-integrated signal of
microbial constituents and/or an accumulation of exogenous
material rather than a faithful snapshot of a single community.

Statistical analyses of recovered 16S rRNA phylotypes reveal
differences between sample types and point to distinct physico-
chemical determinants of microbial diversity. Archaeal commu-
nities, dominated by anaerobic methanotrophs, sort strongly by
seep activity; whereas bacterial communities show a preferential
association with physical substrate type. This discrepancy sug-
gests that methane influx, while influencing the distribution of
anaerobic archaeal methanotrophs, has less of an effect on bac-
terial diversity and serves as an overlaid imprint on, not a sole
arbiter of, community structure. Rather, the physical nature of
the habitat—a combination of factors likely including permeabil-
ity, mineralogy, and hydrology—plays a more significant role in
determining bacterial assemblages around methane seeps. Several
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archaeal and bacterial lineages also appear to demonstrate spe-
cific activity-substrate pairing preferences, reflecting the interplay
between seepage activity, environmental variation and succession,
and microbial community structure. Our analysis exposes and
begins to parse the intricate coupling of physical substrate and
methane seepage as factors in environmental pressure and eco-
logical determination; understanding the precise nature of these
influences represents a fruitful area for continued research in
microbial ecology.
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Figure S1 | X-ray diffraction data from the 12 samples analyzed in this

study. Each panel shows an experimental spectrum and peak placements

of the top database matches. Qualitative mineralogical assignments

based on relative peak heights are provided below the sample identifier.

Figure S2 | Bacterial Chao-1 (blue) and Inverse Simpson (red) values vs.

archaeal Chao-1 and Inverse Simpson values. The wide scatter of both

blue and red points suggests no significant correlation between

domain-level diversity indices. R2 of the linear best fit is 2.8 × 10−5 for

Chao-1 and 0.029 for Inverse Simpson.

Figure S3 | Non-metric MDS results of (A) archaeal and (B) communities,

where samples are labeled by mineralogical type.
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Nitrogen pollution in coastal zones is a widespread issue, particularly in ecosystems
with urban or agricultural watersheds. California’s Sacramento-San Joaquin Delta, at the
landward reaches of San Francisco Bay, is highly impacted by both agricultural runoff and
sewage effluent, leading to chronically high nutrient loadings. In particular, the extensive
discharge of ammonium into the Sacramento River has altered this ecosystem by vastly
increasing ammonium concentrations and thus changing the stoichiometry of inorganic
nitrogen stocks, with potential effects throughout the food web. This debate surrounding
ammonium inputs highlights the importance of understanding the rates of, and controls
on, nitrogen (N) cycling processes across the delta. To date, however, there has been little
research examining N biogeochemistry or N-cycling microbial communities in this system.
We report the first data on benthic ammonia-oxidizing microbial communities and potential
nitrification rates for the Sacramento-San Joaquin Delta, focusing on the functional
gene amoA (which codes for the α-subunit of ammonia monooxygenase). There were
stark regional differences in ammonia-oxidizing communities, with ammonia-oxidizing
bacteria (AOB) outnumbering ammonia-oxidizing archaea (AOA) only in the ammonium-rich
Sacramento River. High potential nitrification rates in the Sacramento River suggested
these communities may be capable of oxidizing significant amounts of ammonium,
compared to the San Joaquin River and the upper reaches of San Francisco Bay. Gene
diversity also showed regional patterns, as well as phylogenetically unique ammonia
oxidizers in the Sacramento River. The benthic ammonia oxidizers in this nutrient-rich
aquatic ecosystem may be important players in its overall nutrient cycling, and their
community structure and biogeochemical function appear related to nutrient loadings.
Unraveling the microbial ecology and biogeochemistry of N cycling pathways, including
benthic nitrification, is a critical step toward understanding how such ecosystems respond
to the changing environmental conditions wrought by human development and climate
change.

Keywords: nitrification, archaea, bacteria, amoA, estuary, river, salinity, ammonium

INTRODUCTION
In the past century, widespread synthetic ammonia production
has profoundly perturbed the global nitrogen (N) cycle (Erisman
et al., 2008). Industrial N fixation rates are now comparable to
or even greater than natural sources, leading to a doubling of
the planet’s fixed N inventory (Galloway et al., 2004; Billen et al.,
2013; Erisman et al., 2013). Local ecological effects of this global
phenomenon have been drastic. In particular, agricultural runoff
and sewage treatment effluent can greatly enrich aquatic habitats
with respect to N, often stimulating primary production and lead-
ing to eutrophication (Erisman et al., 2013), the consequences
of which can include hypoxia (Rabalais et al., 2010) and harm-
ful algal blooms (Anderson et al., 2002), among others. However,
a substantial fraction of fixed N inputs to rivers and estuaries is
removed in situ by two microbial pathways: denitrification and
the anaerobic oxidation of ammonia (anammox; Boynton and
Kemp, 2008; Ward, 2013). In well-mixed rivers and estuaries,

these N loss pathways are typically active only within anoxic sedi-
ments, and ultimately provide an ecological N sink by converting
fixed N to nitrogen gas (N2). In this way, microbes provide a
tremendous “ecosystem service” by shuttling N out of aquatic
ecosystems and back to the atmosphere.

The N cycle is a set of coupled reactions that transform N
from one compound into another (Ward, 2012). One particularly
important component is nitrification, the microbially-catalyzed
conversion of ammonia (NH3) to nitrate (NO−

3 ). This process
occurs in two steps: (1) ammonia oxidation, typically the rate-
limiting step, converts NH3 to nitrite (NO−

2 ); and (2) nitrite
oxidation further converts NO−

2 to NO−
3 . Importantly, NO−

3
and NO−

2 are substrates for denitrification and anammox. Since
nitrification is the only process that transforms remineralized
ammonium (NH+

4 ) into the inorganic forms that feed N loss,
it is the crucial link between fixed N inputs and outputs in an
ecosystem. Therefore, understanding environmental controls on
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the microbial ecology and biogeochemistry of ammonia oxida-
tion is critical for understanding how N is cycled through, and
ultimately lost from, any aquatic ecosystem.

For over a century, it was believed the capacity for ammonia
oxidation was confined to the phylum Proteobacteria (Kowalchuk
and Stephen, 2001). Recently, the discovery of ammonia-
oxidizing archaea (AOA; Könneke et al., 2005), now known as
“Thaumarchaeota” (Brochier-Armanet et al., 2008), made this
story more complex. AOA are present in many environments
(Francis et al., 2005; Treusch et al., 2005; Beman et al., 2007; Spear
et al., 2007; De Corte et al., 2008; Biller et al., 2012), frequently
outnumber AOB in marine and terrestrial systems (Leininger
et al., 2006; Wuchter et al., 2006; Beman et al., 2008; Weidler et al.,
2008; Santoro et al., 2010; Nicol et al., 2011), and appear to drive
nitrification rates throughout the marine water column (Wuchter
et al., 2006; Beman et al., 2012; Newell et al., 2013; Smith et al.,
2014a). However, the complexity of ammonia-oxidizing com-
munities in estuaries has precluded efforts to uncover broad
estuarine trends. Some estuaries are dominated by AOA (Beman
and Francis, 2006; Caffrey et al., 2007; Moin et al., 2009), oth-
ers by AOB (Abell et al., 2010; Bernhard et al., 2010), and some
have alternating zones of AOA and AOB dominance (Mosier and
Francis, 2008; Santoro et al., 2008; Bouskill et al., 2012a; Zheng
et al., 2014). Additionally, studies of ammonia oxidizers in fresh-
water ecosystems are relatively rare, and rivers are particularly
understudied (Biller et al., 2012), though the handful of studies

published to date have indicated the ammonia-oxidizing commu-
nities in river sediments are often quite complex (Liu et al., 2013;
Sonthiphand et al., 2013; Wang et al., 2014).

The Sacramento-San Joaquin River Delta (“the Delta”) is a
network of tidally influenced freshwater marshes, rivers, and
islands where the Sacramento and San Joaquin rivers meet San
Francisco Bay (Figure 1). The Delta drains a 153,000 km2 water-
shed encompassing 40% of the area of California, including the
entire Central Valley (Conomos et al., 1985), and receives high
nutrient loads from agricultural runoff and wastewater effluent
(Cloern and Jassby, 2012). In the past two centuries, anthro-
pogenic development throughout California has led to massive
alterations within the Delta: huge swaths of wetlands have been
diked and drained to create arable farmland, massive volumes
of water are pumped south for agricultural and urban use, and
increased wastewater discharge has elevated nutrient concentra-
tions (Lund et al., 2010). The recent collapse of numerous fish
populations, termed the “pelagic organism decline” (Sommer
et al., 2007), has focused considerable scientific and politi-
cal attention on water quality issues in the Delta. While the
piscine population crashes appear to be caused by a complex
array of environmental forces (MacNally et al., 2010; Thomson
et al., 2010), two potential stressors have come under particular
scrutiny, due to their implications for management: freshwater
exports from the Delta (Kimmerer, 2008), and the massive dis-
charge of NH+

4 into the Sacramento River by the Sacramento

FIGURE 1 | Sampling locations in the Sacramento-San Joaquin Delta.

Regions sampled were the Sacramento River (stations SAC01 and
EMP0067), the San Joaquin River (stations EMP0089 and EMP0093), Franks
Tract (station EMP0046), and the upper oligohaline region of the estuary (San

Francisco Bay) at the confluence of the two rivers (stations D4 and
EMP0692). Generally, river flow moves westward while tides propagate
eastward. Inset shows the greater region of San Francisco Bay, with the
dotted black box denoting the Delta.
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Regional Wastewater Treatment Plant (Glibert, 2010; Glibert
et al., 2011). While this debate highlights the importance of
understanding the sources, sinks, and transformation rates of
NH+

4 in the Delta, little is known about a key aspect of the
N cycle in this system: benthic nitrification and the associ-
ated ammonia-oxidizing microbial assemblages. A recent study
measuring rates of benthic N2, NH+

4 , and NO−
3 fluxes across

northern San Francisco Bay and the Delta showed high but
seasonally-variable rates of coupled nitrification-denitrification,
with high rates reported from Delta sediments, compared to the
brackish sediments further downstream (Cornwell et al., 2014).
Therefore, benthic nitrification may be an important driver of N
loss in the Delta. Here, we assess the diversity, abundance, and
biogeochemical potential of benthic ammonia-oxidizing commu-
nities throughout the Delta. This work is the first analysis of
ammonia-oxidizing communities and benthic potential nitrifica-
tion rates in this ecosystem.

MATERIALS AND METHODS
SEDIMENT AND BOTTOM WATER DATA COLLECTION
Sampling stations were selected to encompass both riverine sys-
tems (Sacramento, San Joaquin) as well as the confluence of the
rivers in the “upper estuary” oligohaline region of San Francisco
Bay. Additionally, one station was located in Franks Tract, a slowly
flushed tidal lake adjacent to the San Joaquin river (Figure 1).
Samples were collected in September and October 2007 onboard
the R/V Endeavor. Surface sediment was retrieved using a mod-
ified Van Veen grab. Duplicate cores were taken from each
grab sample using sterile, cut-off 5 mL syringes and immediately
placed on dry ice prior to storage at −80◦C. Bottom water nutri-
ent samples were collected it duplicate using a hand-held Niskin
bottle, immediately filtered (0.2 μm pore size), and frozen on
dry ice prior to storage at −20◦C. Nutrient (NH+

4 , NO−
2 , and

NO−
3 ) concentrations were measured using a QuikChem 8000

Flow Injection Analyzer (Lachat Instruments). Bottom water
alkalinity, conductivity, dissolved oxygen, pH, and temperature
data were collected by the California Water Resources Control
Board’s sediment quality objectives program, in collaboration
with the Department of Water Resources, and were provided by
the Southern California Coastal Water Research Project (Steve
Bay, personal communication). Dayflow data were downloaded
from the California Department of Water Resources database
(http://www.water.ca.gov/dayflow/).

POTENTIAL NITRIFICATION RATES
Sediment samples for potential nitrification rate measurements
were collected in triplicate into the barrels of cut-off 60 mL
syringes, which were sealed with parafilm and transported to the
laboratory on ice. Potential rates were measured using amended
sediment slurries (Hansen et al., 1981; Henriksen et al., 1981).
Slurries included 5 g of sediment (top 2 cm) homogenized in
50 mL artificial seawater (adjusted to site-specific salinities) aug-
mented with a final concentration of 500 μM ammonium sulfate.
Amended slurries were shaken (200 rpm) in the dark for 24 h at
room temperature (∼22◦C). Aliquots for the determination of
NO−

3 plus NO−
2 (NOX) were collected at evenly spaced inter-

vals through the incubation period and stored at −20◦C. Prior

to analysis, aliquots were thawed and passed through Whatman
No. 42 filter paper, and the filtrate was analyzed for the accumula-
tion of NOX over time, using a SmartChem 200 Discrete Analyzer
(Unity Scientific). Rates were determined by linear regression of
NOX concentrations over time.

DNA EXTRACTION AND FUNCTIONAL GENE ANALYSES
DNA was extracted from approximately 0.5 g of surface sediments
by extruding and cutting the top 0.5 cm from frozen cores with
a sterile scalpel and immediately proceeding with the FastDNA
SPIN Kit for Soil (MP Biomedicals), including a bead beating step
of 30 s at speed 5.5. All DNA extracts were visually checked by gel
electrophoresis and quantified using the Qubit dsDNA BR assay
(Life Technologies).

AOA and AOB amoA genes were quantified using gene-specific
SYBR qPCR assays on a StepOnePlus Real-Time PCR System (Life
Technologies). AOA amoA reactions contained iTaq SYBR Green
Supermix with ROX (Bio-Rad Laboratories), 0.4 μM primers
Arch-amoAF/Arch-amoAR (Francis et al., 2005) and 1 μL tem-
plate DNA. AOA qPCR program details were identical to previ-
ously published protocols (Mosier and Francis, 2008) but with
a 10 s detection step at 78.5◦C. AOB amoA qPCR reactions used
primers amoA1F/amoA2R (Rotthauwe et al., 1997), and were set
up following Mosier and Francis (2008) but with a 10 s detec-
tion step at 83◦C. Each plate included a standard curve (5–106

copies/reaction) made by serial dilution of linearized plasmids
extracted from previously sequenced clones, and negative con-
trols that substituted sterile water for DNA. All standard curves
had R2 ≥ 0.99, and reaction efficiency ranged from 90.9 to 94.3%
(AOA) and 86.0 to 88.3% (AOB). Specificity was determined
using melt curves. Data were discarded if the standard devia-
tion between triplicate reactions was >15%; occasionally, obvious
outliers were excluded and the midpoint of duplicate values was
used.

The diversity of ammonia oxidizing communities was deter-
mined by cloning and sequencing of PCR-amplified amoA genes
using primers Arch-amoAF/Arch-amoAR (Francis et al., 2005)
and amoA1F∗/amoA2R (Rotthauwe et al., 1997; Stephen et al.,
1999) for AOA and AOB, respectively. Reaction conditions and
PCR programs followed previously published protocols (Mosier
and Francis, 2008). Triplicate reactions were qualitatively checked
by gel electrophoresis, pooled, and purified using the MinElute
PCR Purification Kit or MinElute Gel Extraction Kit (Qiagen),
following the manufacturer’s instructions. Purified products
were cloned using the pGEM-T Vector System II (Promega),
and sequenced by Elim Biopharmaceuticals on a 3730xl cap-
illary sequencer (Life Technologies), using the M13R primer.
Sequences were imported into Geneious (version 6.1.6 created
by Biomatters, available from http://www.geneious.com) and
manually cleaned prior to operational taxonomic unit (OTU)
grouping (≥95% sequence similarity) using mothur (Schloss
et al., 2009). Rarefaction curves and diversity/richness estima-
tors (Chao1 and Shannon indices) were calculated using mothur.
OTUs were aligned with reference sequences using the MUSCLE
alignment package within Geneious, using a gap open score
of −750. Alignments were manually checked and used to build
neighbor-joining bootstrap trees (Jukes-Cantor distance model,
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1000 neighbor joining bootstrap replicates) within Geneious. The
amoA sequences generated in this study have been deposited into
GenBank with accession numbers KM000240–KM000508 (AOB)
and KM000509–KM000784 (AOA).

STATISTICAL ANALYSES
Due to the low number of samples (n = 7), standard statistical
analyses such as t-tests and ANOVAs could not be used to com-
pare environmental data between stations or regions, due to a
lack of statistical power. Two-tailed Spearman rank correlation
coefficients (ρ) were calculated using R (R Core Team, 2014)
to determine correlations between variables, using the suggested
critical value of ρ ≥ 0.786 for 5% significance with a sample size
of 7 (Zar, 1972).

Principal component and non-metric multidimensional scal-
ing analyses were performed using the vegan package in R
(Borcard et al., 2011; Oksanen, 2013). Environmental variables
were z-transformed to standardize across different scales and
units by subtracting the population mean from each measure-
ment and dividing by the standard deviation. OTU count data
were Hellinger-transformed to standardize to relative abundances
(Legendre and Legendre, 2012). Other than unweighted UniFrac
distances, which were calculated using the online UniFrac por-
tal (Lozupone et al., 2006), distance/dissimilarity indices were
calculated using the vegan package in R. All principle compo-
nent analyses are presented using scaling 1; therefore, the distance
between sites on the biplot represents their Euclidean distance,
and the right-angle projection of a site onto a descriptor vec-
tor shows the approximate position of that site on the vector
(Legendre and Legendre, 2012).

RESULTS AND DISCUSSION
BOTTOM WATER CHEMISTRY
Conductivity generally increased downriver, with upper estuary
stations EMP0692 and D4 approximately 100 μS cm−1 greater
than stations further up either river (Table 1). This change in
conductivity was reflected in a marginal correlation with station
longitude (ρ = −0.71, p = 0.088), as both rivers generally flow

westward. Freshwater flows in the Delta are typically high in late
winter and spring, followed by a prolonged dry season, during
which brackish water from San Francisco Bay gradually moves
upriver (eastward; Kimmerer, 2004). During and after periods
of high freshwater flow, the conductivity gradient between the
rivers to the upper estuary would likely be more pronounced. In
contrast, since our samples were collected after months of low
precipitation and therefore low Delta outflow (Supplementary
Figure A1), it is not surprising that conductivity is only marginally
higher in the oligohaline upper estuary than in the rivers.

Bottom water nutrient concentrations were generally in the
range of values previously reported from northern San Francisco
Bay and the Delta (Wankel et al., 2006; Mosier and Francis, 2008;
Parker et al., 2012), though with substantial geographical varia-
tion (Table 1). NH+

4 was higher in the Sacramento River (stations
EMP0067 and SAC01; 15.43 and 27.12 μM, respectively) than in
other regions, where NH+

4 ranged from 1.08 to 7.34 μM. NO−
3

was slightly higher in the upper estuary and San Joaquin River
stations (14.16–22.57 μM) compared to the rest of the Delta
(1.79–10.76 μM). All nutrients were lowest at station EMP0046,
located at the southern tip of Franks Tract, a shallow tidal lake
connected to the San Joaquin River (Lucas et al., 2002). Compared
to the surrounding channels, Franks Tract generally has low tur-
bidity and high productivity (Jassby and Cloern, 2000), which was
supported by the relatively high pH (8.0) and low macronutrient
concentrations, compared to other sites (Table 1).

NITRIFICATION
Potential nitrification rates were quantified by measuring the
change in NOX concentrations in amended sediment slurries over
time. In contrast to measuring rates that more closely approxi-
mate in situ conditions (i.e., intact core incubations), potential
rates estimate the maximal capability of the viable ammonia-
oxidizing populations in the slurry, by alleviating any NH+

4 or
oxygen limitation. While potential rate measurements are not a
perfect proxy for in situ processes, rates determined under “opti-
mal” conditions yield insightful information about differences in
the maximum sustainable nitrification rate between sites. NOX

Table 1 | Bottom water chemistry and benthic potential nitrification rates.

Station Region Lat. Lon. Conductivity Dissolved pH Temp. Alkalinity NH+
4

NO−
3

NO−
2

Potential

oxygen nitrification

◦N ◦W µS cm−1 mg L−1 ◦C mg L−1 µM µM µM nmol NOX

CaCO3 g−1 h−1

EMP0093 SJ 38.037 121.703 686 6.31 7.7 22.1 119 2.69 14.16 0.43 55.41 ( ± 2.49)

EMP0089 SJ 38.084 121.646 665 5.83 7.6 22.1 110 4.48 16.00 0.72 8.29 ( ± 1.01)

EMP0046 FT 38.018 121.605 704 5.62 8.0 23.1 129 1.08 1.79 0.14 11.38 ( ± 0.66)

EMP0067 Sac 38.139 121.687 675 5.61 7.8 22.1 119 15.43 10.76 0.58 118.74 ( ± 24.86)

SAC01 Sac 38.167 121.597 674 5.62 7.8 22.1 131 27.12 9.71 0.50 146.00 ( ± 70.97)

EMP0692 Est 38.034 121.851 783 7.21 7.6 22.5 120 7.34 22.57 0.62 47.97 ( ± 2.6)

D4 Est 38.058 121.819 775 6.38 7.2 22.4 115 6.55 16.50 0.64 20.33 ( ± 2.2)

SJ, San Joaquin River; FT, Franks Tract; Sac, Sacramento River; Est, Upper Estuary. Potential nitrification rates were normalized to sediment wet weight; values

in parentheses show the standard deviation of triplicate measurements. All data other than nutrient concentrations and potential nitrification rates were provided

courtesy of the Southern California Coastal Water Research Project.
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increased linearly over the incubation period in all Delta samples
(R2 = 0.92–0.99, mean ± SD = 0.98 ± 0.02, n = 21). Potential
nitrification ranged from 8.3 to 146.0 nmol NOX g−1 h−1 (58.3 ±
54.2, rates normalized to wet sediment weight; Table 1). Though
quite wide, this range was similar to those reported by previ-
ous studies using similar methods (Kemp et al., 1990; Joye and
Hollibaugh, 1995; Dollhopf et al., 2005; Smith et al., 2014b).

Potential rates at the two Sacramento River stations were an
order of magnitude higher than rates from the other study sites
(Table 1). This was particularly interesting because of the high
concentrations of NH+

4 in the Sacramento River: the correla-
tion between potential nitrification and NH+

4 was positive and
at the margins of significance (ρ = 0.71, p = 0.088). Due to the
recent controversy over the ecological impacts of elevated NH+

4
concentrations in the Sacramento River (Glibert, 2010; Brooks
et al., 2012; Cloern et al., 2012; Lancelot et al., 2012), there is
substantial interest in quantifying the rates of NH+

4 transforma-
tions throughout the Delta. While previous work has inferred
high nitrification rates in the Sacramento River due to longitu-
dinal decreases in NH+

4 and increases in NO−
3 concentrations

(Parker et al., 2012), no measurements of nitrification rates in
the Delta exist to date. Although the potential nitrification rates

reported here do not yet allow for an estimate of the in situ benthic
nitrification rates, they nevertheless suggest that such rates may
be higher in the Sacramento River than in the rest of the Delta.
Throughout the Delta, there is a clear need to accurately quan-
tify the contribution of nitrification (both benthic and pelagic) to
NH+

4 depletion, under conditions that more closely approximate
those observed in situ. Such an effort would confirm whether the
sediments of the Sacramento River are a significant sink for the
NH+

4 present in its waters, as our data suggest.
We used principal component analysis (PCA) to cluster sta-

tions according to a combination of environmental variables
and nitrification potentials. Combined, the first two eigenvectors
explained 78.8% of the variance in bottom water physicochem-
ical parameters, and suggested strong geographical clustering of
stations (Figure 2). The upper estuary stations D4 and EMP0692
clustered together, due to higher conductivity, dissolved oxygen,
and NO−

3 . High NH+
4 and potential nitrification rates sepa-

rated SAC01 and EMP0067, the two Sacramento River stations,
from the rest of the study sites. EMP0046 appeared distinct
from all other sites, while EMP0093 and EMP0089 from the San
Joaquin River also clustered with one another. Overall, the PCA
suggested the four sampled geographical regions of the Delta

FIGURE 2 | PCA biplot (scaling 1) of environmental data at the sampled

Delta stations. Data were z-transformed prior to the analysis to standardize
across varying units and scales. Distance between stations on the biplot

represents Euclidean distance in multidimensional space. Projections of a
station onto a green environmental vector indicate its position along that
vector.
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may be considered distinct physicochemical and biogeochemical
regimes.

AMMONIA OXIDIZER ABUNDANCES
Abundance of AOA and AOB in surface sediments was deter-
mined by domain-specific amoA qPCR assays. Genes associated
with both groups were detectable at all sites, but their abundances
varied substantially: AOA amoA was present at 7.28 × 104 to
6.42 × 105 copies g−1, while AOB amoA ranged between 1.09 ×
104 and 1.03 × 106 copies g−1 (Figure 3; gene copies are nor-
malized to wet sediment weight). As with potential nitrification
rates, ammonia oxidizer abundances showed regional patterns:
the average log ratio of AOA:AOB amoA in the Sacramento River
was -0.76, compared to 1.11 in the San Joaquin River and 0.16
in the upper estuary. In other words, AOA outnumbered AOB in
the San Joaquin River by 2- to 18-fold, AOB outnumbered AOA
in the Sacramento River by 3- to 14-fold, and their abundances
were practically equal in the upper reaches of San Francisco Bay.

Prior work in the upper estuary also found AOA present at an
equal or greater abundance than AOB over multiple summers,
though with some site-specific differences in overall abundance
values (Mosier and Francis, 2008).

The correlation between AOA abundances and potential
nitrification rates was negative but statistically insignificant
(ρ = −0.64, p = 0.139), while AOB abundances and potential
rates were positively correlated at the margins of significance (ρ =
0.71, p = 0.088). Although the in situ biogeochemical rates and
the levels of ammonia oxidizer gene expression are still unknown,
these correlations suggest that AOB may have been driving nitri-
fication at those sites in the Delta where benthic nitrification rates
were highest. Such a relationship between AOB gene abundance
and potential nitrification rates agrees with observations from
intertidal sediments in polyhaline Elkhorn Slough, where AOB
abundances also strongly correlated with potential rates, while
the relationship between AOA abundances and potential rates was
much weaker (Smith et al., 2014b). Therefore, AOB appear to be

FIGURE 3 | AOA and AOB amoA abundance, as determined by

qPCR. (A) Average values of duplicate samples per site. Abundance
data are normalized by wet weight of sediment. Error bars show
the range of duplicate samples. AOA are shown in white, AOB in

black. (B) Log-transformed ratio of AOA:AOB amoA. Values above
zero indicate AOA abundance greater than AOB, and visa versa.
Error bars show the range of values from duplicate extractions per
station.
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potentially important players in the N cycles of both polyhaline
and oligohaline/freshwater estuarine sediments.

Interestingly, the site with the highest bottom water NH+
4 con-

centration (27.1 μM; station SAC01 in the Sacramento River) also
had the highest AOB abundance (1.03 × 106 copies g−1). Across
all sites, the rank correlation between AOB abundance and bot-
tom water NH+

4 concentration was perfectly positive (ρ = 1, p <

0.001). AOB have previously been found to outnumber AOA
in the sediments of other eutrophic systems, including Elkhorn
Slough (Wankel et al., 2011; Smith et al., 2014b), the organic-
rich regions of Lake Taihu (Wu et al., 2010), Fuyang River surface
sediments (Wang et al., 2014), and freshwater flow channels fer-
tilized with high doses of NH+

4 (Herrmann et al., 2011). AOB
also vastly outnumbered AOA in the extremely NH+

4 -rich acti-
vated sludge of the Palo Alto wastewater treatment plant (Wells
et al., 2009). The numerical dominance of AOB over AOA in
NH+

4 -rich ecosystems may not be a universal trend, as numer-
ous studies have reported AOA outnumbering AOB in sediments
under diverse nutrient regimes (Caffrey et al., 2007; Moin et al.,
2009; Abell et al., 2010; Liu et al., 2013); however, the occurrence
of such a relationship in numerous ecosystems suggests there is a
relationship between benthic AOB abundance and NH+

4 loadings
in at least some freshwater and estuarine ecosystems.

AOA AND AOB COMMUNITY DIVERSITY
The amoA clone libraries in this study are the first exploration
of the ammonia-oxidizing communities in the Sacramento-San
Joaquin Delta, expanding the database of amoA sequences from
the San Francisco Bay estuary system (Francis et al., 2005;
Mosier and Francis, 2008; Lund et al., 2012) upstream into the
Sacramento and San Joaquin rivers. Furthermore, ammonia-
oxidizing communities in rivers are undersampled compared to
coastal sediments, soils, and marine waters (Biller et al., 2012;
Cao et al., 2013), and the data in this study help to expand our
understanding of the diversity of amoA and ammonia-oxidizing
microorganisms in riverine sediments.

Both archaeal and bacterial amoA sequences were obtained
from all 7 Delta sites. The richness of AOA amoA was greater than
for AOB: when analyzed using a 95% sequence similarity cutoff,
the 276 total AOA amoA sequences formed 52 OTUs, while the
269 AOB amoA sequences formed 39 OTUs (Table 2). Rarefaction
analysis of AOA OTUs suggested the highest richness at stations
SAC01 in the upper Sacramento River and EMP0093 in the lower
San Joaquin (Figure 4A), while richness was remarkably low at
EMP0089, further up the San Joaquin River. It is unclear why this
station showed such a marked lack of AOA diversity, especially
since AOB amoA sequences obtained here were far more diverse
(see below). Rarefaction curves of AOB OTUs differed from those
of AOA: stations EMP0067 and D4 had the highest richness, while
EMP0046 had the lowest (Figure 4B). Curves generated with all
combined sequences appeared to be leveling off but not yet at a
plateau, indicating that we characterized the majority, but not the
fullest extent, of the total ammonia oxidizer diversity in the Delta
(Figure 4C), and that many OTUs present were shared between
sites.

To further assess the richness and diversity of the Delta sedi-
ments, Chao1 and Shannon indices were calculated for individual

Table 2 | Diversity (Chao1 index) and richness (Shannon index) data

for Delta amoA OTU data.

No. Clones No. OTUs Unique Chao1 Shannon

OTUs

AOA

All Sites 276 52 76 (69.7%) 3.1

EMP0093 41 15 6 16 (93.8%) 2.4

EMP0089 24 1 0 1 (100%) 0

EMP0046 45 12 9 15 (80.0%) 2.1

EMP0067 44 10 2 12 (83.3%) 1.9

SAC01 39 15 10 24 (62.5%) 2.3

EMP0692 41 10 4 12 (83.3%) 1.9

D4 43 9 3 12 (75.0%) 1.6

AOB

All Sites 269 39 52 (75.0%) 2.9

EMP0093 35 8 0 9 (88.9%) 1.6

EMP0089 24 9 3 12 (75.0%) 1.7

EMP0046 19 3 1 3 (100%) 0.8

EMP0067 41 19 8 22 (86.4%) 2.8

SAC01 40 8 0 11 (72.7%) 1.8

EMP0692 80 16 7 34 (47.1%) 1.8

D4 30 13 2 27 (48.1%) 2.3

Parenthetical numbers next to the Chao1 indices show the percent of estimated

(Chao1) diversity actually recovered (number of OTUs). “Unique” OTUs for each

station show the number of OTUs exclusively containing sequences from that

station. OTUs were defined as ≥95% sequence similarity.

sites (Table 2). The Chao1 richness index, which estimates the
total theoretical number of OTUs in a sample (Chao, 1984),
ranged from 1 to 24 for AOA (mean ± SD = 13 ± 7 OTUs),
and indicated that Sacramento River station SAC01 harbored the
highest AOA richness. Station SAC01 also had the highest number
(10) of unique AOA OTUs. Chao1 suggested 3 to 34 AOB OTUs
should be present at Delta sites (17 ± 11 OTUs), with the two
upper estuary stations having the greatest estimated richness. The
fraction of estimated OTUs observed in the combined data sets
was 69.7% for AOB and 75% for AOA, supporting the conclusion
that a substantial number of OTUs from the Delta may yet be
unrecovered (Figure 4C). The percentage of richness recovered at
each individual station ranged from 62.5 to 100% (83.0 ± 13.3%)
for AOA and 47.1–100% (74.2 ± 18.7%) for AOB.

The Shannon diversity index estimates the “entropy” associ-
ated with OTU composition in a data set, or the uncertainty of
predicting the identity of a randomly selected OTU (Legendre and
Legendre, 2012). While richness indices estimate the total num-
ber of OTUs in a sample, diversity indices also account for the
relative abundance (“evenness”) of OTUs within sites. Shannon
analysis generally supported the conclusions of the Chao1 index,
though with a few interesting differences. While the Sacramento
River station SAC01 had the highest AOA richness as estimated
by the Chao1 index, the Shannon index matched the AOA rar-
efaction analyses in suggesting that the San Joaquin River sta-
tion EMP0093 (Shannon = 2.4), as well as SAC01 (Shannon =
2.3), had relatively high diversity (Table 2; Figure 4A). For AOB
data, Shannon indices indicated amoA diversity at Sacramento
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FIGURE 4 | Rarefaction curves of amoA OTU (≥95% similarity) data.

(A) AOA and (B) AOB, with color denoting sampling site. (C) Combined
OTU data from all stations, with AOA amoA data in gray and AOB amoA in
black.

River station EMP0067 and upper estuary station D4 was high
(Shannon = 2.8 and 2.3, respectively; Table 2), matching the AOB
rarefaction curve (Figure 4B). Both Chao1 and Shannon indices
were in the general range of other estuarine and riverine sedi-
ments, though on the higher side (e.g., Mosier and Francis, 2008;
Liu et al., 2013; Zheng et al., 2014). Neither Shannon nor Chao1
indices were significantly correlated with potential nitrification
rates.

AOA amoA COMPOSITION
Years after the discovery of “Marine Group I” Crenarchaeota in
the ocean (DeLong, 1992; Fuhrman et al., 1992), these archaea
have been broadly (though not exclusively) split into “group I.1a”
(marine water and sediment) and “group I.1b” (soil) clades, and
appear to be abundant members of the microbial communities in
soils, sediments, freshwaters, and marine waters. Numerous cul-
tures and enrichments have documented their ability to sustain
autotrophic growth by oxidizing ammonia (Könneke et al., 2005;
Santoro and Casciotti, 2011; Tourna et al., 2011; French et al.,
2012; Mosier et al., 2012b). In initial studies of AOA amoA in
San Francisco Bay, many sequences from freshwater and oligo-
haline sediments grouped together in a distinct and presumably

“low-salinity” I.1a clade (Francis et al., 2005; Mosier and Francis,
2008); sequences in this clade are commonly found in diverse
freshwater and oligohaline estuarine environments (Mosier and
Francis, 2008; Hu et al., 2010; Wu et al., 2010; Wankel et al., 2011;
Liu et al., 2013; Sonthiphand et al., 2013). A number of putative
low-salinity AOA have been enriched from environmental sam-
ples, including Nitrosoarchaeum limnia strain SFB1 (Blainey et al.,
2011; Mosier et al., 2012b), N. limnia strain BG20 (Mosier et al.,
2012a), N. koreensis (Jung et al., 2011), and freshwater enrichment
AC2 (French et al., 2012).

In our clone libraries, 25% (13/52) of AOA OTUs fell within
the “low-salinity” clade (Figure 5). The only AOA OTU that con-
tained sequences from all 7 Delta sites (“A1”) clustered within this
clade, near another OTU (“A5”) containing sequences from all
5 riverine stations. Both of these ubiquitous OTUs were similar
to N. limnia (94.9–95.3% nucleotide similarity to the N. limnia
reference amoA sequence). OTU “A1” was the most populous
Delta OTU, containing 86/276 (31%) of Delta AOA sequences,
and the combined OTUs within the “low-salinity” clade included
152/276 (55%) of the Delta AOA sequences. Numerous OTUs
(8/52; 15.4%), all of which contained sequences from the upper
estuary stations, grouped near N. koreensis and freshwater enrich-
ment AC2, suggesting this clade may be well suited to live in
oligohaline sediments.

Nearly half the AOA OTUs obtained from the Delta (25/52;
48%) grouped with I.1a AOA sequences from marine, estuarine,
and freshwater sediments (related to Nitrosopumilus maritimus)
to form three major “sediment” clades (Figure 5). No Delta OTUs
clustered closely with N. maritimus, despite previous detection
of N. maritimus-like sequences in San Francisco Bay sediments
(Mosier and Francis, 2008) and other estuaries (Cao et al., 2013),
which suggests this clade of AOA does not penetrate inland to
the rivers upstream of San Francisco Bay. Within the sediment
clades, 11 OTUs (21% total) clustered in a clade (90% bootstrap
support) containing freshwater enrichments “AC5” and “DW”
(both isolated from lakes in Ohio, USA). Physiological exper-
iments showed these strains grow well at relatively low NH+

4
concentrations and are not impaired by low or fluctuating oxy-
gen concentrations, perhaps as a specialization for living at the
sedimentary oxic/anoxic interface (French et al., 2012). These
organisms appeared to be consistent members of the benthic
AOA communities throughout all stations in the Delta. Notably,
OTU “A4,” containing sequences from both rivers and the upper
estuary, clustered tightly with enrichment “DW” (100% boot-
strap support and 98.4% nucleotide similarity). This AOA strain
therefore appears to be common in the Delta, and may be a gen-
erally important player in N cycling in freshwater and oligohaline
sediments.

AOA group I.1b, typically recovered from soils (Gubry-Rangin
et al., 2011; Pester et al., 2012), was also well represented in our
libraries. In total, 27% (14/52) of OTUs from the Delta were
related to two distinct I.1b clades: one contained Nitrososphaera
spp. (Hatzenpichler et al., 2008; Tourna et al., 2011), while the
other included soil fosmid 54d9, the first metagenomic link-
age between an archaeal amoA gene and a 16S rRNA gene
(Figure 5; Treusch et al., 2005). A small number of OTUs (8%,
4/52), comprising only sequences obtained from Sacramento
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FIGURE 5 | Neighbor joining tree of AOA amoA OTUs (≥95% similarity)

from the Delta. Colored points next to each OTU indicate the composition of
the OTU by station. Values at nodes indicate bootstrap support ≥50% (1000

neighbor-joining bootstrap replicates). Reference sequences from named
organisms are indicated in bold. Clades referred to in the text are marked to
the right of the tree.
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River station SAC01 or Franks Tract station EMP0046, grouped
with the Nitrososphaera sequences. Interestingly, these stations
appear to harbor common AOA lineages despite the markedly
different physicochemical conditions between them (Table 1).
On the other hand, the clade containing fosmid 54d9 contained
10/52 Delta OTUs (19%), and was geographically widespread,
including sequences from all regions in the Delta. It is possible
some uncultured group I.1b AOA have simply been transported
into the Delta from soils in its agricultural watershed, as much
of the Delta itself is active farmland (Lund et al., 2010) and
group I.1b AOA are commonly found in agricultural soils (Nicol
et al., 2008; Pratscher et al., 2011); however, without sequenc-
ing amoA mRNA transcripts, we could not determine whether
their presence within clone libraries was not due to inactive pas-
sage through the Delta. Nevertheless, the presence of I.1b AOA in
many other estuarine and riverine sediments (Mosier and Francis,
2008; Moin et al., 2009; Abell et al., 2010; Wankel et al., 2011; Liu
et al., 2013) implies that they are at least a common member of
ammonia-oxidizing communities in these systems.

Sequences clustering with Nitrosotalea devanaterra have been
found in numerous freshwater environments, including lakes and
rivers, and are occasionally found in estuary sediments (Cao et al.,
2013). The lack of this clade in our AOA amoA clone libraries
is curious. As N. devanaterra was originally isolated from, and
commonly found in, acidic soils (Gubry-Rangin et al., 2011;
Lehtovirta-Morley et al., 2011), these AOA may be poorly adapted
to the pH-neutral regions of the Delta (Table 1). However, while
a negative correlation between Nitrosotalea relative abundance
and pH was documented from lakes in the Pyrenees (Auguet and
Casamayor, 2013), Nitrosotalea sequences have also been reported
from numerous non-acidic freshwater ecosystems (Auguet et al.,
2012; Liu et al., 2013; Bollmann et al., 2014). It is unclear what
factors other than pH may regulate the abundance or activity of
Nitrosotalea AOA in freshwater ecosystems. If the lack of this clade
in the Delta is not merely an artifact of our limited number of
sequenced clones, comparing the environmental conditions of the
Delta with sediments with abundant Nitrosotalea may be useful
for identifying factors that potentially affect its distribution.

Overall, our data showed a diverse AOA community in the
Delta, including many of the clades commonly found in estuary
and freshwater sediments. Unlike other ecosystems where AOA
amoA is restricted to a small number of clades (e.g., the marine
water column and terrestrial soils), AOA diversity in estuary
sediments is often quite complex, typically including sequences
from marine, low-salinity, and soil clades (Biller et al., 2012;
Cao et al., 2013). Previous work from a range of sites in San
Francisco Bay found the majority of AOA sequences clustering in
either the “low-salinity” clade (now including Nitrosoarchaeum
spp.), one of the major soil clades, and a diverse sediment
clade including Nitrosopumilus maritimus, though numerous
additional sequences fell in other less populous clades (Francis
et al., 2005; Mosier and Francis, 2008). Similarly diverse benthic
archaeal communities have been reported from other estuar-
ies, including Plum Island Sound (Bernhard et al., 2010), the
Westerschelde estuary (Sahan and Muyzer, 2008), Elkhorn Slough
(Francis et al., 2005; Wankel et al., 2011; Smith et al., 2014b),
and the Changjiang Estuary (Dang et al., 2008), among others.

However, the geographic positioning of the Delta at the upstream
reaches of San Francisco Bay was reflected in AOA communities
largely dominated by OTUs grouping in the soil and freshwa-
ter clades, with fewer OTUs grouping in typical marine clades.
For example, the preponderance of Delta sequences related to
Nitrosoarchaeum spp., as well as sequences grouping with fresh-
water enrichments “DW” and “AC5,” indicated the widespread
presence of these strains in this upper estuary and riverine ecosys-
tem, while the absence of OTUs closely related to Nitrosopumilus
maritimus suggested this organism is less common in freshwa-
ter sediments than in estuarine or marine sediments. Compared
to estuary and marine sediments, AOA community composi-
tion in freshwater (and especially river) sediments is relatively
understudied (Cao et al., 2013). It is therefore difficult to assess
the “typical” diversity of freshwater sediments. However, a hand-
ful of studies have documented diverse benthic freshwater AOA
communities, commonly including the soil, “low-salinity,” and
some marine/estuary sediment clades (Herrmann et al., 2009;
Wu et al., 2010; Liu et al., 2013; Bollmann et al., 2014), sug-
gesting the clades of AOA recovered from the riverine Delta
stations may include common members of benthic freshwa-
ter AOA communities. Compared to marine waters and sedi-
ments, the presence of group I.1b amoA OTUs in the Delta may
reflect the proximity of this river-dominated system to terrestrial
influences.

AOB amoA COMPOSITION
In estuary sediments, AOB often show distinct phylogenetic
partitioning along salinity gradients (e.g., Francis et al., 2003;
Bernhard et al., 2005), with communities in marine-influenced
regions generally dominated by Nitrosospira-like amoA sequences
and those in oligohaline/freshwater regions by a mix of
Nitrosospira-like and Nitrosomonas-like sequences (Bernhard and
Bollmann, 2010). These two major AOB clades appear physio-
logically distinct. For example, both lab and field experiments
have suggested Nitrosospira-like AOB can be more active or
abundant in low NH+

4 environments, whereas Nitrosomonas-
like AOB may be adapted to grow in high NH+

4 environments
(Taylor and Bottomley, 2006; Peng et al., 2013), although mod-
eling experiments have suggested cultured Nitrosospira may grow
rapidly in response to large NH+

4 pulses (Bouskill et al., 2012b).
Nitrosospira-like AOB are common in marine and soil ecosys-
tems (Stephen et al., 1996; Rotthauwe et al., 1997; Freitag and
Prosser, 2003; O’Mullan and Ward, 2005), and often found in
estuaries, as well (Francis et al., 2003; Bernhard et al., 2005;
Freitag et al., 2006; Mosier and Francis, 2008; Smith et al.,
2014b). However, only 7/39 (17.9%) Delta OTUs grouped with
Nitrosospira or Nitrosospira-like sequences. Along with sequences
previously recovered from soils and estuary sediments, 3/39 OTUs
(7.7%) clustered near cultured Nitrosospira sequences, includ-
ing N. multiformis and N. briensis. OTU “B34” was very closely
related to Nitrosospira. sp. 40K1 (96.9% nucleotide identity), orig-
inally isolated from loam soil (Jiang and Bakken, 1999). Only one
OTU (“B33”) was within the mesohaline Nitrosospira-like clade
(“B”) common in estuaries, while 3/39 OTUs (7.7%) grouped in
the low-salinity Nitrosospira-like clade (“A”) (Figure 6). Overall,
Nitrosospira-like OTUs contained sequences from 5 of 7 sites,
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FIGURE 6 | Neighbor joining tree of AOB amoA OTUs (≥95% similarity)

from the Delta. Colored points next to each OTU indicate the composition of
the OTU by station. Values at nodes indicate bootstrap support ≥50% (1000

neighbor-joining bootstrap replicates). Reference sequences from named
organisms are indicated in bold. Clades referred to in the text are marked to
the right of the tree.
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and were therefore relatively widespread throughout the Delta.
However, no OTUs in this clade contained sequences from
more than one station, suggesting the Nitrosospira-like AOB
in the Delta may be sensitive to site-specific environmental
conditions.

Three AOB OTUs fell in a well-supported clade that grouped,
with moderate support, next to a cluster of Nitrosomonas species
(Nitrosomonas europaea, N. eutropha, N. communis, N. nitrosa,
N. halophila, etc.) generally adapted to high-N environments
(Koops et al., 1991; Stehr et al., 1995; Mortimer et al., 2004;
Stein et al., 2007; Dang et al., 2010). This as yet-uncultivated
clade, referred to here as “Nitrosomonas europaea/eutropha-like,”
has been found in a range of nutrient-rich ecosystems (Sahan
and Muyzer, 2008; Wankel et al., 2011; Zheng et al., 2014).
OTUs “B3” and “B4” contained sequences from all Delta sites
other than Franks Tract, and were nearly identical (>99%
nucleotide identity) to sequences within this clade previously
obtained from northern San Francisco Bay (Mosier and Francis,
2008). Notably, all three Nitrosomonas europaea/eutropha-like
OTUs included sequences from both NH+

4 -rich Sacramento River
stations (Figure 6). Closely related sequences have also been
obtained from low-salinity, high-nutrient sediments in the upper
Choptank River, Maryland, though NH+

4 in the Choptank was
lower than the Sacramento River (Francis et al., 2003). These
OTUs appear to represent organisms broadly adapted to oligo-
haline and relatively N-rich environments, and the absence of
sequences from Franks Tract suggests its relatively oligotrophic
(see Table 1, Figure 2) conditions may not be hospitable to
N. europaea/eutropha-like AOB.

The majority of AOB OTUs from the Delta (29/39; 74%)
were in a broad group referred to here as “Nitrosomonas-like”
(Figure 6), closely related to cultivated strains including N. olig-
otropha and N. ureae. Nucleotide identity between Delta OTUs
and sequences from Nitrosomonas spp. was 81.3 to 98.0%.
Nitrosomonas ureae and N. oligotropha have relatively high affin-
ity for NH+

4 (Koops and Pommerening-Röser, 2001; Bollmann
et al., 2002); thus, these bacteria may be able to thrive in low-
NH+

4 environments. Related sequences are commonly found in
freshwater and estuarine sediments (Speksnijder et al., 1998; de
Bie et al., 2001; Cébron et al., 2003; Bernhard et al., 2005; Peng
et al., 2013), including the northern reaches of San Francisco Bay
(Mosier and Francis, 2008), and have also been recovered from
marine environments (Ward et al., 2007). Some Nitrosomonas-
like OTUs, such as OTU “B8,” appeared widely distributed across
the Delta. However, others were region-specific: OTUs “B11,”
“B17,” and “B38” exclusively contained sequences from the upper
estuary, and OTU “B2” contained sequences from all regions
other than the Sacramento River (Figure 6). Nitrosomonas-like
OTUs therefore appeared to be common in Delta sediments, but
with geographical distributions differing between OTUs.

Multiple AOB OTUs grouped in a clade (86% bootstrap sup-
port) containing Nitrosomonas sp. Nm143, a strongly-supported,
novel AOB lineage (Purkhold et al., 2003) commonly found
in marine and estuarine sediments (e.g., Bernhard et al., 2005;
Mosier and Francis, 2008). Nucleotide identity between these
OTUs and Nitrosomonas sp. Nm143 was 86.4–88.0%. All OTUs in
this group contained sequences from one or both upper estuary

stations, and two contained sequences from both estuarine sta-
tions and a San Joaquin River station (Figure 6). OTU “B5” was
widely distributed throughout the Delta, containing sequences
from all Delta sites other than station EMP0067 (although
sequences from SAC01, further up the Sacramento River, were
present). These data suggested Nitrosomonas sp. Nm143-like AOB
were common members of microbial communities of the Delta.

Similar to AOA diversity in the Delta, its diverse AOB com-
munities included many common estuary and freshwater clades,
but were distinct from typical benthic meso/polyhaline estu-
ary communities. In estuaries, common AOB clades include
those related to Nitrosomonas ureae/oligotropha/aestuarii, as well
as yet-uncultivated clades close to Nitrosomonas sp. Nm143
and Nitrosospira (Francis et al., 2003; Bernhard et al., 2005;
Mosier and Francis, 2008; Bernhard and Bollmann, 2010; Peng
et al., 2013). In freshwater sediments, trophic status and nutri-
ent loading are frequently thought to affect AOB diversity, with
Nitrosomonas europaea/eutropha-like AOB typically found in
eutrophic sediments, Nitrosospira-like AOB in lower nutrient sed-
iments, and Nitrosomonas oligotropha/ureae generally widespread
(Zhang et al., 2007; Chen et al., 2009; Herrmann et al., 2009; Wu
et al., 2010; Bollmann et al., 2014). While some common estu-
ary AOB sequences were found in the Delta, few Delta sequences
grouped in the Nitrosospira-like clade. A number of OTUs, how-
ever, grouped with Nitrosomonas sp. Nm143-like AOB. All three
OTUs in this clade included sequences from both upper estu-
ary stations, as well as at least one river, suggesting the AOB
represented by these OTUs are widespread in the upper estuary
but also sometimes present in the fresher regions of the Delta,
as well. Interestingly, sequences from all regions of the Delta
fell in the Nitrosomonas europaea/eutropha-like clade, despite the
clear physicochemical and trophic differences between the two
rivers (Table 1; Figure 2), and a number of Delta OTUs similar
to N. oligotropha/ureae (though not all) were also widely dis-
tributed throughout the Delta. These ubiquitous OTUs, typical
of either eutrophic or oligotrophic freshwater sediments, suggest
AOB communities in the Delta may be structured by more than
just trophic status.

GEOGRAPHICAL CLUSTERING OF AMMONIA-OXIDIZING POPULATIONS
To assess whether ammonia oxidizer diversity in the Delta differed
by region, we performed PCA on Hellinger-transformed OTU
counts of combined AOA and AOB data from each site (analy-
ses of each separate gene showed similar results; Supplementary
Figure A2). The Hellinger transformation maintains information
on relative abundance between sites, while removing potential
effects of differences in total abundance (Legendre and Gallagher,
2001; Legendre and Legendre, 2012). Since clone library data is
considered semi-quantitative at best (PCR and cloning biases may
cause some clades to be over-represented), we believed trans-
formed OTU counts were a reasonable, if imperfect, representa-
tion of relative abundance (a PCA using OTU presence/absence
produced similar results; Supplementary Figure A3). The first
two principal component axes of the PCA explained 54.8%
of the variance in amoA diversity between stations. Station
EMP0046 grouped alone, due to the effects of numerous archaeal
and bacterial OTUs (Figure 7). The distinct ammonia-oxidizing
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FIGURE 7 | PCA biplot (scaling 1) of combined, Hellinger-transformed

AOA and AOB amoA OTU counts. Distance between stations on the
biplot represents Euclidean distance in multidimensional space. Projections
of a station onto an OTU vector indicate its position along that vector.
Identity of OTUs is indicated, using the same names as Figures 5, 6 (AOA
amoA OTUs are labeled “A” and AOB amoA OTUs are labeled “B”). OTUs
clustered near the center are unnamed, for legibility.

community here may reflect the environmental uniqueness (i.e.,
low nutrient concentrations and elevated pH) of Franks Tract
compared to the other sampled regions (Table 1; Figure 2). The
upper estuary stations EMP0692 and D4 clustered together,
driven by the presence of multiple OTUs, most notably “B1”
and “A2.” Therefore, ammonia oxidizer community composition
shifted between the rivers and the upper reaches of San Francisco
Bay: even though stations D4 and EMP0692 were only in the
low-salinity estuary regime, there is a clear difference between
these sites and those in the fresher regions of the Delta. Previous
research showed stark differences between ammonia-oxidizing
communities along the entire salinity gradient of San Francisco
Bay (Mosier and Francis, 2008), and our data suggest that com-
munities in the oligohaline upper estuary were also distinct
from those in river sediments. Such partitioning fits the gen-
eral pattern of distinct ammonia-oxidizing communities along
salt gradients (Bernhard and Bollmann, 2010). Additionally,
this finding is important in light of recent research suggest-
ing a landward increase in salinity throughout San Francisco
Bay and the Delta, due to expected sea level rise and altered
precipitation/snowmelt brought on by climate change (Cloern
et al., 2011). Understanding the distribution of biogeochemically-
relevant microbes throughout this system, and ultimately the
controls on their distribution and activity, are crucial aspects of
understanding how the ecosystem will respond to environmental
changes.

Because the Sacramento River sites had high NH+
4 con-

centrations and high potential nitrification rates (Table 1), we
were particularly interested in whether the ammonia-oxidizing

communities in these sediments were distinct from other
regions. However, this was not entirely the case: the San
Joaquin station EMP0089 grouped near both Sacramento sta-
tions (Figure 7), though the Sacramento River stations were
more strongly separated when OTU presence/absence data were
used (Supplementary Figure A3). Therefore, ammonia oxidizer
community composition may not be a strong indicator of bio-
geochemical potential in sediments in the Delta. However, given
the high AOB abundance in the Sacramento River (Figure 3),
it is likely that OTUs “B4” and “B9” are particularly important
ammonia oxidizers here, as these two bacterial OTUs con-
tributed to the clustering of these three stations in the com-
bined PCA. These OTUs are quite phylogenetically distinct (only
74.7% nucleotide identity): one grouped in the “Nitrosomonas
europaea/eutropha-like” clade, and the other in an unresolved but
distinct “Nitrosomonas-like” clade (Figure 6).

In addition to the PCA using OTU count data, we analyzed the
phylogenetic uniqueness of the Delta stations using non-metric
multidimensional scaling (NMDS) of unweighted UniFrac dis-
tances (Lozupone and Knight, 2005). While analyses of OTU
counts separate sites due to the presence and/or relative abun-
dance of OTUs, UniFrac estimates the fraction of tree branch
lengths unique to each site. NMDS compares calculated pair-
wise distances between sites (in this case, UniFrac distances) to
distances between points in ordination space, rearranging the
points to maximize the correlation between these two distances
and thus minimize a “stress” statistic. Therefore, clustering of
sites indicates similarity, but ordination distances do not nec-
essarily reflect the original pairwise distances (Ramette, 2007;
Legendre and Legendre, 2012). In contrast to the OTU-count
PCA, both AOA and AOB UniFrac NMDS analyses grouped the
Sacramento River stations SAC01 and EMP067 separately from
the other stations (Figure 8). Thus, even if relative OTU abun-
dance did not clearly separate these stations from other regions,
it appears the Sacramento River sediments harbored phylogenet-
ically distinct ammonia-oxidizing populations. In light of their
high NH+

4 exposure and potential nitrification rates, the sepa-
ration of the Sacramento River stations in UniFrac analyses for
both genes, combined with the distinct prevalence of large AOB
populations, suggested the unique diversity of ammonia oxidizers
here may be responsible for the enhanced potential biogeochemi-
cal functioning in this river. The upper estuary stations, however,
did not group as distinctly in NMDS analyses as in the OTU-
count PCA: while the AOA NMDS grouped D4 and EMP0692
somewhat close together, the AOB NMDS did not, grouping them
instead with the San Joaquin River stations (Figure 8). While the
relative abundances of ammonia-oxidizing OTUs in the upper
estuary separated upper estuary stations from the other regions
of the Delta (Figure 7), the OTUs driving this separation may not
have been phylogenetically unique to this region.

CONCLUSIONS
This study of the Sacramento/San Joaquin Delta indicated ben-
thic ammonia oxidizers are likely important players in the N
cycle within this ecosystem, particularly in the NH+

4 -replete
Sacramento River. The high abundance of AOB in this river (out-
numbering AOA), combined with elevated potential nitrification
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FIGURE 8 | Unweighted UniFrac distance-based NMDS plots. (A) AOA
and (B) AOB amoA. Proximity between stations represents similarity but
is not necessarily equal to original distances. For each gene, the NMDS
plot is shown on the left, and a Shepard plot, showing the correlation
between observed similarity (i.e., UniFrac distance) and ordination

distance, is shown on the right. Each point corresponds to pairwise
distances between two sites, and the fit between the UniFrac distances
and ordination distances is drawn as a line. Values of R2 are shown for
a linear correlation and a non-metric fit based on the stress statistic (see
Oksanen, 2013).

rates, suggested AOB may be driving nitrification in the benthic
regions of the Delta most directly affected by anthropogenic NH+

4
pollution. Our clone libraries vastly expanded the database of
amoA sequences from the San Francisco Bay ecosystem, as well
as from freshwater and riverine sediments in general. Across the
regions of the Delta, relative abundance of ammonia oxidizer
OTUs showed a distinction between the oligohaline estuary and
the riverine regions, without clear partitioning of the two rivers.
However, there was a marked difference in phylogenetic unique-
ness for both AOA and AOB between the Sacramento River and
the other regions. Benthic nitrification is likely a key link in the
N cycle of estuarine and riverine ecosystems that are strongly

affected by anthropogenic nutrient inputs, including the Delta.
Understanding the controls on biogeochemical cycles and the
associated microbial communities, as well as the relationships
between the two, is vital for understanding how aquatic ecosys-
tems will be affected by the climatic changes and increased human
development associated with the twenty-first century.
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Hundreds of wood-inhabiting fungal species are now threatened, principally due to a lack
of dead wood in intensively managed forests, but the consequences of reduced fungal
diversity on ecosystem functioning are not known. Several experiments have shown
that primary productivity is negatively affected by a loss of species, but the effects
of microbial diversity on decomposition are less studied. We studied the relationship
between fungal diversity and the in vitro decomposition rate of slightly, moderately
and heavily decayed Picea abies wood with indigenous fungal communities that were
diluted to examine the influence of diversity. Respiration rate, wood-degrading hydrolytic
enzymes and fungal community structure were assessed during a 16-week incubation.
The number of observed OTUs in DGGE was used as a measure of fungal diversity.
Respiration rate increased between early- and late-decay stages. Reduced fungal diversity
was associated with lower respiration rates during intermediate stages of decay, but no
effects were detected at later stages. The activity of hydrolytic enzymes varied among
decay stages and fungal dilutions. Our results suggest that functioning of highly diverse
communities of the late-decay stage were more resistant to the loss of diversity than less
diverse communities of early decomposers. This indicates the accumulation of functional
redundancy during the succession of the fungal community in decomposing substrates.
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INTRODUCTION
The loss of species diversity alters ecosystem function, stability
and the ability to provide goods and services to society (Loreau
et al., 2001; Hooper et al., 2005; Wertz et al., 2006; Cardinale et al.,
2012). Several experiments have shown that primary productivity
is negatively affected by a loss of plant species (Loreau et al., 2001;
Hooper et al., 2012) and ecosystem stability is reduced by decreas-
ing functional diversity (Hooper et al., 2005). Biodiversity affects
the rate of key ecosystem processes such as decomposition and
nutrient cycling (Loreau et al., 2001; Hättenschwiler et al., 2005;
Gessner et al., 2010). In boreal forests, where fungal communities
are major decomposers (Rayner and Boddy, 1988; Lindahl and
Boberg, 2008; Stenlid et al., 2008), a high diversity of soil fungi
can enhance the decomposition rate (Tiunov and Scheu, 2005),
especially under environmental fluctuations such as variations in
temperature regimes (Toljander et al., 2011). Hundreds of fungal
species in Fennoscandian forests are now threatened, principally
due to a lack of dead wood in a forest landscape that is inten-
sively managed (Siitonen, 2001). The consequences of reduced
fungal diversity on decomposition are unknown. Furthermore,
the stability and function of forest ecosystems might be dramati-
cally affected if the fungal capacity to resist habitat perturbation is
continuously exceeded, as is the case for many species in managed
forests (Stenlid et al., 2008).

Since fungal species produce complementary enzymes, the
presence of many species can improve the communities’ effi-
ciency to degrade a wide range of litter constituents and thus
enhance decomposition rate (Gessner et al., 2010). Experiments
with selected fungal species and their combinations revealed a
strong positive relationship between fungal diversity and decom-
position rate, which became asymptotic at a relatively low level
of diversity (Setälä and McLean, 2004; Tiunov and Scheu, 2005).
In experiments involving a few species, facilitation and resource
partitioning have been observed (Tiunov and Scheu, 2005). In
more diverse terrestrial fungal communities, antagonistic mech-
anisms might prevail (Boddy, 2000; Gessner et al., 2010) and
the colonization sequence of wood-degrading fungi can further
affect decomposition (Fukami et al., 2010). Studies of the decom-
position rate in manipulated fungal communities are mostly
performed with a few cultured species, and the results might be a
poor reflection of natural communities, especially if certain com-
munity members have a greater proportional influence on the
decomposition rate than the totality of the fungal community
(Robinson et al., 2005).

Decaying Norway spruce logs harbor diverse fungal commu-
nities (Ovaskainen et al., 2010; Rajala et al., 2011; Kubartová
et al., 2012), where the number of active species is far higher
than that considered in experimental studies. Species number
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tends to increase with mass loss (and related changes in the sub-
strate quality) and peaks in the most decayed logs (Rajala et al.,
2012). Decomposition of cell wall polymers in wood is a com-
plex process that is driven by a succession of species with different
litter-degrading enzymes (Baldrian, 2008; Stenlid et al., 2008).
During the decay process of dead wood over several decades,
the fungal decomposer community changes from one dominated
by ascomycetes to one of white- and brown-rot basidiomycetes,
before slowly becoming one composed mainly by the mycor-
rhizal species found in the underlying soil (Rajala et al., 2010,
2012). Wood-degrading fungi (white-rot and brown-rot fungi)
decompose polysaccharides by producing hydrolases, but only
white-rot fungi efficiently degrade lignin via oxidative metalloen-
zymes (e.g., laccase and manganese peroxidase) (Lundell et al.,
2010). Experiments with decomposing leaves and needles have
linked enzyme activities (EA) with fungal communities (Šnajdr
et al., 2011; Žifèáková et al., 2011), but to our knowledge, no study
has yet analyzed such a relationship with the fungal community
in decomposing wood. Therefore, we studied wood substrates in
different stages of decay to examine the effects of manipulated
fungal diversity on enzyme production and decomposition rate
during the entire process.

The overall objective of this study was to examine the relation-
ship between fungal diversity and decomposition rate by manip-
ulating fungal communities obtained from decaying Norway
spruce wood. We designed a microcosm experiment to investi-
gate: (1) whether a reduced diversity of wood-inhabiting fungi
affects the decomposition of Norway spruce wood and, if so,
(2) whether functional redundancy and stability of the decom-
position process varies among decay stages, and (3) whether
changes in fungal diversity and rate of decomposition are related
to changes in hydrolytic enzyme production. We tested the
hypothesis that CO2 production and enzyme activity in the
dead wood are affected by the decay stage of the substrate and
diversity of the decomposing species. Furthermore, we hypo-
thetisized that the decomposition activity (measured as CO2

production) is correlated to overall variation of the fungal com-
munity and the decomposition increases to direction that is
parallel to increasing species diversity (measured as number of
detected OTUs).

MATERIALS AND METHODS
WOOD SAMPLES
The study material was collected from an unmanaged forest in
Lapinjärvi (Southern Finland, 60◦39.413′N, 26◦7.352′E, altitude
50 m, temperature sum 1300◦C d; further details are provided
in Rajala et al., 2012). Wood samples were obtained from stem
discs sawn on site from 46 fallen Norway spruce (Picea abies) logs
(diameter >5 cm at breast height). Logs were classified as early,
intermediate or late stages of decay (I, III, and V according to
Mäkinen et al., 2006). Sample discs were sawn in May 2011 and
stored in plastic bags at −18◦C until processing in the laboratory.
The properties of the wood (C/N ratio, lignin content and den-
sity) for individual discs were analyzed as described in Rajala et al.
(2010) and the mean values of 14 discs from early-decay stages, 12
discs from intermediate-decay stages and 16 discs from late-decay
stages were calculated (Table 1).

Bark from the outermost layer of each frozen sample disc was
removed with a flame-sterilized knife. Frozen discs were then
drilled with a flame-sterilized and cooled bit (Ø = 10 mm) from
the surface through the sapwood and heartwood. Shavings and
sawdust of each decay stage were pooled into a single sample and
stored in a plastic bag at −18◦C prior to use as a fungal inoculum.
A few active fungi might be suppressed during the processing of
the samples, but species inhabiting dead wood in boreal forests
are acclimated to varying temperatures and the fungal commu-
nity obtained from the inocula was considered to reflect species
composition in each decay phase.

The experimental growth medium (i.e., sawdust) was prepared
by milling five discs from each decay stage that had been debarked
and dried at 105◦C for 48 h. Dry sawdust from each stage was
pooled into a single sample and sterilized twice by autoclaving
(121◦C for 20 min) with a 3-day interval.

EXPERIMENTAL SET-UP
The incubation took place in sterile 100-mL glass flasks con-
taining different amounts of inoculum and autoclaved substrate
(Table 2). Sterile distilled water was added to each flask to
remoisten the culture to a dry matter content similar to that at
sampling, i.e., 77% for early, 59% for intermediate and 21% for
late decay stages (Tables 1, 2). Flasks were then sealed with rub-
ber septa and a one-way stopcock was connected to a 50 mm
needle. The stopcock system was designed to ventilate air and
prevent anoxic conditions in the microcosm. The stopcock was
opened only when the ventilation was performed after measure-
ment of CO2 (see below). The air in the flasks was ventilated
by connecting the capstock to a diaphragm vacuum pump (type
N 022 AN.18, KNF Neuberger GmbH, Germany) for 2 min
30 s. The capstock was then closed and reopened to flush the
flasks for 5 min with moist air previously channeled through an
autoclaved vent filter (0.2 μm, Millipore, USA). The evacuation-
flushing system prevented oxygen depletion and drought in the
microcosms.

PREPARATION OF MICROCOSMS AND EXPERIMENTAL DESIGN OF
DECOMPOSITION STUDY (EXPERIMENT 1)
The effect of fungal diversity on respiration activity was assessed
in microcosms by exposing the inoculum to a dilution procedure
(Wertz et al., 2007). We tested four levels of fungal diversity (i.e.,
dilutions) on triplicate substrates of three different qualities (i.e.,
decay stages). Experimental conditions in microcosms were as
follows: (1) undiluted (UD) inoculum prepared with non-sterile
sawdust; (2) a dilution of approximately 1 g inoculum (dry mat-
ter, dm) per 10 g of substrate (dm) was prepared by first mixing
non-sterile sawdust with sterile distilled water to create slurries
with dry matter of 27% (i.e., early), 14% (i.e., intermediate), or
3% (i.e., late), then adding aliquots of 540 mg dm (early), 400 mg
dm (intermediate), and 150 mg dm (late) to the corresponding
dry substrate to yield a final inoculum dilution of 10−1 (Table 2);
(3) a dilution of approximately 1 g inoculum (dm) per 100 g of
substrate (dm) was prepared similarly, but slurry dry matter was
0.8% (early), 0.5% (intermediate) or 0.3% (late), and aliquots of
15 mg (dm) of each slurry were added to the corresponding dry
substrate (Table 2); (4) autoclaved sawdust was used as a control
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Table 1 | Properties of Norway spruce (Picea abies) wood of different decay stages (early, intermediate and late) and the number of pooled

discs used to prepare the inoculum (non-sterile sawdust) or the autoclaved sawdust for the microcosms.

Wood decay stage C/N Lignin (%) Density kg/dm aDry matter (%) bWater content (%) No of pooled discs

inoculum Substrate

Early 352 ± 41 32 ± 5 0.42 ± 0.02 77 ± 0 30 ± 1 14 5

Intermediate 328 ± 63 37 ± 10 0.28 ± 0.01 59 ± 1 71 ± 3 12 5

Late 136 ± 42 51 ± 19 0.15 ± 0.02 21 ± 1 376 ± 16 16 5

The C/N ratio, lignin, diameter, and density (determined as described in Rajala et al., 2010) are the mean values (±SD) of 14 discs from early-decay stages, 12 discs

from intermediate-decay stages and 16 discs from late-decay stages. Dry matter and water content were determined by drying fresh sawdust at 105◦C for 24 h.
aDry matter (%) was calculated as: weight of dry sawdust (g)/weight of wet sawdust (g) * 100.
bWater content (%) was calculated as: [weight of wet sawdust (g)—weight of dry sawdust (g)]/weight of dry sawdust (g) * 100.

Table 2 | Amount of inoculum (non-sterile sawdust) or autoclaved sawdust in dry form added to 100-mL glass flasks to assess the effect of

fungal diversity on the decomposition activities of Norway spruce sawdust in early, intermediate and late stages of decay.

Dilutions of aInoculum (non-sterile Autoclaved sawdust Added water Total initial dry weight of Initial dry

the inoculum sawdust) the incubated sample matter content

Decay stage Amount (g, dm) Decay stage Amount (g, dm) (ml) (g, dm) (%)

Undiluted
Early 5.0 – – 0 5.9 79

Intermediate 3.8 – – 0 3.8 59

Late 1.4 – – 0 1.4 21

Dilution 10−1
Early 0.54 Early 4.7 5.0 5.24 73

Intermediate 0.4 Intermediate 3.5 3.0 3.9 52

Late 0.15 Late 1.3 1.6 1.45 24

Dilution 10−2
Early 0.013 Early 4.7 5.0 4.71 66

Intermediate 0.015 Intermediate 3.5 3.0 3.52 45

Late 0.015 Late 1.3 1.6 1.32 23

Control (Ctrl)
– – Early 5.2 1.9 5.2 65

– – Intermediate 3.8 3.5 3.8 46

– – Late 1.5 5.7 1.5 21

The same amounts were used in a parallel experiment for the assessment of wood-degrading enzymes.
aDry matter (dm) content of inoculum that was added as wet sawdust (water content according to field conditions, reported in Table 1).

(Ctrl). The initial fungal diversity of the microcosms was tested
with the DGGE (Rajala et al., 2010 and description below) and
the number of observed OTUs was used as a measure of fungal
diversity. The test showed that the dilution procedure reduced
the number of observed fungal OTU in the inocula (Figure 1).
All treatments were performed in triplicate, yielding a total of 36
flasks (four levels of fungal diversity ∗ three decay stages ∗ three
replicates = 36 flasks). Sealed flasks were incubated at 21◦C in
total darkness for 16 weeks. The cumulative CO2 was measured
periodically (see below) and the airspace of the incubation flasks
was ventilated immediately after CO2 measurement.

At the end of the incubation, the substrate from each replicate
was pooled into a single sample and stored at –18◦C prior to the
extraction of total DNA.

MEASUREMENT OF CO2, EVACUATION AND CALCULATION OF CARBON
LOSS
An air sample (100 μL) was collected from the sealed flask
with a Hamilton Microfilter™ glass syringe, previously wiped
with 95% ethanol, and injected manually into a gas chromato-
graph (Hewlett-Packard 6890, Finland) to analyse CO2 (assum-
ing that most of the produced CO2 was transferred to the
gas phase). The chromatograph was equipped with a capil-
lary column (Agilent 19095P-MS6 HP-PLOT MoleSieve 5 Å,
length 30 m and diameter 530 μm) and a temperature con-
ductor detector at 250◦C for detecting CO2. Helium was used
as carrier gas at a split ratio of 10:1 and flow rate of 7.9 mL
min−1. Injector and oven temperatures were 120 and 40◦C,
respectively.
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FIGURE 1 | Number of ITS1F-GC/ITS2 fungal DNA-derived DGGE bands

(Operational Taxonomic Units; OTUs) in Norway spruce pooled

substrate samples at the beginning of incubation under a range of

inoculum dilutions (UD, undiluted fungal inoculum; dilution 10−1 g

inoculum/g substrate (dm); dilution 10−2 g inoculum/g substrate (dm);

Ctrl, autoclaved sawdust) for early, intermediate and late stages of

decay.

The CO2 level was measured weekly at the beginning of the
incubation and every 2 weeks after week five. Estimated carbon
loss (C loss, %) from microcosms was calculated using cumulative
CO2 at the end of the incubation following equations (1) and (2):

C loss(%) = cumulative CO2 (g)/Max CO2 (g) ∗ 100 (1)

Max CO2 (g) = mass sawdust (g) ∗ C (%)/100 ∗ MCO2

(g mol−1)/MC (g mol−1) (2)

where Max CO2 is the maximum production of CO2 from each
microcosm, mass sawdust is the amount of sawdust in the flask (in
dm), C is total carbon content in the sawdust, and MCO2 and MC

are the molecular masses of CO2 (44 g mol−1) and carbon (12 g
mol−1), respectively.

PREPARATION OF MICROCOSMS AND EXPERIMENTAL DESIGN OF THE
HYDROLYTIC ENZYME STUDY (EXPERIMENT 2)
The activity of several wood-degrading hydrolytic enzymes was
measured from flasks incubated in parallel with the microcosms
in Experiment 1. The experimental design was similar to that in
Experiment 1 (i.e., four levels of fungal diversity ∗ three decay
stages ∗ three replicates = 36 flasks). In this study, each flask was
opened under sterile conditions after weeks 4, 6, 9, 11, 13, and
16 to collect about 1 g (wet weight, ww) of the substrate. Half of
the sample was subjected immediately to enzyme activity assays
and the other half was stored at −18◦C prior to DNA extraction
(samples from weeks 9 and 13).

EXTRACTION OF ENZYMES AND ACTIVITY ASSAYS
Four glycoside hydrolases [β-glucuronidase (EC 3.2.1.31),
β-xylosidase (EC 3.2.1.37), β-glucosidase (EC 3.2.1.21), and cel-
lobiohydrolase (EC 3.2.1.37)] were recovered from the substrate
samples following a recently described enzyme extraction method
with slight modifications (Heinonsalo et al., 2012). The method

is based on the recovery of extracellular enzymes by centrifug-
ing a small amount of substrate (∼155 mg, ww) placed into a
centrifuge tube filter (0.45 μm pore size; 500 μL working vol-
ume; Costar® Spin-X® CLS8162; Corning Inc., NY, USA). The
centrifugation speed was 15,700 g for 30 min. To obtain enough
enzyme solution to run the assays, three sub-samples were pre-
pared from each flask. The day before extraction, 200 μL sterile
distilled water was added to each substrate sub-sample. After
centrifugation, approximately 250 μL enzyme solution was recov-
ered, pooled with that from the other three sub-samples, adjusted
to a total volume of 2 mL with water and used directly for the
activity assays. Once all the tubes were centrifuged, the inner filter
tube was placed in an oven at 70◦C for 48 h to measure substrate
dry matter.

Hydrolytic enzymes were measured by a fluorimetric assay
(Pritsch et al., 2004, 2011) and modified according to the require-
ments of this study. Three solutions were prepared: (1) incubation
buffer (pH 4.5) containing 7.2 mM maleic acid, 7.3 mM citric
acid, 10 mM boric acid, 10 mM Tris (2-amino-2(hydroxymethyl)-
1,3-propanediol), and 48.8 mM sodium hydroxide; (2) different
fluorogenic substrate solutions based on 4-methylumbelliferone
(MU) for the detection of each glycosidic enzyme were pre-
pared from 5 mM stock solutions in 2-methoxyethanol. The
concentration of each fluorogenic substrate in the working solu-
tion was 1500 μM of MU-β-D-glucuronide (for detection of
β-glucuronidase), 1500 μM of MU-β-D-xyloside (for detection
of β-xylosidase), 1500 μM of MU-β-D-glucoside (for detection of
β-glucosidase), and 1200 μM of MU-β-D-cellobioside (for detec-
tion of cellobiohydrolase); (3) the stop solution was 1 M Tris
at pH 10-11 to enhance the fluorescence response. Triplicate
assays were performed in black flat-bottom 96-well microplates,
with each well-containing a reaction mixture of 50 μL enzyme
solution, 50 μL incubation buffer and 50 μL of the respective flu-
orogenic substrate solution. Plates were incubated at 20◦C on
a microplate shaker for 30 min, except for β-glucosidase where
15 min was used. At the end of incubation, 150 μlL stop solution
was added to all wells and the fluorescence response was measured
with a Wallac 1430 Victor3 (PerkinElmer, Inc., USA) multilabel
plate reader at an excitation wavelength of 364 nm and emission
wavelength of 450 nm. Calibration wells were prepared by adding
100 μL stop solution, 100 μL incubation buffer and 50 μL stock
solution mixed with water to give final MU concentrations of 0,
0.4, 0.8, 1.2, 1.6, and 2 μM.

Enzyme activities (EA) were expressed as picokatals per gram
of substrate (in dm). A picokatal is one picomol of reacted fluoro-
genic substrate per second. EA were calculated using the equation
(3). Total hydrolytic activity was estimated by summing that of
the four measured enzymes.

EA (pkat g−1) = (sample − negative control)/(a∗t)∗Va/V∗
s1/ms

(3)
where sample is the fluorescence response (counts) of the enzyme
solution and negative control is the response without enzyme
(fluorogenic substrate without sample), a is the slope of the
regression line of the calibration curve (counts/pmol), t is the
incubation time (sec), Va is the adjusted volume of the three sub-
samples (2000 μL), Vs is the volume of the enzyme solution in the
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well (50 μL), and ms is the sum of the extracted substrate mass of
the three sub-samples (g, dm).

MOLECULAR ANALYSIS OF THE FUNGAL COMMUNITY
Total DNA was extracted from substrates (100–150 mg, ww) at the
beginning, after weeks 9 and 13 (only from the microcosms sub-
jected to enzyme analyses) and at the end of incubation (week 16)
using the NucleoSpin® 96 Soil Kit (Macherey-Nagel, Germany).
Extracted total DNA was amplified using polymerase chain reac-
tion (PCR) with the GC-clamped internal transcribed spacer 1
(ITS1F) primer (Gardes and Bruns, 1993) and the ITS2 primer
pair (White et al., 1990) typical of fungal ribosomal DNA. PCR
was performed in a 50 μL reaction containing 25 μL MyTaq™ HS
Red Mix (which included reaction buffer, dNTP, DNA Polymerase
and loading dye; Bioline, Germany), 1 μL each 25 μM primer,
2.5 μL template and 20.5 μL sterile distilled water. The thermal
profile for the PCR was: 1 min at 95◦C for initial denaturation,
34 cycles of denaturation for 15 s at 95◦C, annealing for 15 s at
58◦C and extension for 10 s at 72◦C, and a final extension of 72◦C
for 10 s. Equal concentrations of PCR products were resolved by
denaturing gradient gel electrophoresis (DGGE) as described in
Rajala et al. (2010). Briefly, the denaturing gradient in an acry-
lamide gel was 18–58% and running conditions were 75 V at 60◦C
for 16 h. Gels were stained with SYBR® Gold (Molecular Probes,
Eugene, Oregon) and visualized with blue light on a SafeImager™
transilluminator (Invitrogen, Carlsbad, California). The DGGE
gels were analyzed using GelCompar II software (Applied Maths
BVBA, Belgium). The bands at the same position in the DGGE
gel were considered the same operational taxonomic unit (OTU).
Thus, this step generated a presence–absence matrix of fungal
taxa (OTUs) in each microcosm and we used the number of the
detected OTUs as a measure of fungal diversity in this experiment.

STATISTICAL ANALYSIS
We analyzed the effects of inoculum dilution (undiluted, 10−1

and 10−2) and decay stage on CO2 production and enzymes activ-
ities measured from samples during the incubation period using
the methods of longitudinal data analysis (Diggle et al., 2002). We
also performed some additional analyses of cumulative CO2 pro-
duction during the entire incubation period and on EA at the end
of the experiment (week 16) using ANOVA, where longitudinal
data analysis was not needed. In addition, we tested correlation
between the number of observed OTUs and the cumulative CO2

production at the end of the experiment.
In the longitudinal analyses of consecutive weekly CO2 pro-

duction and log-transformed total hydrolytic EA of the samples,
we used a mixed model where replicates (r) represented random
effects [∼ N(0, σ2

r )]. The fixed part of the model consisted of
the decay stage and dilution factors, and their interaction, i.e.,
the effects we were interested in. Serial correlation of repeated
measurements in the time series of replicates was treated with a
continuous autoregressive covariance structure AR(1).

Residuals of the fitted models were inspected visually for nor-
mality and homoscedasticity. In all cases, we found that the
residuals of the CO2 fit were normally distributed by fitted
values, and the distributions were also normal and fairly sim-
ilar by explanatory variables. Random effects were distributed

approximately normally as well. To fulfil these requirements for
the total hydrolytic EA, we converted them to a log-scale.

Strong interactions in the fixed part of the model can make it
difficult to interpret the model. Therefore, if we found significant
interactions between the fixed effects, we simplified the model by
either regrouping the dilution and decay stage to a single factor, or
by fitting the model for dilution factor by the decay-stage factor,
or the other way around.

We also investigated the trends of log-transformed total
hydrolytic enzyme activity, and the ratio of hydrolytic activity to
CO2 production during the incubation period. In these cases, we
added a slope parameter for incubation week to the fixed part
of the model. The trends for these variables were tested for each
decay stage separately, so that we allowed the trend to vary by dilu-
tion. For the ratio of hydrolytic activity and CO2 production, the
results are presented for the early decay stage by dilution.

Longitudinal analyses were implemented using the lme
function of the nlme library of R, using the maximum like-
lihood method. Parameter significance was estimated by the
lme-function.

When a time-series approach was not needed, we used a type II
ANOVA with interaction between the decay stage. These analyses
were conducted using the ANOVA function in the car-library (Fox
and Weisberg, 2011) of R (R Development Core Team, 2011).
The same principles of examining the residuals and splitting the
model into parts if interactions were present, were applied as with
the longitudinal approach. Pairwise comparisons were made with
the Tukey Honestly Significant Difference (HSD) test.

Fungal community composition (i.e., the presence/absence
of OTUs) was visualized by non-metric multidimensional scal-
ing (NMDS) using metaMDS of the vegan library (Oksanen
et al., 2008). We generated a dissimilarity matrix (nsample

∗nsample)
of Bray-Curtis coefficients and used NMDS to create a graph
where the distances between points (representing samples) corre-
sponded as closely as possible to the original dissimilarity matrix.
Arrows that indicate the direction of maximum correlation of
cumulative CO2 and OTU number with the ordinated samples
were superimposed onto the ordination graph. The significance
of these correlations was assessed with a permutation test imple-
mented in the envfit function of vegan library (Oksanen et al.,
2008). The NMDS was performed separately for each incuba-
tion time. The analyses made for week 0 and 16 corresponded
to the experiment where flasks were closed during incubation
(Experiment 1), whereas those made for week 9 and 13 corre-
sponded to the microcosms in which flasks were opened to collect
samples (Experiment 2).

RESULTS
EFFECTS OF SUBSTRATE AND REDUCED DIVERSITY ON
DECOMPOSITION
The wood decay stage was an important factor to explain CO2

production during the experiment (Figure 2, Supplementary
Material). When we analyzed the consecutive CO2 observations
and their association with the decay stage with longitudinal anal-
ysis, we found that late- and intermediate-decay substrates were
associated with significantly higher CO2 production rates than
early-decay substrates (t = 8.0, df = 17, p ≤ 0.001, and t = 5.7,
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FIGURE 2 | Effect of dilution on the production of CO2 (cumulative mg

of CO2 per g of substrate; in dm) within early- (A), intermediate- (B),

and late- (C) decay stages. Dilution of fungal diversity is shown by
symbols as undiluted fungal inoculum (squares), dilution 10−1 g inoculum/g

substrate (circles), dilution 10−2 g inoculum/g substrate (triangles), and
controls (diamonds). Error bars indicate the SD of the mean for
observations and were calculated for each decay stage and dilution
separately.

df = 17, p < 0.001, respectively). This effect was present when we
analyzed each inoculum separately (p < 0.02 for decay-stage dif-
ferences within inocula), although the 10−1 inoculum responded
significantly differently from other inocula in the full model with
interactions.

When we analyzed the effect of inoculum (which had different
number of fungal OTUs) according to decay stage with longitudi-
nal analysis, we found that the weekly CO2 production of diluted
10−1 g and 10−2 g inocula differed from that of undiluted inocu-
lum in intermediate-decay substrates (t = −5.5, p = 0.002 and
t = −3.9, p = 0.008, respectively). The ANOVA of cumulative
CO2 at week 16 supported these findings. When fungal diversity
(OTU) was added to the previous model, it was also significant
(F = 4.4, df = 1, p = 0.05). After 16 weeks, the cumulative pro-
duction of CO2 from undiluted inoculum in late-decay substrates
reached 65 mg CO2 g−1 substrate (dm), corresponding to a C loss
of 3.1%, whereas C loss from undiluted intermediate- and early-
decay substrates were 2.6 and 0.2%, respectively (Figures 2C, 3).
At the end of the experiment, the cumulative CO2 production
was correlated with the observed number of OTUs (r = 0.83,
p < 0.001).

EFFECTS OF SUBSTRATE AND REDUCED DIVERSITY ON ENZYME
ACTIVITY
Differences in total hydrolytic EA depended on the substrate,
therefore, we performed the analyses by substrate and by dilution
(Figure 4).

When we analyzed the consecutive total hydrolytic activity
of replicates with longitudinal analysis, we found that it was
higher in preparations containing the 10−2 dilution than in the
undiluted inoculum in early- (t = 3.6, df = 5, p = 0.02) and
late-decay substrates (t = 6.0, df = 6, p = 0.001). Moreover, the
hydrolytic activities were also significantly different between early
decayed and other substrates in undiluted inocula (both t > 4.0,
df = 6, p < 0.005) and in the 10−1 dilution (both t > 3.2, df =
5, p < 0.03).

FIGURE 3 | Cumulative carbon loss (means of three replicates) during

the incubation of early, intermediate and late stages of decay and

receiving various dilutions of fungal inoculum [UD, undiluted; dilution

10−1 g inoculum/g substrate (dm); dilution 10−2 g inoculum/g

substrate (dm); Ctrl, autoclaved sawdust].

When we analyzed the total hydrolytic enzyme activity mea-
surements at the end of the experiment with ANOVA, we also
found that the activities depended on the dilution-substrate
combination (interaction F = 10.2, df = 6, p < 0.001). We then
grouped the inoculum and substrate into a compounded factor,
performed an ANOVA and conducted a pair-wise comparison
of factors, which showed that the mean hydrolytic activity of
the most diluted (10−2) inoculum of the late-decayed substrate
was greater than that in any of the other inoculum decay-stage
combinations (p < 0.0001 for all pairs).

Furthermore, the number of fungal OTUs appeared to influ-
ence the enzyme activity at the end of the experiment (F = 14.2,
df = 1, p = 0.09).

In all dilutions of the intermediate-decay inoculum, a neg-
ative trend in total hydrolytic activity was recorded toward the
end of the incubation (Figure 4B). According to the longitudinal
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FIGURE 4 | Effect of fungal community dilution on total hydrolytic

activity (pkat/g of substrate; in dm) as the sum of

1,4-β-glucuronidase, 1,4-β-xylosidase, cellobiohydrolase, and

1,4-β-glucosidase from early-decayed (A), intermediate-decayed (B),

and late-decayed substrate (C). The dilution of fungal diversity is shown
by symbols as undiluted fungal inoculum (squares), dilution 10−1 g
inoculum/g substrate (circles), dilution 10−2 g inoculum/g substrate
(triangles), and controls (diamonds).

analysis, the higher intercept and stronger negative trend of
hydrolytic activity in undiluted inoculum than in either of the
diluted inocula (the model intercept differences in comparison to
the undiluted inoculum both had t < −3.0, df = 6, p < 0.02 and
for the trend coefficient, they had t > 3.4, df = 42, p < 0.001,
respectively) were coincident with the measured respiration rates
that started at the highest values (t < −3.9, df = 6, p < 0.01)
and then decreased the quickest (t > 2.3, df = 42, p < 0.02) in
the undiluted inoculum in comparison with other dilutions in the
intermediate-decay substrate (Figures 2B, 4B).

The ratio of hydrolytic activity to respiration (Hydrolytic
activity/CO2) clearly decreased toward the end of the incuba-
tion in the early decay substrate that received undiluted (t =
−3, 4, df = 13, p = 0.005), as well as diluted inocula (10−1

dilution: t = −2.9, df = 9, p < 0.02) (Figure 5). The same phe-
nomenon did not occur in more decayed substrates (data not
shown).

FUNGAL COMMUNITY STRUCTURE AND RESPIRATION ACTIVITY IN
DIFFERENT DECAY STAGES
Fungal communities of different decay stages differed at the
start of the experiment (Figure 6A) and community structures
changed during the incubation period (Figure 6). In conjunction
with observed differences between undiluted and diluted fungal
communities in the intermediate decay substrate (Figure 6B), we
measured higher respiration activity in the microcosm prepared
with the undiluted inoculum, especially during the first 6 weeks
(Figure 2B). In the early decay substrate, the slightly diluted
(10−1) fungal community, which had the highest respiration rate
(Figure 2A), appeared to deviate from all other communities after
13 weeks of incubation (Figure 6C).

At the end of the experiment, cumulative CO2 (r = 0.91, p <

0.001) and the number of OTUs (r = 0.87, p < 0.001) increased
in the communities composed of intermediate- and late-decay
stage species, as shown by the linear fit superimposed on the
NMDS graph (Figure 6D).

FIGURE 5 | Relationship of carbohydrate degradation (pkat/g) and

weekly CO2 production (mg/g substrate, dm) in the treatments

receiving undiluted fungal inoculum of early- (light gray),

intermediate- (dark gray), and late- (black) decay substrate during the

16-week incubation.

DISCUSSION
EFFECTS OF FUNGAL DIVERSITY ON WOOD DECOMPOSITION
The main findings of the experiment confirmed our hypothesis
that fungal diversity affects decomposition rate and that resistance
of the decomposition process to the loss of diversity depends on
the decomposition stage of woody substrates. We used inocula
that originated from actively decaying wood, where the number
of OTUs is higher than in previous experiments using selected
species from pure cultures (Setälä and McLean, 2004; Tiunov
and Scheu, 2005). These studies with communities created by
combining cultured fungal species have shown how the decom-
position rate becomes asymptotic with relatively few decomposer
species, and our results on late-decay communities with initially
high number of fungal OTUs support this finding. However,
we observed that the functioning of the decomposers of the
intermediate-decay stage, where the initial number of OTUs was
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FIGURE 6 | Non-metric multidimensional scaling (NMDS) ordination

showing the separation of fungal communities at the beginning

(A), after 9 weeks (B), 13 weeks (C), and 16 weeks (D) in the

different dilutions or controls (autoclaved sawdust) according to the

decay stage of substrate. Symbols represent the dilution of the fungal
community: undiluted (squares), dilution 10−1 g inoculum/g substrate

(circles), dilution 10−2 g inoculum/g substrate (triangles) and controls
(diamonds). The intensity of the symbol indicates the decay stage.
Vectors indicate the direction of maximum correlation of CO2 production
and number of OTUs with ordinated samples (p < 0.01). Ellipses indicate
the mean location of each decay stage: E, early; I, intermediate; and
L, late.

lower than in the late-decay wood, was less resistant to the loss of
diversity. In the intermediate-decay stage, decomposition activ-
ity was highest in non-diluted communities and the experimental
dilution of the fungal community was associated with a lower
respiration rate.

This study showed that CO2 production, as an indicator of
decomposition, increased in relation to the decay stage of Norway
spruce wood and peaked during the late-decay stage, where fungal
diversity (measured as the number of observed OTUs) was also
maximal. The observed increase in decomposition activity with
increasing OTU diversity is in agreement with our hypothesis.
Earlier studies, where decay models were fitted to empirical field
data, predicted that the rate of decay is highest during intermedi-
ate phases of decomposition (Harmon et al., 2000; Mäkinen et al.,
2006; Tuomi et al., 2011), which coincides with the period when
white- and brown-rot fungi are at their peak prevalence (Rajala
et al., 2011, 2012). However, we suggest that decomposition activ-
ity is also maintained in the late-decay stage wood that might be
under-represented in previous studies (i.e., they used a relatively
small number of late-decay samples, which are difficult to date).
In addition, our results indicate that lowering fungal diversity,
especially in the intermediate-decay stage, has a direct impact on
fungal community function, and thereby on the decomposition
of woody litter.

We showed that in the most diverse fungal community inhab-
iting the late-decay substrate, lowering the diversity with dilution
of the inocula had only a slight impact on decomposition rate.
This suggests that the community that remained after dilution
was sufficiently diverse to provide the same ecological function as
that of the undiluted system, which agrees well with earlier stud-
ies of the diversity-function relationship in soil microbes (Wertz
et al., 2006), whereas the less diverse communities were more
affected by random selection. Consequently, we predict a stronger
resilience of the diverse fungal community found in advanced
stages of wood decay.

In the less diverse community inhabiting the early decay sub-
strate, a 10−1 dilution caused an unexpected result in that CO2

production increased. It appears that loss of diversity in a low-
density community affects competitive interactions and decom-
position in unpredictable ways. The response is highly sensitive
to the activity of the remaining species and the functional redun-
dancy in the fungal community of early-stage decomposers is
lower than that found in later stages.

The use of indigenous fungal communities as inocula to study
the relationship between diversity and function of terrestrial fun-
gal communities is novel and was applied for the first time to
wood-inhabiting fungi in this study. Previous laboratory studies
have assessed the ability of cultured fungi to degrade woody sub-
strates (Boddy et al., 1989; Tiunov and Scheu, 2005; Toljander
et al., 2011) and compete with natural wood-inhabiting fungi
(Holmer and Stenlid, 1997; Holmer et al., 1997). According
to the method proposed by Wertz et al. (2006), the dilution
procedure reduced the number of fungal taxa detected in the
inoculum. Prior to our experiment, we tested different ratios
of dilutions and found that a relatively high (1/100) dilution is
needed for a remarkable reduction of OTUs in highly diverse
inocula. However, for a moderate reduction in the OTU diver-
sity, we chose to apply a dilution ratio (1/10) that was optimal for
the intermediate decay stage, but compromised late decay, where
the resulting reduction in OTU diversity was only slight.

As expected, the number of detected fungal species increased
in all treatments with the progression of the incubation, since
the applied PCR-DGGE method cannot identify infrequent fungi
and only after replication of DNA during the incubation they
became visible. Our sterilization procedure of the control sub-
strate was apparently sufficient to destroy most of the fungal
DNA, as OTUs were not detectable via DGGE at the start of the
experiment (Figure 1). However, slight CO2 production during
the incubation indicated that some microbes survived autoclav-
ing (Figure 2), as it is known that some spores might be resistant
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to this form of sterilization (Cheng et al., 2008). This was the rea-
son to detect a few fungal OTUs in the controls after 9 weeks (data
not shown). However, NMDS showed the community struc-
ture in controls to be distinct from that of other microcosms.
This suggests that the key species involved in decomposition
did not survive autoclaving, although we cannot totally deny
that some species originated from autoclaved sawdust. However,
CO2 production in controls was far lower than in any of the
treatments and therefore we believe that effect of contaminant
species in dilution treatments is minor. The fact that steriliza-
tion of wood, soil or other substrate by autoclaving is practically
impossible should still be considered in this kind of dilution
procedures.

ENZYME ACTIVITY DURING WOOD DECOMPOSITION IN RESPONSE TO
FUNGAL DIVERSITY
Contrary to our hypothesis, the most diluted (10−2) inocu-
lum was associated with a higher activity of hydrolytic enzymes
than treatments of the same substrate receiving inoculum with a
higher fungal richness (Figure 4). This might be explained by less
competition in the diluted communities involving species spe-
cializing in the production of carbohydrate-degrading enzymes
(e.g., brown- and soft-rot fungi). We also found that the ratio of
hydrolytic activity and production of CO2 per week in early-decay
substrates was initially high and gradually decreased. The negative
slope of the relationship between hydrolytic activity and weekly
CO2 production suggests that fungal taxa that are active dur-
ing the early phases of decomposition must produce hydrolytic
enzymes to release the wide variety of carbohydrates that are
metabolized in later stages.

The enzyme recovery method, based on a filter centrifugation
approach, has been validated in agar media supplemented with
different organic products (Heinonsalo et al., 2012), but has never
been applied to a more complex substrate such as one composed
of decomposing spruce wood. A standard and universal proto-
col for extracting and measuring enzymes from environmental
samples does not exist (Baldrian, 2009). Common practice is to
soak the samples in buffer (e.g., acetate or sulfate buffers) and
extract the enzymes by agitating the slurry, but such treatment
might negatively affect EA (Vepsäläinen, 2001). In our study,
the level of enzyme activity was in the range 10–100 pkat g−1

dry substrate. Previous studies that reported activities as high as
1000 pkat g−1 (dm) in Norway spruce needles used pure fungal
inoculum from a cultured isolate (Žifèáková et al., 2011). Our
results indicate that extracellular EA in spruce wood that has not
received a pure and concentrated inoculum are much lower. It is
known that spruce wood is a complex substrate for the recovery of
wood-degrading enzymes, since water-soluble constituents such
as phenols, sugars, organic acids, xylo-oligosaccharides and pro-
teins all act as inhibitors of hydrolytic enzymes (e.g., Lagaert et al.,
2009; Kim et al., 2011). Nevertheless, the effect of wood extracts
on enzyme recovery in this study was expected to be minimal as
was previously reported by Valentín et al. (2010).

CONCLUSIONS
Dilution of fungal inocula recovered from Picea abies logs in
three different decay stages revealed a stage-dependent response

in decomposition rate. Reduced fungal diversity was associated
with lower respiration rates during the intermediate stages of
decay, but no diversity effects were detected in later stages,
where initial number of detected species was high. This sug-
gested that the highly diverse community of the late-decay stage
was more resistant to the loss of diversity than less diverse
communities of early decomposers. In early-decay communi-
ties, dilution caused unexpected changes to the decomposition
process, probably due to the strong stochastic effect of dilu-
tion on less diverse communities. The results of this study also
showed that the decomposition rate and the fungal diversity
increased as decay advanced. We suggest that fungal activity and
the functional redundancy of the fungal community in decaying
wood increase during the fungal succession from intermediate- to
late-decay stages.
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Carbon cycling by microbes has been recognized as the main mechanism of organic matter
decomposition and export in coastal wetlands, yet very little is known about the functional
diversity of specific groups of decomposers (e.g., bacteria) in salt marsh benthic trophic
structure. Indeed, salt marsh sediment bacteria remain largely in a black box in terms of their
diversity and functional roles within salt marsh benthic food web pathways. We used DNA
stable isotope probing (SIP) utilizing 13C-labeled lignocellulose as a proxy to evaluate the
fate of macrophyte-derived carbon in benthic salt marsh bacterial communities. Overall,
146 bacterial species were detected using SIP, of which only 12 lineages were shared
between enriched and non-enriched communities. Abundant groups from the 13C-labeled
community included Desulfosarcina, Spirochaeta, and Kangiella. This study is the first to
use heavy-labeled lignocellulose to identify bacteria responsible for macrophyte carbon
utilization in salt marsh sediments and will allow future studies to target specific lineages
to elucidate their role in salt marsh carbon cycling and ultimately aid our understanding of
the potential of salt marshes to store carbon.

Keywords: salt marsh, bacteria, lignocellulose, stable isotope probing (SIP), food web, macrophytes, sediments

INTRODUCTION
Coastal wetlands provide a variety of key ecosystem functions
that include food web support, nutrient cycling, sediment sta-
bilization, and long-term carbon sequestration (Minello et al.,
2003; Mitsch and Gosselink, 2007). Many of these functions
are tied to macrophyte abundance, microbial decomposition
rates and the accumulation of biomass or soil organic matter
(Newell, 1993; Megonigal et al., 2004). Carbon cycling by micro-
bial communities has been recognized as the main mechanism
of organic matter decomposition in coastal wetland systems in
the United States (Benner et al., 1986; Paerl and Pinckney, 1996;
Wagner et al., 2008), although most of these studies have been
performed on the East Coast (Kowalchuk et al., 2002; Blum
et al., 2004; Aneja et al., 2006). A number of East Coast U.S.A.
studies have identified sulfate-reducing bacteria as key anaero-
bic degraders in salt marshes (Howarth and Teal, 1979; Hines
et al., 1989; Rooney-Varga et al., 1998), although the diverse func-
tional roles of salt marsh bacteria remain poorly characterized.
In addition, West Coast marshes are typically smaller and drier
with reduced precipitation and less freshwater input than their
East Coast counterparts, suggesting that ecological and biogeo-
chemical functional diversity may differ. It has recently been
hypothesized that these factors lead to differences in decompo-
sition rates and long-term carbon storage in southern California
coastal marshes (Keller et al., 2012). An understanding of key
microbial participants in carbon cycling will improve our overall
understanding of ecosystem functioning in southern California
coastal salt marshes.

While aboveground and belowground plant material and root
exudates are all known to be important carbon sources in salt
marsh systems (e.g., Hodson et al., 1984; Hemminga et al., 1988),

our study focuses on the role of lignocellulose as a major com-
ponent of aboveground litter and as an important substrate for
microbial degradation in the marsh ecosystem. Earlier studies
have found a close coupling between macrophyte productivity
and microbial processes in salt marsh ecosystems (Howarth, 1993;
Boschker et al., 1999). Specifically, East Coast studies revealed that
lignocellulose-rich Spartina spp. contribute the bulk of dissolved
organic carbon (DOC) in the most productive marshes (Gallagher
et al., 1976; Moran and Hodson, 1990) and that bacteria are the
primary degraders of decaying Spartina (Benner et al., 1986). As
macrophyte carbon (plant lignocellulose) is broken down into
cellulose and other simpler carbon compounds, this leads to a
succession of food source availability (Peterson et al., 1985; Choi
et al., 2001), which in turn can lead to changing communities
of bacteria and fungi that preferentially consume the more labile
components of dissolved organic matter (Coffin et al., 1990; Blum
et al., 2004). This study focuses on the influence of macrophyte
carbon on near surface sediment bacterial communities (Buchan
et al., 2003), because of their known ability to degrade complex
carbon-rich litter in salt marsh systems (Lydell et al., 2004; Romani
et al., 2006; Das et al., 2007).

In general, little is known about salt marsh plant-microbe
interactions in southern California where Spartina foliosa (cord-
grass) and Sarcocornia pacifica (pickleweed) are key components
of marsh foodwebs (Kwak and Zedler, 1997). Characterizing the
role of specific microbial groups in the salt marsh benthic food
web is difficult despite the recognition that their connection with
organic matter cycling is integral to trophic structuring (Neutel
et al., 2002, 2007). DNA stable isotope probing (SIP) overcomes
some of the challenges inherent in using traditional culturing
and environmental molecular methods to study microbes in the
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environment by directly linking substrate utilization to microbial
identity (Radajewski et al., 2000; Buckley et al., 2007). The SIP
method follows heavy-labeled carbon isotopes into the nucleic
acids of microbes, providing an unambiguous identification of
microbial consumers of plant carbon (Prosser et al., 2006). SIP has
been used to identify bacteria actively degrading cellulose in habi-
tats such as agricultural soils, prescribed-burned forest soils and
cellulose-responsive bacteria and fungi in pine forest grasslands
(Haichar et al., 2007; Bastias et al., 2009; Eichorst and Kuske, 2012).
In this study, our objective was to use DNA SIP with 13C-labeled
lignocellulose to identify salt marsh sediment bacteria capable of
incorporating macrophyte carbon. Specifically, we performed sta-
ble isotope incubations with salt marsh sediments followed by 16S
rRNA gene amplification, T-RFLP and gene sequencing to iden-
tify and compare lignocellulose-responsive and non-responsive
bacterial communities.

MATERIALS AND METHODS
SITE DESCRIPTION
Salt marsh sediment cores were collected from a 1 m2 quadrat
placed on sediments around the base of live Spartina foliosa plants
in the Talbert salt marsh in Huntington Beach, California (33o38′
0.52′′ N, 117o57′ 70.3′′ W). Samples were taken in the low Spartina
marsh zone that possessed ∼80% Spartina foliosa cover with
the remaining area covered in microalgae. Using the hydrome-
ter method (Bouyoucos, 1962) and loss on ignition to determine
grain size and organic matter content, the sediment in the sampled
area was found to be 60% mud and 30% sand with 30% organic
matter. Redox potential was measured to be 30 mV at 1 cm depth
with a millivolt meter (Mettler-Toledo, Columbus, OH, USA).
Salinity was measured to be 48 ppt with a portable refractometer
(VWR, West Chester, PA, USA), and atmospheric humidity in the
plot area at the base of Spartina plants was 71%, measured with a
humidity reader (Fisher Scientific, Waltham, MA, USA). Sediment
pH was found to be 7.2 using a pH meter (Mettler-Toledo).

CORE SAMPLE PROCESSING
Triplicate sediment cores (2 cm diameter × 1 cm deep) were col-
lected for SIP from within the quadrat using a sterile syringe with
the tip cut off and returned to California State University, Long
Beach where they were equilibrated at room temperature for 10 h.
In the laboratory, 5 g (wet weight) of each core was placed in
20 ml sterile scintillation vials and homogenized with 2.5 ml of
sterile 0.2 μm filtered seawater. The resulting slurries were labeled
with 5 mg of 13C lignocellulose (Isolife, Netherlands; Benner et al.,
1984; Hodson et al., 1984; Wilson, 1985). Samples were incubated
at 21◦C in the dark for 30 days and then frozen at −20◦C to stop
the experiment. A 30 day incubation was used to ensure label was
incorporated based on previous findings of lignocellulose degra-
dation rates (Benner et al., 1984). A 4 mg sediment subsample
from each scintillation vial microcosm was sent to the University
of California, Davis Stable Isotope Facility and analyzed for 13C
on a PDZ Europa ANCA-GSL elemental analyzer followed by a
PDZ Europa 20–20 isotope ratio mass spectrometer (Sercon Ltd.,
Cheshire, UK). These measurements are accurate to 0.2% for 13C1.

1http://stableisotopefacility.ucdavis.edu/

NUCLEIC ACID EXTRACTION AND PCR AMPLIFICATION
Four 0.5 g subsamples from each 13C lignocellulose microcosm
were used for DNA extractions using a FastDNA Spin Kit for
soil (MPBIO, Solon, OH, USA) following manufacturer’s instruc-
tions and then pooled to yield ∼5 μg of DNA per microcosm
sample. DNA from each of the triplicate microcosms was pro-
cessed immediately for SIP following the protocol of Neufeld
et al. (2007). Briefly, DNA was mixed with a CsCl solution (initial
density of 1.725 g ml−1). Samples were loaded into 5.1 ml cen-
trifuge tubes (Beckman Coulter, Brea, CA, USA) and enriched
DNA was separated from non-enriched by ultracentrifugation
(Vti 65.2 rotor, Avanti J-E centrifuge, Beckman Coulter, Indi-
anapolis, IN, USA) for 40 h at ∼177,000 g at 20◦C with no
braking. A syringe pump (Braintree Scientific, Braintree, MA,
USA) was calibrated and used to dispense 12 × 425 μl fractions,
which were collected from the bottom of the pierced centrifuge
tube, with heavy, enriched fractions coming off first and light,
non-enriched fractions coming off last. The density of each frac-
tion was calculated by weighing fractions of known volume on
an analytical balance (Denver Instrument, Bohemia, NY, USA).
Gradient formation was confirmed for the fractions and varied
from 1.80 to 1.68 g ml−1 for replicate three, for example. DNA
was precipitated via centrifugation after overnight addition of
molecular grade glycogen (Thermo Fisher Scientific, Waltham,
MA, USA) and polyethylene glycol (Sigma–Aldrich, Miamisburg,
OH, USA) and the resulting pellet was washed with 70% ethanol.
DNA was resuspended in 50 μl TE (10 mM Tris–HCl and 1 mM
EDTA) buffer and run on a 1% agarose gel to confirm recovery of
DNA from each fraction. Bacterial 16S rRNA genes were ampli-
fied from enriched and non-enriched fractions in 20 μl reaction
volumes using GM3 and GM4 primers (Muyzer et al., 1995) as
previously described (Dillon et al., 2009a). Briefly, 1 mM MgCl2,
10 pmol of each primer (Operon, Huntsville, AL, USA), 50 nmol
of each dNTP (Promega, Madison, WI, USA), 1× PCR buffer
and 1.5 units of GoTaq DNA Polymerase (Promega), 4 μl of
0.4% (w/v) Bovine Serum Albumin and 50–100 ng of extracted
nucleic acids. Reaction conditions were as follows: 5 min initial
denaturation at 94◦C, followed by 30 cycles of denaturation (94◦C
for 30 s), annealing (53◦C for 30 s) and elongation (72◦C for
90 s), and a final extension (72◦C for 10 min) carried out in an
Eppendorf Mastercycler (Brinkmann Instruments, Westbury, NY,
USA).

T-RFLP ANALYSIS
Terminal restriction fragment polymorphism (T-RFLP; Liu et al.,
1997) was used to screen SIP fractions for community differences.
Briefly, bacterial amplicons from a 30-cycle PCR as described
above were amplified for another 5–10 cycles using a WellRed fluo-
rescently labeled GM3 forward primer (Beckman Coulter; Dillon
et al., 2009b; Harrison and Orphan, 2012). 100 ng of resulting
amplicons were digested with Hae III restriction endonuclease
(Promega, Madison, WI, USA) in 20 μl reactions at 37◦C for
4 h following manufacturer’s instructions. Terminal restriction
fragments (T-RFs) from each SIP fraction of the triplicate micro-
cosms were determined via capillary gel electrophoresis using
a CEQ800 sequence analyzer (Beckman Coulter, Fullerton, CA,
USA) with a two-base pair bin size used to group peaks above a
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1% peak-area threshold. Visual inspections of T-RFLP traces from
enriched and non-enriched fractions (see below) from the tripli-
cate microcosms revealed similar peak patterns (data not shown),
so the fractions from a single replicate microcosm (number 3)
were chosen for further analyses. T-RFLP data were analyzed
using PRIMER v6.2 (Primer-E Ltd., Plymouth, UK) by cluster
analyses and a multidimensional scaling (MDS) plot based on
presence/absence of peaks to elucidate differences in community
composition among fractions. Permutational multivariate anal-
yses of variance (perMANOVA) based on presence or absence of
peaks using Bray–Curtis dissimilarity of relative peak area percent-
ages were performed on enriched and non-enriched community
data using fractions 5–8 (representative of enriched) and 9–12
(representative of non-enriched).

CLONING, SEQUENCING, AND DIVERSITY
Positive PCR amplicons were pooled for representative enriched
(fractions 07 and 08) and non-enriched SIP fractions (fractions 11
and 12) identified by T-RFLP and cloned using pcr4-TOPO vec-
tor and TOP10 competent cells (Invitrogen, Carlsbad, CA, USA)
following manufacturer’s instructions. Each clone was screened
via PCR for successful insertion of amplicons using M13 vector
primers. Plasmids were extracted using a miniprep extraction kit
(Epoch Life Sciences, Sugar Land, TX, USA) following the man-
ufacturer’s instructions then sequenced using M13 forward and
reverse vector primers by the University of Washington High-
Throughput Genomics Unit (Seattle, WA, USA). Vector sequence
was trimmed using 4Peaks software2 and forward and reverse con-
tigs were merged using Seqman software program (DNASTAR,
Madison, WI, USA). Chimeric sequences were identified using
Mallard v.1.0 (Ashelford et al., 2006) and removed. The remain-
ing 214 sequences were aligned using the online SINA aligner
(v1.2.9; Pruesse et al., 2012) and manually refined in ARB (v5.2;

2http://nucleobytes.com/index.php/4peaks

Ludwig et al., 2004) with nearest neighbors from the SILVA ref-
erence database 102. Sequences were deposited in Genbank with
accession numbers KF41379-KF41593.

Diversity analyses were performed on the clone library
sequence data. Specifically, a pair-wise sequence distance matrix
was exported and analyzed using the average neighbor method in
MOTHUR (Schloss et al., 2009) for operational taxonomic units
(OTUs) assigned based on an evolutionary distance of 3 and 7%,
corresponding to 97 and 93% similarity cutoffs commonly used to
define species and genus level diversification, respectively (Stacke-
brandt and Goebel, 1994). Rarefaction curves were generated, and
alpha diversity indices (Chao, ACE, Shannon-Wiener, Simpson’s
D) and evenness were calculated. Percent coverage of the libraries
was calculated as in (Good, 1953). The beta diversity tests

∫
-

Libshuff and AMOVA were used to test for community differences
between the enriched and non-enriched fractions. AMOVA tests
whether the genetic diversity within communities is significantly
different from their pooled genetic diversity (Schloss, 2008) while∫

-Libshuff is a Cramér-von Mises-type statistic and a Monte Carlo
procedure to determine if two libraries are significantly different
(Singleton et al., 2001). A Bonferroni correction to account for
reciprocal pair-wise comparisons of two groups was applied for
the

∫
-Libshuff statistic, which was deemed to be significant at the

p = 0.025 level.

RESULTS
Elemental analysis confirmed successful labeling of the enriched
sediment (δ13C = 579.0%) to ∼5 times the non-enriched sedi-
ments. An MDS plot using dissimilarity based on the presence or
absence of peak composition from T-RFLP data for each fraction
showed clustering of heavy (enriched) and light (non-enriched)
communities (PerMANOVA Pseudo-F = 2.548, p(MC) = 0.0859,
unique permutations = 35; Figure 1) and allowed us to iden-
tify samples for downstream molecular sequencing. Among 16S
rRNA sequences analyzed at the species level (3% distance), 146

FIGURE 1 | Multidimensional scaling (MDS) plot ofT-RFLP data based on

presence or absence ofTRFs. Orange symbols show light, non-enriched
fractions and blue symbols show heavy, enriched fractions. Solid ellipses
drawn on graph illustrate different groups at the p = 0.086 level

(perMANOVA). Traditionally, enriched DNA is found in fractions 5–8 and light
fractions found in 9–12 (Neufeld et al., 2007). Fractions 7/8 and 11/12 (dashed
ellipses) were pooled as representatives of enriched and non-enriched DNA,
respectively, to use for molecular sequencing.
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total OTUs were detected (Table 1) of which only 12 were shared
between the lignocellulose-responsive and non-responsive com-
munities (Figure 2D). At the genus level (7% distance), 101 OTUs
were detected of which 19 were found in both clone libraries
(Figure 2C), further illustrating the differences even at higher
taxonomic levels.

Rarefaction curves for non-responsive and lignocellulose-
responsive bacterial communities were similar at both the genus
and species level cutoffs (Figures 2A,B). Percent coverage val-
ues were also similar (Table 1). Comparable bacterial richness
was observed between responsive and non-responsive bacterial
communities; for example 82 and 76 OTUs were observed at
the 3% distance level for the non-enriched and enriched bacte-
rial communities, respectively (Table 1). Indeed, the richness and
diversity estimators Chao, ACE, Shannon and Simpson’s (Chao,

1984; Chao et al., 1992) were not statistically different between the
two communities as indicated by the overlapping confidence inter-
vals at both cutoffs. High evenness was observed as well (above 0.9
for both cutoffs), indicating no taxon was too rare or too common
in either community (Table 1).

Despite the similarities in alpha diversity metrics, beta diversity
comparisons revealed differences in community diversity between
the lignocellulose-responsive and non-responsive bacterial com-
munities. Significant statistical differences were observed only in
one direction for the

∫
-Libshuff pair-wise comparisons at both

the 3% (XY p = 0.0003, YX p = 0.1007) and 7% cutoffs (Libshuff,
XY p = 0.0002, YX p = 0.110), which using the strict definition for
this method does not provide evidence of significant differences
between the two communities (Schloss, 2008). However, AMOVA
(p = 0.029; Excoffier et al., 1992) results were significant indicating

Table 1 | Calculated alpha diversity indices for lignocellulose-responsive and non-responsive bacterial communities at the 3 and 7%

evolutionary distance level.

Level Group N OTUs [% Coverage] Chao ACE Shannon-Wiener Evenness Simpson’s D

Species (0.03) Non-enriched 111 82 [26]1 316.6 (257)2 322.56 (255.4) 4.2 (0.2) 0.95 0.01 (0.01)

Enriched 108 76 [30] 175.0 (105.3) 193 (120.5) 4.2 (0.2) 0.97 0.01 (0.00)

Genus (0.07) Non-enriched 111 63 [43] 149.3 (104) 305 (151.8) 3.7 (0.2) 0.90 0.04 (0.02)

Enriched 108 57 [47] 120.9 (85.5) 247.4 (95.6) 3.7 (0.2) 0.92 0.03 (0.01)

1Numbers in brackets denote percent coverage.
2Numbers in parentheses show 95% confidence intervals.

FIGURE 2 | Rarefaction analysis of bacterial 16S rRNA gene clone sequence data andVenn diagrams showing distribution of total and shared OTUs at

7% (A,C) and 3% (B,D) distance cutoff in lignocellulose-responsive (blue) and non-responsive (red) bacterial communities. Error bars are 95%
confidence intervals.
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that the genetic diversity within the individual communities was
significantly different from their pooled genetic diversity.

Overall, 43% of bacterial species-level OTUs were unique to
the enriched fraction, indicating a large portion of the total sedi-
ment community is lignocellulose-responsive. When we examined
the specific bacterial taxa identified, we found a diverse bacte-
rial community in both the lignocellulose-responsive and non-
responsive communities, which both included diverse members of
the Alpha-, Delta-, and Gamma-proteobacteria and Bacteroidetes.

Among genera representing 4% of the community or greater
that were only found in the 13C-lignocellulose-responsive com-
munity, we identified members of the Desulfosarcina, Kangiella,
Spirochaeta, and an uncultured group NKB5 (Figure 3A). Lineages
that represented 4% or more and were only found in the non-
responsive community were JTB148 (an unclassified member of
Chromatiaceae), JG37-AG-15 (unclassified Myxococcales), Haliea
and Desulfobulbus (Figure 3B). Notably, sequences assigned to the
Flavobacterial genus Sediminibacter were abundant in both the

FIGURE 3 | Relative contributions of genera in (A) lignocellulose-responsive bacterial community and (B) non-responsive bacterial community.

Cultured genera and uncultured lineages that comprised less than 2% of clones, respectively, were separately grouped.
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responsive and non-responsive communities (6 vs. 5%, respec-
tively; Figure 3). However, when viewed more generally at the
Class level, there was roughly twice the percentage of Flavobacteria
(19%) clones in the enriched community as in the non-enriched
community (10%; data not shown).

DISCUSSION
Lignocellulose-degrading and utilizing bacteria are ecologically
important in any plant-dominated ecosystem (McCarthy, 1987;
Romani et al., 2006), and in salt marshes bacterial communities
are thought to be largely supported by Spartina-derived car-
bon (Bushaw-Newton et al., 2008). Recent SIP studies utilizing
13C-labeled substrates have uncovered active microbial cellulose
degraders or carbon utilizers in environmental samples (Haichar
et al., 2007; Bastias et al., 2009; Eichorst and Kuske, 2012). How-
ever, this is the first study to report the successful use of SIP with
lignocellulose, a more realistic proxy for plant carbon than cellu-
lose alone, to identify microbes responsive to macrophyte-derived
carbon.

Sediment bacterial diversity has often been measured as an indi-
cator of general ecosystem community response, since changes in
the metabolic activity of microbes have the potential to impact
system stability (Hunter-Cevera, 1998). The main goal of this
study was to identify the specific microbial communities capable
of contributing to carbon cycling by degrading lignocellulose or
incorporating its breakdown products. Members of the deltapro-
teobacterial genus Desulfosarcina made up 6% of the enriched
community. This group of sulfate-reducing bacteria (SRB) is com-
monly found in salt marshes, mud flats, hypersaline mats, and
marine microbial biofilms (So and Young, 1999; Bahr et al., 2005;
Mussmann et al., 2005; Buhring et al., 2009). Diverse SRB com-
munities have been identified as key remineralizers in salt marsh
sediments (Klepac-Ceraj et al., 2004; Bahr et al., 2005), and rates of
sulfate reduction have been indirectly linked with seasonal changes
in Spartina primary production (Howarth and Teal, 1979). How-
ever, SRB typically respire simpler carbon substrates such as fatty
acids that have been produced by fermenters, suggesting that these
may be end users of the decomposing macrophyte carbon. Nev-
ertheless, our findings provide a direct link between plant-derived
carbon and these SRB in salt marsh sediments. In addition, the
prevalence of members of the SRB lineage Desulfobulbus in the
non-responsive fraction indicates that not all SRB lineages were
end users of plant carbon in this study.

In the responsive fraction, 5% of the bacterial sequences were
most closely related to Kangiella, a genus of non-motile, gram-
negative Gammaproteobacteria (Yoon et al., 2004; Han et al., 2009)
found in marine sediments (Romanenko et al., 2010). Cultured
members of this group have not previously been shown to degrade
complex carbon (Yoon et al., 2004; Jean et al., 2012) suggesting pos-
sible new roles for Kangiella either directly using lignocellulose or
indirectly using lignocellulose-derived degradation by-products in
the HBW marsh. Alternatively, we cannot rule out the possibility
that during the 30-day incubation period, cross feeding among
bacterial groups occurred in this microcosm, which could also
result in labeling of unexpected lineages such as Kangiella. Never-
theless, these findings indicate that unexpected sediment groups
benefit at least indirectly from plant carbon.

Six percent of the enriched fraction sequences were identified
as Spirochetes, which were not found in the non-enriched bac-
terial community. Free-living anaerobic spirochetes are common
in marine sediments and microbial mats including those found
in salt marshes (Teal et al., 1996; Margulis et al., 2010) and have
been found to respond chemotactically to cellobiose in lab cul-
tures (Breznak and Warnecke, 2008). They have also been shown
to exist as symbionts in the guts of insects (Droge et al., 2008;
Berlanga et al., 2010), likely aiding in the breakdown of lignocel-
lulose components. While we have not specifically identified gut
contents of invertebrates in this study, it is possible that some of
the bacteria in the HBW marsh are associated with larval insects
that commonly inhabit salt marsh sediments.

In the non-responsive community, unclassified members of
Chromatiaceae and Myxococcales were abundant. These two
groups would not be predicted to be lignocellulose utilizers as pur-
ple sulfur photoautotrophs fix their own carbon and Myxococcales
typically prey upon other bacteria. At this point it is unknown if
they are unable to incorporate plant-derived carbon or perhaps
they were outcompeted for lignocellulose-derived substrates in
our study.

Members of the Flavobacterial genus Sediminibacter were
commonly recovered from both responsive and non-responsive
fractions. This is a poorly characterized genus named for a sin-
gle species of gram-negative chemoheterotrophic bacteria isolated
from marine sediments in Japan (Khan et al., 2007). However, not
all members of the Flavobacteria were abundant in both fractions.
Overall, there was roughly twice the percentage of Flavobacte-
ria in the lignocellulose-responsive community compared to the
non-enriched community. Flavobacteria have been found to be
associated with decaying Spartina blades in southeastern U.S.
coastal salt marshes (Buchan et al., 2003), potentially because of
their ability to degrade complex carbon-rich litter in salt marshes
(Lydell et al., 2004; Das et al., 2007). Flavobacteria have also been
identified as cellulose-responsive via SIP in cellulose-amended
pine forest soils (Eichorst and Kuske, 2012) and as members of
a lignocellulytic consortium in biofuel experiments (DeAngelis
et al., 2010). Our study in salt marsh sediments corroborates these
findings by directly linking lignocellulose-derived carbon to some
members of the Flavobacteria.

These findings have identified key lignocellulose-responsive
groups in the Huntington Beach Wetland. However, this should
not be considered an exhaustive study as we have not fully ana-
lyzed (i.e., sequenced) replicate samples, and the clone libraries
we obtained did not fully capture the diversity of lignocellulose-
responsive bacteria as seen in our rarefaction analyses, which
indicated that a higher sampling effort is needed to fully uncover
the diversity of these samples. High levels of species richness
and diversity are common for sediment microbial communities
(Hughes et al., 2001; Hughes and Hellmann, 2005). However,
the fact that significantly different communities were observed
between the labeled and non-labeled fractions indicates that even
these relatively small libraries were sufficient to identify commu-
nity differences and redundancy of species-level OTUs up to 6%
was seen in these libraries. Future studies combining SIP with next
generation sequencing approaches will more thoroughly sample
the biodiversity of carbon utilizers in salt marsh sediments.
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CONCLUSION
Despite the importance of understanding food web structure
and carbon storage potential in the environment, the role of
microbes, especially diverse bacteria, within ecosystems like
this can be difficult to detect and quantify (Neutel et al., 2002,
2007). Indeed little is known about the linkage between plants
and microorganisms in highly productive ecosystems such as
salt marshes (Koretsky et al., 2005). Our application of DNA
SIP to identify lignocellulose-responsive bacteria has provided a
direct link between the source and fate of macrophyte carbon
in salt marshes for the first time, a key step in understanding
the full spectrum of carbon cycling in these important ecosys-
tems. In addition, regional variability has been observed in
carbon storage potential among marshes (Chmura et al., 2003).
Studies such as ours, which identify potential bacterial decom-
poser communities in southern California salt marshes, advance
our understanding of the value of marshes in this region for
long-term carbon sequestration. This study represents a first
step in identifying lignocellulose-responsive bacterial commu-
nities, demonstrating the efficacy of the SIP approach with
lignocellulose and in salt marshes. Future studies in this and
other California coastal salt marshes should specifically target
these identified lignocellulose-responsive bacterial groups to fur-
ther elucidate their role in salt marsh carbon degradation and
utilization.
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Thawing of permafrost soils is expected to stimulate microbial decomposition

and respiration of sequestered carbon. This could, in turn, increase atmospheric

concentrations of greenhouse gasses, such as carbon dioxide and methane, and create

a positive feedback to climate warming. Recent metagenomic studies suggest that

permafrost has a large metabolic potential for carbon processing, including pathways

for fermentation and methanogenesis. Here, we performed a pilot study using ultrahigh

throughput Illumina HiSeq sequencing of reverse transcribed messenger RNA to obtain a

detailed overview of activemetabolic pathways and responsible organisms in up to 70 cm

deep permafrost soils at amoist acidic tundra location in Arctic Alaska. The transcriptional

response of the permafrost microbial community was compared before and after 11

days of thaw. In general, the transcriptional profile under frozen conditions suggests

a dominance of stress responses, survival strategies, and maintenance processes,

whereas upon thaw a rapid enzymatic response to decomposing soil organic matter

(SOM) was observed. Bacteroidetes, Firmicutes, ascomycete fungi, and methanogens

were responsible for largest transcriptional response upon thaw. Transcripts indicative of

heterotrophicmethanogenic pathways utilizing acetate, methanol, andmethylaminewere

found predominantly in the permafrost table after thaw. Furthermore, transcripts involved

in acetogenesis were expressed exclusively after thaw suggesting that acetogenic

bacteria are a potential source of acetate for acetoclastic methanogenesis in freshly

thawed permafrost. Metatranscriptomics is shown here to be a useful approach

for inferring the activity of permafrost microbes that has potential to improve our

understanding of permafrost SOM bioavailability and biogeochemical mechanisms

contributing to greenhouse gas emissions as a result of permafrost thaw.

Keywords: permafrost, metatranscriptomics, hydrolysis of biopolymers, acetoclastic methanogenesis, biofilm

formation, DNA repair, cellular defense mechanisms

Introduction

The northern permafrost region contains ∼1672 gigatonnes (Gt) of organic carbon, nearly twice
the amount of atmospheric carbon. Roughly 1470 Gt or 88% of this carbon occurs in perenni-
ally frozen soils and deposits (Tarnocai et al., 2009). The majority of permafrost organic mat-
ter is derived from (partially decomposed) plant material and was buried by dust deposition,
sedimentation in flood plains and peat development on time scales of decades to millennia
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(Zimov et al., 2006; Schuur et al., 2008). Permafrost is overlain
by a soil horizon that varies in thickness from a few centime-
ters to several meters, which experiences seasonal freeze–thaw
cycles (i.e., the active layer). Owing to atmospheric warming, the
depth of the active layer has been increasing in many locations
over the past few decades, resulting in a subsequent decline in the
underlying permafrost (Kane et al., 1991; Anisimov et al., 1999;
Jorgenson et al., 2001; Zhang et al., 2005; Pautler et al., 2010). This
warming-induced thickening of the active layer is expected to
enhancemicrobially mediated soil organic matter (SOM) decom-
position, and release of carbon from the upper permafrost to the
atmosphere (Dutta et al., 2006; Uhlirova et al., 2007; Schuur et al.,
2008; Pautler et al., 2010).

Despite subfreezing temperatures and low water availability,
permafrost soils up to 3 million years in age harbor a large
diversity of bacteria, archaea, and fungi as revealed by sequenc-
ing of environmental ribosomal RNA (rRNA) genes (Vishnivet-
skaya et al., 2006; Liebner et al., 2008; Waldrop et al., 2010;
Coolen et al., 2011; Penton et al., 2013; Bakermans et al.,
2014; Frank-Fahle et al., 2014; Ganzert et al., 2014). A vari-
ety of microbes have retained viability in frozen permafrost
over geological time periods and, upon thawing, could renew
or accelerate their physiological activity. Many permafrost bacte-
rial isolates are cold-adapted heterotrophs belonging to the phyla
Firmicutes, Actinobacteria, Proteobacteria, and Bacteroidetes,
while many of the archaeal isolates are methane (CH4)-producers
(methanogens) growing on hydrogen (H2) and carbon dioxide
(CO2) with some species also growing on formate, methanol, or
methylamine (Jansson and Tas, 2014 and references therein).

Genomes of bacterial isolates have also revealed insights into
strategies for survival in subzero conditions. For example, the
genome of the Siberian permafrost isolate Psychrobacter arcti-
cus 273-4 revealed three cold shock proteins, which operate as
RNA chaperones that enhance translation processes by elimi-
nating the formation of secondary structures in the messenger
RNA (mRNA) (Ayala-Del-Rio et al., 2010). This adaptation is
important for P. arcticus, and possibly other permafrost bac-
teria, because subzero temperatures make mRNA more stable
and less efficient for translation. Furthermore, P. arcticus uses
acetate, which can diffuse into the cell without an energeti-
cally costly transport system, as the basis for its biosynthesis
and energy metabolism (Ayala-Del-Rio et al., 2010). However,
cultured species isolated from permafrost are not necessarily
representative of active microbial community in situ, and the
ability of some members to form spores (e.g., Firmicutes) may
bias phylogenetic representation in culture (Steven et al., 2008;
Niederberger et al., 2009).

Recent pioneering metagenomic studies have helped to cir-
cumvent some cultivation-biased interpretations of in situ activ-
ity, and revealed cultivation-independent insights into which
biochemical pathways are present and potentially expressed
by permafrost microbiota. Overall, these studies suggest that
permafrost microbial communities have a large metabolic poten-
tial for carbon processing, including pathways for fermenta-
tion, methanogenesis, and nitrogen cycling (Yergeau et al.,
2010; Mackelprang et al., 2011; Lipson et al., 2013). However,
metagenomic surveys do not provide information on the relative

importance and the exact timing of biochemical processes, as cells
need to replicate their genomes first to monitor an increase in
metabolic potential. In addition, in pristine frozen soil samples
it is difficult to distinguish between genes involved in ongoing vs.
past microbial processes using DNA-basedmetagenomic datasets
because bacterial, fungal, and plant DNA can be preserved for
thousands of years in permafrost soils (Willerslev et al., 2003,
2004; Bellemain et al., 2013). However, metatransciptomic anal-
ysis of extremely short-lived mRNA would provide information
on microbial activities that occurred in the permafrost soils at the
time of sampling.

Here, we performed a pilot study using ultrahigh through-
put Illumina HiSeq sequencing of reverse transcribed mRNA
(e.g., Orsi et al., 2013; Huang et al., 2014) to obtain a detailed
overview of activemetabolic pathways and responsible organisms
in permafrost soils under pristine frozen conditions and tran-
scriptional responses after 11 days of thaw. The permafrost soil
horizons analyzed (up to 70-cm-deep) are expected to thaw in
the Alaskan Arctic within decades as a result of continuing Arctic
warming (Osterkamp, 2007). For our analysis, we were particu-
larly interested in the expression of biochemical pathways that are
hypothesized to play an important role inmediating the release of
greenhouse gasses from thawing permafrost (e.g., CO2 and CH4).
We sought to provide the first transcriptional data supporting the
hypothesis that microbial degradation of SOM biopolymers leads
to increased CO2 production and methanogenesis, and to elu-
cidate the biochemical mechanisms underlying these processes.
Parallel geochemical analysis of soil age, carbon and nitrogen
content, and lipid biomarkers provided additional information
on the sources and composition of permafrost SOM.

Methods

Site Description and Sample Collection
Using a SIPRE style auger system (Jon’sMachine Shop, Fairbanks,
AK), a 130-cm-long (8 cm diameter) core was recovered on July
27, 2008 frommoist acidic tundra (MAT) near the Kuparuk River
at the Toolik Long Term Ecological Research (LTER) Field Sta-
tion, Alaska (68◦38′41.455′′N:149◦24′09.682′′W) (Coolen et al.,
2011). The pH of the soils was not determined, but a pH of 3–4
has been reported from comparable North Alaskan MAT soils
(Hobbie andGough, 2004). According to the Alaska Tundra Veg-
etation Map (Walker and Maier, 2008), the coring location was
located in bioclimate subzone E where mean July temperatures
are between 9 and 12◦C and the tundra vegetation covering the
coring site is defined as Class 4.1 Tussock-sedge, dwarf shrub,
moss communities on mesic, acidic loess. This is the most com-
mon type of vegetation, covering 100,000 km2 or 25% of the land
surface in Arctic Alaska. The thickness of the active layer was
26 cm at the time of coring. Core sections were described in the
field and immediately wrapped in sterile, baked (500◦C, 8 h) alu-
minum foil and kept frozen inside coolers with deeply frozen
blue ice packs. At the Toolik Field Station, the melted active layer
was kept inside the cooler and the frozen core sections were kept
in a freezer at −5◦C for up to 2 h until subsampling was com-
pleted: within 2 h after coring an uncontaminated subsampling
surface area was created by removing the outer 1 cm of frozen
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soil with a sterile knife. Cores were split laterally at the desired
depths using a sterilized hammer and a chisel, and subsamples
were obtained only from the central part of each interval with
sterilized scalpel and tweezers. Thus, the distance between the
core liner and subsampled sediment was at least 2 cm to avoid
cross contamination.

Soil samples were collected immediately after coring on July
27, 2008 from two active layer horizons (12 ± 2 and 24 ± 2 cm),
and five depth intervals from the underlying permafrost (33.5
± 2, 49 ± 2, 68 ± 2, 109 ± 2, and 126 ± 2 cm). For lipid
analysis, subsamples (∼2 g) were stored frozen at −20◦C at the
Woods Hole Oceanographic Institution (WHOI) until subse-
quent lipid extraction. For the subsequent extraction of RNA,
∼2 g aliquots of pristine soils were transferred to 5ml cryovials
and immediately flash frozen in liquid nitrogen. In addition,
20ml sterile serum flasks were completely filled with soil leav-
ing no headspace, capped airtight, and incubated in the dark at
4◦C. As samples were capped airtight with no headspace, they
remained anoxic for the duration of the incubation. Subsamples
for RNA extraction were also obtained on the last day of field-
work (i.e., after 11 days of thaw/incubation). All samples for RNA
work were stored in liquid nitrogen during airfreight transport
to WHOI and RNA was extracted immediately upon arrival as
detailed below.

Radiocarbon dates and bulk geochemical analysis (%TOC,
%TN, δ13C, δ15N) from the exact same intervals were provided
previously (Coolen et al., 2011), and compared with the lipid
biomarker results from the present study (Figure 1).

Soil Organic Matter Composition
Lipid biomarker compounds were extracted from soils collected
from the 7 depth horizons with a methylene chloride:methanol
mixture (9:1, v:v) using a microwave-accelerated reaction system
(MARS6) (CEM,Matthews, NC) in which samples were heated at
100◦C for 15min with continuous stirring (Osburn et al., 2011).
Following extraction, samples were filtered, dried under N2 gas,
and saponified with aqueous 0.5M sodium hydroxide at 70◦C
for 4 h. Cooled samples were acidified with 3N hydrochloric acid
(pH < 3) before being extracted 3 times with methyl tert-butyl
ether. Subsequently, elemental sulfur was removed by filtering
extracts through acid-washed copper. Samples were resuspended
in hexane prior to separation of compound classes by solid
phase extraction. Discovery DSC-NH2 stationary phase (Sigma-
Aldrich, St. Louis, MO) (1 g) was packed into glass columns and
samples were separated into five fractions: F1 5ml hexane; F2
8ml of 4:1 hexane/methylene chloride; F3 10ml of 9:1 methy-
lene chloride/acetone; F4 15ml of 2% formic acid in methy-
lene chloride (Sessions, 2006). Fatty acids (F4) were methylated
with acidic methanol (95:5 methanol/HCl) and heated overnight
at 70◦C to form fatty acids methyl esters. Fractions contain-
ing hydrocarbons (F1) and fatty acids (F4) were concentrated
and an internal standard was added prior to analysis by gas
chromatography—mass spectrometry (GC-MS). One microliter
of sample was injected into an Agilent 7890 GC (Agilent Tech-
nologies, Santa Clara, CA) with an effluent split ∼70:30 between
a 5975C mass spectrometer and a flame ionizing detector. Peaks
were separated on a DB-5ms column (60m long, 0.25mm ID,

0.25µm film thickness). Data from hydrocarbon (F1) and fatty
acid (F4) fractions are presented here for all samples except the
68 cm horizon, due to sample loss. From n-alkane concentra-
tions (hydrocarbon fraction) we calculated the carbon preference
index (CPI), Paq index, and Pwax index. CPIalkane reflects rela-
tive inputs of higher plants vs. algae and bacteria since the for-
mer have a strong odd/even predominance. Consequently, high
CPIalkane values (>5) reflect mainly contributions from higher
plants (Cranwell et al., 1987).

CPIalkane =
(
6(C21 − C29)odd+6(C23 − C31)odd

)
/

(
2 ∗ 6(C22 − C30)even

)
.

The Paq index reflects relative contributions of alkanes from
aquatic macrophytes vs. higher plants (Ficken et al., 2000). High
Paq values (>0.5) indicate inputs from submerged or floating
macrophytes and may reflect wet conditions.

Paq = (C23 + C25) / (C23 + C25 + C29 + C31).

A high Pwax index value (>0.7) reflects waxy inputs from higher
plants and may indicate drier conditions (Zheng et al., 2007):

Pwax = (C27 + C29 + C31) / (C23 + C25 + C27 + C29 + C31).

RNA Extraction and Purification
Immediately after arrival of the flash frozen soil samples at
WHOI, RNA was extracted in triplicate from ∼2 g of soil using
the Power Soil™ Total RNA Isolation kit (MoBio Laboratories,
Inc., Carlsbad, CA) following the instructions of the manu-
facturer. The homogenization step started while the soil was
still frozen to minimize degradation of RNA during thawing
of the flash frozen soil samples. Standard procedures to further
minimize degradation of RNA during the extraction process
involved the use of filter tips and certified RNAse free disposables
and reagents. Surfaces were cleaned with RNase AWAY™ (Life
Technologies, Grand Island, NY), and all extraction procedures
were performed in a HEPA-filtered horizontal laminar flow
hood (Labconco, Kansas City, MO) inside a HEPA-filtered
and positive-pressured ancient DNA dedicated lab at WHOI
to eliminate aerosol contamination by bacterial and fungal
cells/spores. DNA was removed using the Turbo DNA-free R©

kit (Life Technologies), increasing the incubation time to 1 h
to ensure rigorous DNA removal. Extraction blanks were per-
formed (adding sterile water instead of sample) to ensure that
aerosolized contaminants did not enter sample and reagent tubes
during the extraction process. Short RNA fragments (mostly
produced during the extraction protocol) and residual inhibitors
(i.e., humics) were removed from the extracted RNA using
the MEGA-Clear R© RNA Purification Kit (Life Technologies).
We followed the protocol all the way through the optional
precipitation/concentration step, resuspending the RNA pellet
in 10µl of certified RNAse free sterile water (Life Technologies).
Prior to cDNA amplification, the removal of contaminating
DNA in RNA extracts was confirmed by the absence of visible
amplification of SSU rRNA genes after 35 cycles of PCR using
the RNA extracts as template, and the quality of the RNA was
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FIGURE 1 | Geochemistry of SOM in the 2 active layer (14 ± 2

and 24 ± 2cm) and 5 permafrost soil horizons (33.5 ± 2 to 126

± 2cm) of core TL08S1C3. (A) Bulk geochemical and stable isotope

data and total concentrations of FAs and alkanes. (B) Percent

contributions and ratios from lipid sub-classes representing different

biological sources.

verified by agarose gel electrophoresis. All downstream analyses
(cDNA amplification, sequencing, and bioinformatic analyses)
described briefly in the following sections followed the protocols
developed and reported recently (Orsi et al., 2013, 2015).

Choice of Samples for Subsequent
Metatranscriptomic Analysis
The permafrost soil horizons that were selected for cDNA
amplification and Illumina sequencing (up to 70-cm-deep) are
expected to thaw in the Alaskan Arctic as a result of continu-
ing Arctic warming (Osterkamp, 2007). High quality RNA was

extracted from the permafrost table (33.5 ± 2 cm) and from
the horizon at 49 ± 2 cm before and after thaw. However, only
after thaw the soil interval of 68 ± 2 cm yielded visible amounts
of RNA on gel and subsequent cDNA amplification and Illu-
mina sequencing was therefore not performed on the pristine
frozen sample at this depth. The selected permafrost table was
thought to contain relatively labile OM (Coolen et al., 2011)
whereas the two deeper late-Holocene permafrost intervals (at
49 and 68 cm depth) potentially contained more recalcitrant
SOM. Unfortunately, for budgetary reasons we were not able
to sequence the metranscriptomes from the overlying active
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layers. However, parallel analysis of the microbial community
composition (ribosomal RNA genes and transcripts) and micro-
bial ectoenzyme activities involved in the hydrolysis of com-
plex soil biopolymers, previously revealed that the most dra-
matic response in microbial activities and communities occurred
in the permafrost intervals after 11 days of thaw while activ-
ities and microbial communities underwent little variation in
the active layers over the course of incubation (Coolen et al.,
2011). For the above reasons, subsequent Illumina sequencing
of the reverse transcribed mRNA (this study) was only per-
formed from depth horizons 33.5 ± 2 and 49 ± 2 cm (before
and after 11 days of thaw) and 68 ± 2 cm (after 11 days of
thaw).

cDNA Amplification and Illumina Sequencing
Since Illumina HiSeq sequencing was not yet available in 2008,
the following steps were performed 5 years after frozen stor-
age (−80◦) of the purified RNA: Five nanograms of purified
high quality RNA as determined fluorometrically with Quant-
iT™ RiboGreen R© RNA reagent (Life Technologies) was used as
template for selective mRNA amplification using the Ovation
RNA-Seq v2 System R© (NuGEN technologies, San Carlos, CA).
We followed the manufacturers instructions for cDNA amplifi-
cation, and the resulting quantity of cDNA was checked fluoro-
metrically using the Quant-iT™ PicoGreen R© dsDNA Assay Kit
(Life Technologies). Quality of the amplified cDNA was checked
on a Bioanalyzer (Agilent Technologies, Santa Clara, CA)
prior to Illumina R© sequencing. cDNA of the triplicate extracts
were pooled and Illumina R© library preparation and paired-
end sequencing was performed at the University of Delaware
Sequencing and Genotyping Center (Delaware Biotechnology
Institute, Newark DE).We acknowledge that because the original
RNA extracts were stored ∼5 years at −80◦C prior to metatran-
scriptome construction, it is possible that some RNA could have
been lost or partially degraded.

Quality Control and Assembly
Quality control of the dataset was performed using
FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/), with a quality score cutoff of 28. Approximately 375 mil-
lion paired-end reads that passed quality control were imported
into CLCGenomicsWorkbench 6.0 R© (CLC Bio Inc., Cambridge,
MA) and assembled using the paired-end Illumina assembler.
Contigs were assembled over a range of kmer sizes (20, 50, 60, 64)
with a minimum contig size cutoff of 300 nucleotides. The kmer
size of 50 resulted in the highest number of contigs and thus
these contigs were chosen for use in downstream bioinformatics
analyses. To reduce the formation of chimeric assemblies, we
used a 2 × 105 paired-end sequencing approach on the Illumina
HiSeq platform and performed assemblies without scaffolding.
Reads were mapped onto the contigs using the read mapping
option in CLC Genomics Workbench to retain information on
relative abundance of contigs.

Functional Annotation of Contigs
Contigs were submitted to CAMERA (Community Cyber
infrastructure for Advanced Microbial Ecology Research and

Analysis, http://camera.calit2.net/) and assigned to clusters of
orthologous gene (COG) families using the Rapid Analysis
of Multiple Metagenomes with a Clustering and Annotation
Pipeline (RAMMCAP) (Li, 2009) using the 6 reading frame
translation option for open reading frame (ORF) prediction and
BLASTn for rRNA identifications. The cutoff criterion E-value
of 10−5 was used for RPS BLAST searches the COG database.
For identification of bacterial and archaeal ORFs, the RAMM-
CAP analyses were performed using the bacterial and archaeal
genetic code (-t 11 in advanced options). For identification of
fungal ORFs, additional RAMMCAP analyses were performed
using the standard genetic code for eukaryotes and the alterna-
tive yeast genetic code (−t 1 and −t 12 in advanced options).
cDNA contigs were also submitted to MG-RAST (Meyer et al.,
2008), and ORFs were detected and annotated according to their
standard bioinformatics pipeline. Data have been deposited in
in MG-RAST under accession numbers 4517418.3, 4517417.3,
4517416.3, 4517415.3, 4517414.3.

Taxonomic Annotation of Contigs
Contigs were assigned to high-level taxonomic groups (Class
level and above) using aNaïve Baysien Classifier (NBC) that com-
pares against a database containing all DNA sequences in NCBI
that classified as either Bacteria, Archaea, Fungi, or viral (Rosen
and Essinger, 2010). This approach was chosen because NBC has
been found to outperform most other composition, similarity,
and phylogeny based metagenomic classifiers in terms of sen-
sitivity and precision (Bazinet and Cummings, 2012). Custom
perl scripts were used to merge NBC taxonomic identifications
of contigs, with COG and Pfam annotations from RPS-BLAST
searches together with average coverage (read mapping) from
assemblies.

Mapping of Metatranscriptomic Data to
M. barkeri Methanogenesis Pathways
The bioinformatics pipeline for metatranscriptomic genome
recruitment followed that described recently (Orsi et al., 2015).
In brief, contigs from frozen and thawed metatranscriptomes
were searched for homology in the genome of M. barkeri
via BLASTx (e−5, >60 amino acid identity) searches using
the translated amino acid sequences of M. barkeri genes
as a reference. Expressed genes with homology M. barkeri
proteins were subjected to metabolic pathway mapping in
KEGG (http://www.genome.jp/kegg/pathway.html). Expressed
genes with homology to the M. barkeri genome involved in
methanogenesis pathways were visualized using Adobe Illustra-
tor (Adobe Systems Inc., San Jose, CA).

Analysis of Gene Overexpression in Frozen vs.
Thawed Soil Samples
Analyses of gene overexpression in frozen vs. thawed
samples was performed using the R statistical package
(http://www.r-project.org/), with the MG-RAST matR library
(metagenomics.anl.gov). To maintain abundance information,
assembled contig sequences from each sample were uploaded to
MG RAST with the read mapping abundance added to the fasta
headers as specified on the MG RAST website. Differences in
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overexpression between frozen and thawed permafrost samples
were determined by a One-Way ANOVA test with a P-value
cutoff of 0.025. The relatively low number of rRNA reads that
were present in the dataset despite the selective amplification of
mRNA using the Ovation RNA-Seq v2 System R© were removed
prior to comparison. Data were normalized in MG RAST with
a log-based transformation [Ys,i = log2 (Xs,i + 1)], where
Xs,i represents an abundance measure (i) in sample (s). Log
transformed counts from each sample were then standardized
(data centering) according to the equation [Zs,i = (Ys,i − Ys)/
σs)], where Zs,i is the standardized abundance of an individual
measure Ys,i (log transformed from previous equation). From
each log transformed measure of (i) in sample (s), the mean of
all transformed values (Ys) is subtracted and the difference is
divided by the standard deviation (σs) of all log-transformed
values for the given sample. After log transformation and
standardization, the values for the functional categories within
each sample were scaled from 0 (minimum value of all samples)
to 1 (maximum value of all samples), which is a uniform scaling
that does not affect the relative differences of values within
or between samples. The top 100 processes which differed
most substantially in the level of gene expression between
frozen and thawed samples and which passed the One-Way
ANOVA test were used as input for heatmap presentation,
hypothetical proteins and proteins of unknown function were
removed from the list of top 100 processes after creating the
heatmap.

Results and Discussion

Composition of Permafrost SOM
SOM composition, as indicated by bulk metrics (TOC, TN,
δ13C, δ15N) and lipid biomarkers (fatty acids [FAs] and alka-
nes), reflected mainly higher plant sources (Figure 1). %TOC
and %TN were fairly constant throughout the soil core, with
maximum values at 33.5 cm depth (Figure 1A). Elevated %TOC
at 33.5 cm suggests that this horizon represents the permafrost
table, assuming that cryoturbation under the tussock tundra and
dwarf shrub vegetation has caused frost-churning of organicmat-
ter into the underlying mineral soil horizons, which then con-
centrated in the upper permafrost (Ping et al., 1997). Bulk soil
δ13C signatures ranged from −26 to −27h, reflecting inputs
from C3 plants (Figure 1A). Soil δ

15N was most enriched in the
deepest horizon (Figure 1A), which could be indicative of several
processes including preferential mineralization and plant uptake
of isotopically light nitrogen compounds, microbial production
of 15N enriched compounds during decomposition, and con-
tributions from mycorrhizal fungi (Hogberg, 1997; Hobbie and
Hobbie, 2008). The permafrost table was most depleted in δ15N,
suggesting a lower degree of decomposition of plant organic mat-
ter than in the deeper soil horizons (Andersson et al., 2012).
Concentrations of total alkanes and FAs were generally high-
est in the deepest soil horizon and lower at shallower depths.
Long chain FAs [even6 (C24:0-C28:0)] (Killops and Killops, 2005)
and alkanes [6 (C22:0-C33:0)] (Yunker et al., 1995) characteris-
tic of vascular plants were important constituents of the total FA
and alkane pools, accounting for 42–51 and 56–82%, respectively

(Figure 1B). The CPIalkane was >5, ranging from 5.17 at 49 cm
to 7.75 at 126 cm, indicating that inputs from higher plants were
important. The Pwax and Paq indices suggested that contributions
from higher plants were high while inputs from aquatic macro-
phytes were low at all depths except for 49 and 126 cm. In combi-
nation, the FAs and n-alkanes suggested that higher plants were
the main source of SOM and likely deposited under drier condi-
tions. However, aquatic macrophytes and mosses may have been
important sources of SOM 2900 and 4100 calendar years before
the present (cal. a BP) (Figure 1B) and conditions may have been
wetter during those periods.

Lipid biomarkers reflecting bacterial inputs and processes
indicated microbial decomposition occurred throughout the
core. Contributions from bacterial FAs [iso-, anteiso- odd 6

(C13:0-C17:0)] (Meyers, 2003) were similar across depth horizons
but were greatest at 126 cm (Figure 1B). Microbial decomposi-
tion of SOM occurred in all of the soil horizons, as indicated
by the presence of Olean-13(18)-ene and Olean-12-ene, which
are diagenetic products of higher plants (Yunker et al., 1995),
and the ratio of branched C15:C14 FAs (Lu and Meyers, 2009)
(Figure 1B). Since iso- and anteiso-C15 compounds are produced
by bacteria from straight chain C14 precursors, an increase in
the ratio of branched C15: straight chain C14 compounds may
reflect organic matter decomposition (Lu and Meyers, 2009).
Thus, SOM decomposition may be most extensive in the deepest
soil horizon where branched C15:C14, contributions from bacte-
rial FAs, and concentrations of total FAs and alkanes were the
highest.

Overall, these results indicate that SOM was largely derived
from vascular plants and microbial decomposition occurred
throughout the soil column. Microbial breakdown of SOM may
have occurred during deposition or after the soils were frozen,
but we cannot distinguish between these possibilities based on
the lipid biomarker results.

Overview of the Metatranscriptomic Datasets
An average of 29,022 contigs (SD = 8951) with an average
length of 616 (SD = 52) were assembled de-novo from each
Illumina-sequenced metatranscriptome, with 87% (SD = 3%)
of original reads mapping to contigs per sample (Supplemen-
tary Table S1). Open reading frames (ORFs) on contigs were
assigned to COG (Cluster of Orthologous Genes) functional
classes and high-level taxonomic groups (Class level and above).
Transcribed ORFs with homology to proteins representing 22
out of the 25 defined Clusters of Orthologous Genes (Tatusov
et al., 1997) were detected in metatranscriptomes from both
frozen and thawed permafrost. Similar to a previous study uti-
lizing the same cDNA amplification and sequence classification
procedures (Orsi et al., 2013), the majority of reads could be
annotated (86 ± 6%) in each sample, with the majority (79 ±

7%) of annotated reads coding for proteins and a minimal rep-
resentation (7 ± 2%) of ribosomal RNA reads (Supplementary
Table S1).

Overexpressed Genes under Frozen Conditions
Amino acid transport and metabolism, energy production, and
DNA repair, replication and recombination were amongst the
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most relatively abundant COG categories expressed in the
frozen permafrost (Figure 2A). The expression of genes cor-
responding to most major COG families in frozen permafrost
suggests the in situ activity of microbes, even at subfreezing
temperatures. The variability in relative abundances of COGs
was markedly less in metatranscriptomes from frozen samples,
compared to the metatranscriptomes from thawed permafrost
(Figure 2A) Phylogenetic binning indicates that Proteobacteria
(γ, β, α, and δ), Firmicutes, Acidobacteria, and Actinobacteria,
as well as Euryarchaeota and ascomycetous Fungi were the most
transcriptionally activemicrobial groups under frozen conditions
in the permafrost table (Figure 2B). These taxa are frequently
reported from Arctic soils (Jansson and Tas, 2014 and references
therein).

Several transcripts encoding proteins involved in biofilm for-
mation, virulence, and horizontal gene transfer had relatively
higher expression levels under frozen conditions (Figure 3).
Notably, expression of genes coding for pilus assembly proteins
(COGs 2064, 1706, 4964, 3166) may indicate biofilm forma-
tion, which is a common feature among bacteria living under
stressful conditions and causes a close interaction between cells
that can promote virulence, bacterial signaling, and/or horizon-
tal gene transfer (Varga et al., 2008). Biofilm formation in the
frozen soils may be related to the small area available for growth
in the permafrost microhabitat where the current consensus is
that microbes inhabit very thin liquid brine veins surrounding
frozen soil particles (Gilichinsky et al., 2003, 2005; Shcherbakova
et al., 2005; Onstott et al., 2009; Pecheritsyna et al., 2012). Active
defense against viral infection is indicated by the activity of a
Type II restriction-modification system (i.e., site-specific DNA
methylase COG0338; Figure 3), which can protect bacteria and
archaea against invading foreign DNA (Pingoud et al., 2005).
However, virulence-associated genes were also overexpressed in
thawed soils, suggesting active viral defenses during both frozen
and thawed conditions. Enzymes involved in DNA repair were
also overexpressed in frozen soils (Figure 3). Uracil-DNA glyco-
lases are involved in base excision repair, a process that removes
damaged bases that could otherwise lead to mutations (Kim and
Wilson, 2012). Recently, an ionization radiation (IR) experiment
with a frozen culture of Psychrobacter arcticus suggested that,
in the presence of long-term natural background IR, permafrost
bacteria can repair double stranded DNA breaks in the absence
of net growth (Dieser et al., 2013). Our results support this obser-
vation, and suggest that in situ, uracil-DNA glycolases play an
important role in DNA repair incurred from long-term exposure
to natural background IR sources in the permafrost environment.
Compared to thawed soils, a gene sequence encoding a RecA-
mediated autopeptidase was relatively more abundant in the per-
mafrost sequence datasets further suggesting that bacterial “Save
Our Ship” (SOS)-response occurs in the frozen soils (Figure 3).
SOS-response is a global response to DNA damage in which the
cell cycle is arrested and DNA repair is induced (Michel, 2005).
Such DNA repair and stress response mechanisms likely allow
microbes to survive over geological timescales in permafrost until
favorable conditions for growth are experienced, such as thawed
conditions resulting from increasing atmospheric temperatures.

Overall Transcriptional Activity Stimulated Under
Thawed Conditions
Compared to the frozen samples, all three thawed permafrost
intervals exhibit relatively increased representation of transcripts
involved in translation, ribosomal structure, and biogenesis,
indicating a general increase in microbial activity and growth
(Figure 2A). In thawed samples from the permafrost table,
metatranscriptomes had an increased proportion of transcripts
involved in coenzyme transport and metabolism compared
to metatranscriptomes from frozen permafrost table samples
(Figure 2A). The majority of transcripts falling into this func-
tional category in permafrost table metatranscriptomes were
assigned to Euryarchaeota (Figure 2B).

Overall, there was increased representation of Firmicutes,
Bacteroidetes, Euryarchaeota, and ascomycetous Fungi in meta-
transcriptomes from thawed samples relative to Proteobacteria,
Acidobacteria, and Actinobacteria (Figure 2B). The thawed per-
mafrost table at 33.5 cm showed the largest relative increase in
fungal-derived transcripts, compared to the frozen sample from
this horizon. The thawed horizon at 49 cm, revealed the largest
relative increase in transcripts assigned to Firmicutes compared
to frozen permafrost at this depth, and a similar proportion of
transcripts were assigned Firmicutes in thawed samples from
68 cm (Figure 2B). This may be due to the germination of spores
in permafrost soils after thawed conditions (Steven et al., 2008;
Niederberger et al., 2009). Transcripts assigned to Chloroflexi
and Crenarchaeota involved in translation, ribosomal struc-
ture and biogenesis at 49 cm increased in relative abundance in
metatranscriptomes from thawed samples (Figure 2B). Similar
proportions of transcripts were assigned to Chloroflexi and Cre-
narchaeota in metatranscriptomes from thawed permafrost at
68 cm. Transcriptional activity of these phyla mainly increased in
the deeper thawed soils, suggesting that they may be specialized
in the initial decomposition of more complex, ancient SOM.

Relative to the frozen samples, thawed metatranscriptomes
exhibit an upregulation of genes coding for enzymes involved
in extracellular protein degradation (notably Aminopeptidase C)
(Figure 3). This suggests microbial utilization of labile proteins
as a source of N and C during thawed conditions. Thawed
metatranscriptomes also had a relative increase in transcripts
encoding proteins involved in uptake, transport, and degra-
dation of carbohydrates (e.g., ABC type sugar transporter,
a predicted sugar isomerase, 6-phosphogluconate dehydroge-
nase, fructose 1,7 biphosphatase, and a pyruvate formate lyase-
activating enzyme) (Figure 3). Upon thawed conditions, some
of the microbial metabolism appears to be anaerobic, as evi-
denced by the relative increased expression of the pyruvate-
formate lyase-activating enzyme (Figure 3), which catalyzes the
anaerobic conversion of pyruvate and coenzyme A into acetyl
CoA and formate (Jiang et al., 2001).

Transcriptional Evidence for Enzymatic
Decomposition of Complex Soil Biopolymers
under Thawed Conditions
Genes encoding for all major classes of hydrolases involved in
the cleavage of complex biopolymers into C1 and C2 substrates
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FIGURE 2 | (A) Relative abundance of reads assigned to COGs in

metatranscriptomes from frozen (gray bars) permafrost soils of core

TL08S1C3 at 33.5 ± 2 cm (permafrost table) and 49 ± 2 cm depth and

at 33.5 ± 2, 49 ± 2, and 68 ± 2 cm after 11 days of incubation at

4◦C (black bars). Only the 16 most (relative) abundant COGs are shown

(excluding [R] General function prediction and [S] Function unknown).

COGs detected in low abundance, but not shown, are [A] RNA

processing and modification; [V] Defense mechanisms; [Z] Cytoskeleton.

(B) The prokaryotic and fungal ORFs as percent of reads per COG per

sample with homology to the following COG families: 1, Amino acid

transport and metabolism; 2, Energy production and conversion; 3,

Inorganic ion transport and metabolism; 4, Replication, recombination

and repair; 5, Transcription; 6, Posttranslational modification, protein

turnover, chaperones; 7, Translation, ribosomal structure and biogenesis;

8, Cell wall/membrane/envelope biogenesis; 9, Coenzyme transport and

metabolism; 10, Carbohydrate transport and metabolism; 11, Signal

transduction mechanisms; 12, Lipid transport and metabolism; 13,

Nucleotide transport and metabolism; 14, Intracellular trafficking,

secretion, and vesicular transport; 15, Cell cycle control, cell division,

chromosome partitioning; 16, Cell motility.
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FIGURE 3 | Heatmap showing the most abundant overexpressed

genes in frozen and thawed permafrost soils. Shown is the distribution

of normalized reads mapping to contigs with homologous ORFs (>60%

amino acid identity) to proteins in the COG database. The distribution of

functional categories and the colors correspond to log transformed read

abundance (dark purple is more, light blue is less).

were expressed in both frozen and thawed soils (Figure 4A).
The relative distribution of hydrolase-encoding transcripts at the
shallowest interval (permafrost table), revealed a relative increase
in peptidase encoding transcripts in thawed samples (Figure 4A).
This difference was not observed for the deeper permafrost sam-
ple (49 cm), and may indicate increased bioavailability of pep-
tides at 33.5 cm after thaw. Most of this relative increase in
peptidase encoding transcripts at 33.5 cm could be attributed to
the activity of euryarchaea and bacteroidetes (Figure 4A). This
confirms our earlier findings based on detectable activities of
leucine aminopeptidase at this depth interval, indicating that
the permafrost table contains relatively labile polypeptides or
proteins as source of C and N (Coolen et al., 2011).

The diversity of taxa expressing hydrolase encoding tran-
scripts in the deeper permafrost decreased markedly relative to
33.5 cm, with Firmicutes-derived hydrolase encoding transcripts
increasing in relative representation after thaw (Figure 4A).
A similar response was observed for crenarchaeal transcripts
encoding glycosylases and peptidases, which were only observed
in the two deepest thawed permafrost intervals (Figure 4A).
Despite the overall increase in activity of Chloroflexi in the
thawed soil interval at 49 cm (Figure 2B), transcripts homolo-
gous to Chloroflexi–derived hydrolases acting on complex soil
biopolymers were not observed early after thaw (Figure 4A).
Their role in the cycling of organic matter in permafrost soils
requires further investigation.
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FIGURE 4 | Expressed homologs, (relative abundance) encoding

(A) hydrolases potentially involved in the initial breakdown of

of complex permafrost soil biopolymers, and (B)

formyltetrahydrofolate synthetase (fhs) and methyl-coenzyme

reductase A (mcrA) before and after 11 days of thaw. Note

the predominance of concomitant mcrA (methanogenesis) and fhs

(acetogenesis) expression in thawed samples relative to frozen

samples.

Upon thawed conditions in the permafrost table, relative
expression of fungal, γ-Proteobacterial, and Firmicutes genes
encoding hydrolases acting on recalcitrant ether bonds increased
(Figure 4A). Ether bonds occur in the tetraether membranes of
yet unidentified soil bacteria (i.e., branched Glycerol Dialkyls
Glycerol Tetraethers [branched GDGTs]), commonly found in
peat soils (Weijers et al., 2007), as well as in isoprenoid GDGTs
of (methanogenic) archaea (Schouten et al., 2000). The increased
transcription of genes encoding hydrolases acting on ether bonds
in the permafrost table upon thaw suggests that some permafrost
microbiota at 33.5 cm decompose dead bacterial and/or archaeal

biomass. Collectively these data suggest that thawed conditions
stimulate growth and turnover of archaeal and bacterial biomass
in soil permafrost.

Relative expression of genes with homology to cyanobacte-
rial peptidases and hydrolases acting on non-peptide C-N bonds
and anhydrides was highest in the deepest analyzed thawed per-
mafrost interval (Figure 4A). The activity in permafrost soils in
the absence of light seems counter-intuitive. However, oligopep-
tides and or amino acids may serve as nitrogen sources for
cyanobacteria in permafrost soils, as they have been reported to
assimilate organic compounds for biosynthesis during the dark
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phase of their life cycle (Vernotte et al., 1992). Lay et al. (2013)
reported the presence of cyanobacterial genes involved in the
reduction of nitrate to ammonia in high-Arctic saline subzero
spring sediments, and they suggested that this strategy might be
advantageous formaintaining activity during the long-term dark-
ness of the Arctic winter. Our results suggest that cyanobacteria
may be dormant in the deeper permafrost soils for substantial
periods of time and can regain activity under dark conditions
within days after thaw.

Active Metabolic Pathways for Methanogenesis
and Acetogenesis Stimulated under Thawed
Conditions
Metatranscriptomes from thawed permafrost exhibited a marked
relative increase in transcripts involved in coenzyme transport
and metabolism (Figure 2A). In the permafrost table, meta-
transcriptomes in this category were mainly assigned to Eur-
yarchaeota (Figure 2B). The most predominant transcript in this
category was methyl coenzymeM reductase subunit A (mcrA),
which catalyzes the last step in methanogenesis and is present
in all methanogens (Ferry, 1999). More specifically, the mcrA
transcripts in the thawed permafrost table were assigned to the
versatile methanogenMethanosarcina barkeri, capable of using a
variety of C1 and C2 compounds including acetate (Weimer and

Zeikus, 1979; Jetten et al., 1992). The identification ofM. barkeri
as themain producer ofmcrA transcripts is plausible since acetate
concentrations in permafrost samples can be 50 times higher
(Strauss et al., 2012) than the minimum acetate requirement
(∼200µM) of Methanosarcina spp. (Jetten et al., 1992). Expres-
sion of methano phenazine-reducing hydrogenase (mph), which
is indicative of heterotrophic methanogenic metabolism, was also
detected after thaw, suggesting C1 and C2 substrates as sources
of biogenic methane. Further metabolic mapping of expressed
genes to the M. barkeri genome indicated an increase in active
biochemical pathways utilizing acetate, trimethylamine, and
methanol as methanogenic substrates (Figure 5). Expression of
genes coding for formylmethanofuran-tetrahydromethanopterin
N-formyltransferase (ftr) (a protein necessary completing the
pathway frommethanogenesis fromCO2), was not detected, sug-
gesting a predominance of heterotrophic methanogenesis after
thaw. A marked increase in acetoclastic methanogensis was
recently also reported from thawed permafrost soils in northern
Sweden (McCalley et al., 2014). In addition, recent biogeochem-
ical examination of peat and dissolved organic matter (DOM)
at northern Sweden permafrost sites that had been exposed to
thaw for up to 40 years revealed a shift in CH4 production path-
way from CO2-reduction to acetate cleavage, which was asso-
ciated with (i) increased humification rates, (ii) DOM shifted

FIGURE 5 | Metabolic pathways actively expressed by the

methanogen Methanosarcina barkeri in metatranscriptomes from

frozen and thawed permafrost samples. The M. barkeri genome

was chosen as a reference because it was found to be the dominant

methanogen expressing mcrA after thaw (Figure 4B). Red boxes

represent expressed genes that were only detected after thaw, gray

boxes represent genes expressed before and after thaw, and clear

boxes are genes that were not detected under any conditions.

CoM-S-S-CoB, Coenzyme M 7-mercaptoheptanoylthreonine-phosphate

heterodisulfide; THMPT, Tetrahydromethanopterin; hcr, Heterodisulfide

reductase subunit A; mcr, Methyl-coenzyme reductase; mtr,

Tetrahydromethanopterin S-methyltransferase; CoM, Coenzyme M; mtm,

Monomethylamine corrinoid protein; mta Methanol-specific corrinoid

protein; cdh; Acetyl-CoA decarbonylase/synthase complex; frh,

Coenzyme F420 hydrogenase; mer,

5,10-methylenetetrahydromethanopterin reductase; mch,

Methenyltetrahydromethanopterin cyclohydrolase; mtd,

Methylenetetrahydromethanopterin dehydrogenase; fwd,

Formylmethanofuran dehydrogenase; pta, Phosphate acetyltransferase;

ack, Acetate kinase; cooS/F, Carbon monoxide dehydrogenase.
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toward lower molecular weight compounds with lower aromatic-
ity, (iii) lower organic oxygen content, and (iv) more abundant
microbially produced compounds (Hodgkins et al., 2014).

In all thawed permafrost samples, an increase inmcrA expres-
sion was accompanied by an increase in expression of formyl-
tetrahydrofolate synthetase (fhs) genes (not detected in frozen
permafrost), which can serve as a proxy for acetogenesis (Lever,
2013) (Figure 4B). Transcripts encoding fhs in the upper per-
mafrost were assigned predominantly toAcetobacterium carbino-
licum, whereas various Clostridium species are likely involved
in acetate production in deeper permafrost (Figure 4B). The
genetic expression of the acetate-utilizing methanogenesis path-
way (Figure 5) after thaw suggests that some of this acetate
is then utilized as a substrate by methanogens, predominantly
M. barkeri (Figure 4B). Acetogenic fermentation, which is also
likely under anaerobic conditions in thawed permafrost, could
be another source of acetate for acetoclastic methanogens. Bacte-
rial genes encoding the two enzymes diagnostic for fermentative
conversion of acetyl-CoA to acetate (acetate kinase, EC:2.7.2.1
and phosphotransacetylase EC:2.3.1.8) were not detected in
thawed permafrost, suggesting that pyruvate fermentation to
acetate may not be a dominant source of acetate, relative
to homoacetogenesis. However, to substantiate the claim of
homoacetogenesis dominating over fermentation as a source of
acetate in thawing permafrost soils, it is necessary to perform
radiotracer incubations or to analyze the stable isotopic composi-
tion of acetate in these soils (Rivkina et al., 2000; Bakermans and
Skidmore, 2011).

Concluding Remarks

Our pilot study shows that the analysis of metatranscriptomes is
a sensitive approach capable of identifying a wide spectrum of
important metabolic processes in frozen and thawed permafrost.
In general, the transcriptional profile under frozen conditions
suggests a dominance of stress responses, survival strategies, and
maintenance processes whereas upon thaw a rapid enzymatic
response to decomposing SOM was observed. Furthermore, our

analysis indicates that acetoclastic methanogenesis may be a
dominant form of methanogenesis in thawing permafrost soils
fueled, in part, by acetate production from acetogenic bacteria.
Due to large heterogeneity in permafrost SOM and microbial
composition, future metatranscriptome studies should be per-
formed from a wider variety of permafrost soil types and loca-
tions, and in comparison with the active layer. Future studies
comparing metatranscriptomes from thawing permafrost should
also contain biological replicates to provide robust statistical
power for hypothesis testing. Furthermore, paired geochemi-
cal analysis of isotopically labeled substrates and metabolites
during thaw incubation experiments as well as the analysis of
the stable isotopic composition and concentration of dissolved
methane should be performed to validate mRNA-based infer-
ences of metabolic pathways. Measurements of soil pH would
further be useful to contextualize microbial responses to per-
mafrost thaw at the transcriptional level. Metatranscriptomics is
shown here to be a useful approach for inferring the activity of

permafrost microbes, that has potential to improve our under-
standing of permafrost SOM bioavailability and biogeochemical
mechanisms contributing to greenhouse gas emissions as a result
of warming induced permafrost thaw.
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Within the subarctic climate of Clinton Creek, Yukon, Canada, lies an abandoned

and flooded open-pit asbestos mine that harbors rapidly growing microbialites. To

understand their formation we completed a metagenomic community profile of the

microbialites and their surrounding sediments. Assembled metagenomic data revealed

that bacteria within the phylum Proteobacteria numerically dominated this system,

although the relative abundances of taxa within the phylum varied among environments.

Bacteria belonging to Alphaproteobacteria and Gammaproteobacteria were dominant

in the microbialites and sediments, respectively. The microbialites were also home

to many other groups associated with microbialite formation including filamentous

cyanobacteria and dissimilatory sulfate-reducing Deltaproteobacteria, consistent with

the idea of a shared global microbialite microbiome. Other members were present

that are typically not associated with microbialites including Gemmatimonadetes and

iron-oxidizing Betaproteobacteria, which participate in carbon metabolism and iron

cycling. Compared to the sediments, the microbialite microbiome has significantly more

genes associated with photosynthetic processes (e.g., photosystem II reaction centers,

carotenoid, and chlorophyll biosynthesis) and carbon fixation (e.g., CO dehydrogenase).

The Clinton Creek microbialite communities had strikingly similar functional potentials

to non-lithifying microbial mats from the Canadian High Arctic and Antarctica, but are

functionally distinct, from non-lithifying mats or biofilms from Yellowstone. Clinton Creek

microbialites also share metabolic genes (R2
< 0.750) with freshwater microbial mats

from Cuatro Ciénegas, Mexico, but are more similar to polar Arctic mats (R2
> 0.900).

These metagenomic profiles from an anthropogenic microbialite-forming ecosystem

provide context to microbialite formation on a human-relevant timescale.

Keywords: microbialites, non-lithifying microbial mats, metagenomic assembly, carbon sequestration,

Gemmatimonadetes, cyanobacteria
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Introduction

Modern microbialites provide an analog for understanding
the structure, composition and function of early microbial
communities dating back dating back 3.5 Gya (Grotzinger
and Knoll, 1999; Dupraz and Visscher, 2005; Schopf, 2006).
Microbialites are microbially lithified organosedimentary
structures that manifest the carbonate macrofabric as
stromatolites (from the Greek stromat; bed-covering, lithos;
stone, as a layered internal structure with laminated fabrics),
and thrombolites (from the Greek thrombos, clot; lithos, stone
as a non-layered, non-laminated structure with clotted fabrics)
(Burne and Moore, 1987; Perry et al., 2007; Riding, 2011).
Modern microbialites are mainly constructed from calcium
carbonate, either as calcite or aragonite), but in rare cases
can occur as magnesium carbonate (e.g., hydromagnesite)
(Couradeau et al., 2011). Microbialites are globally distributed
in diverse environments including marine (Reid et al., 2000;
Burns et al., 2004), freshwater (Ferris et al., 1997; Laval et al.,
2000; Gischler et al., 2008), hypersaline (Allen et al., 2009; Goh
et al., 2009), hot springs (Bosak et al., 2012), and even terrestrial
environments, such as landfills (Maliva et al., 2000) and caves
(Lundberg and McFarlane, 2011).

Biologically-induced mineralization involves the microbial
alteration of water chemistry causing mineral saturation and
precipitation (Dupraz et al., 2009). Microbial processes that cycle
carbon, particularly within microenvironments, are important
for inducing carbonate precipitation under appropriate chemical
conditions (e.g., alkaline pH and sufficient cations; Spanos
and Koutsoukos, 1998; Dupraz et al., 2009). For instance,
cyanobacteria can cause alkalinization through photosynthesis,
thereby driving pH to more alkaline conditions that favor
carbonate precipitation (Thompson and Ferris, 1990). (Equation
1) HCO−

3 + H2O + hv → CH2O + OH− + O2 ↑. Microbial
cell walls and exopolymeric substances (EPS) may provide
surfaces for mineral nucleation and aid in concentrating cations
(e.g., Ca2+) due to adsorption by negatively charged functional
groups (e.g., R-COO−) (Schultze-Lam et al., 1996). Additionally,
heterotrophic bacteria can increase the availability of dissolved
inorganic carbon (DIC) for carbonate precipitation through the

degradation of organics (Von Knorre and Krumbein, 2000).
(Equation 2) 2CHO−

2 + O2 → 2HCO−
3 . Although aragonite

is supersaturated in the Clinton Creek open-pit pond, studies
of non-marine environments exhibiting calcifying cyanobacteria
show that a 9.5 to 15-fold supersaturation with respect to
calcite is required for precipitation to occur (Arp et al., 2001).
Such biological activity, especially in microenvironments where
carbonate precipitation may be occurring, may increase pH,
and/or increase cation and DIC concentrations.

Microbial processes that cycle carbon may also induce
carbonate precipitation under certain geochemical conditions
(e.g., alkaline pH and sufficient cations; Dupraz et al., 2009).
Photosynthesis by cyanobacteria may result in the alkalization
of microenvironments by producing hydroxyl anions, causing
an increase in pH (Thompson and Ferris, 1990; Ludwig et al.,
2005; Tesson et al., 2008); whereas, degradation of organics may
increase the concentration of DIC (Slaughter and Hill, 1991; Van
Lith et al., 2003).

In the present study we examined the microbial communities
associated with microbialites found in a flooded and abandoned
open-pit asbestos mine (64◦26′42′′N, 140◦43′25′′W) referred
to as Clinton Creek, and located in the subarctic, ∼77 km
northwest of Dawson City, Yukon, Canada (Figure 1), and
which was previously studied to elucidate the geology of asbestos
deposits (Htoon, 1979) and for its potential for sequestering
carbon dioxide in mine wastes (Wilson et al., 2009). The
microbialites at Clinton Creek are unusual in that they have
estimated accretion rates of up to ∼5mm per year (Power et al.,
2011a), much higher than other modern microbialite-forming
systems including Highbourne Cay (∼0.33mm per year)
(Planavsky and Ginsburg, 2009), Shark Bay (0.4mm per
year) (Chivas et al., 1990), and Pavilion Lake (0.05mm per
year) (Brady et al., 2009). Consequently, the Clinton Creek
microbialites should be excellent models for understanding
the biological processes responsible for microbialites
formation.

Studies have examined the diversity of microbialites using
both metagenomic and 16S rDNA sequencing. Metagenomic
studies have focused mainly on marine systems (Reid et al.,
2000; Burns et al., 2004; Papineau et al., 2005; Allen et al.,
2009; Goh et al., 2009; Khodadad and Foster, 2012; Mobberley
et al., 2013), with Cuatro Ciénegas being the only reported
metagenomic investigation of freshwater microbialites (Breitbart
et al., 2009). In contrast, 16S rDNA sequencing has been used
to examine the diversity of freshwater microbialites in Lake
Van (López-García et al., 2005), Pavilion Lake (Russell et al.,
2014), Ruidera Pools (Santos et al., 2010), Lake Alchichica
(Couradeau et al., 2011), and Cuatro Ciénegas (Centeno et al.,
2012). The extent to which microbialite communities are
similar or different from those in surrounding sediments and
waters remains an unresolved but important question. The
microbial communities in the surrounding sediments provide
the environmental context needed to better constrain common
and unique aspects of microbialite community structure and
function. This information may be used to uncover conserved
patterns of microbial community assembly and the metabolic
pathways mediating microbialite formation under different
environmental conditions.

In the present study, we use a metagenomic approach
to explore the structure and function of Clinton Creek
microbialites in relation to adjacent sediments in order to
examine the metabolic drivers of microbialite growth in this
freshwater system. We focus on metabolic pathways mediating
photosynthetic or heterotrophic carbonate precipitation and
the taxonomic distribution of these pathways. We then
compare themetagenomic data fromClinton Creekmicrobialites
and sediments to diverse non-lithifying mats, sediments,
and microbialites to better define the conserved microbialite
community structure and function.

Materials and Methods

Site Description and Water Chemistry
The conditions at the Clinton Creek mine are highly conducive
to microbialite formation and are described extensively in
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FIGURE 1 | Clinton Creek sample site and examples of microbialite morphology. (A) Map of northwestern North America illustrating the location of Clinton

Creek Yukon, Canada. (B) Photograph of the Clinton Creek open pit pond, the red dot indicating the sampling location. (C) Photograph of the microbialites along the

periphery of the open pit pond. Scale bar equals 15 cm. (D) Complete microbialite and cross-section of a microbialite. Scale bar represents 5 cm.

Power et al. (2011a), and are summarized briefly below. The
photic zone likely occupies the full depth of the open pit
pond and there is minimal nutrient input due to the lack
of surrounding soil. Sediments are composed of chrysotile,
quartz, muscovite, kaolinite, as well as minor amounts of
aragonite and trace calcite. The microbialites are columnar, up to
15 cm in height, and are primarily composed of aragonite with
spherulitic fabric (Figure 1D). The open pit water is subsaline
(Na+ 17.6–35.7mg L−1 and K+ 2.7–5.2mg L−1), oligotrophic
(undetectable phosphate), alkaline in pH (8.4), possessing a
cation concentrations distribution ofMg2+ >>Ca2+ >>Na+ >

K+
> Si4+, while anions concentrations were SO2−

4 >> DIC >

Cl− (Table 1). As is common in microbialite forming systems
(Dupraz et al., 2009; Lim et al., 2009), the water is oligotrophic
with very low iron concentrations and undetectable phosphate
which is common in microbialite forming systems (Dupraz et al.,
2009; Lim et al., 2009). The water is supersaturated with respect
to aragonite (saturation index = 0.6), the dominant mineral
forming the microbialites, as well as calcite [CaCO3].

Sampling, DNA Extraction, Purity, and
Concentration Measurements
Microbialites and sediment samples were obtained in July 2011.
Triplicate sediment and microbialite samples were taken ∼10m
apart. Microbialites were ground with mortar and pestle under

liquid nitrogen prior to DNA extraction. Community genomic
DNA was extracted from triplicate 10 g microbialite and
sediment subsamples using a PowerMax soil DNA isolation
kit (MoBio Laboratories, Inc., Carlsbad, CA, USA), following
the manufacturer’s instructions. DNA concentrations were
determined using a Nanodrop-3300 (ThermoFisher, Nandrop
Wilmington, DE) with PicoGreen R© reagent according to
the manufacturer’s instructions (Invitrogen, Carlsbad, CA).
Purity of extracted DNA and samples was determined by
absorbance (260/280 and 260/230 ratios) using a Nanodrop-1000
(ThermoFisher, NandropWilmington, DE). Genomic DNA from
each replicate was pooled prior to Illumina library construction.

Illumina Hiseq/Miseq Library Construction
Quality Control and Quantification
For Illumina library construction, DNA was sheared by
ultrasonication (Covaris M220 series, Woburn, MA), and the
fragments end-paired, A-tailed (Lucigen NxSeq DNA prep kit,
Middleton, WI), and ligated to TruSeq adapters (IDT, Coralville,
Iowa); small fragments were removed twice using magnetic
beads (Beckman Coulter, Danvers, MA) (White III et al.,
2013a,b; White III and Suttle, 2013). No PCR enrichment
was used to amplify libraries to avoid PCR duplication bias.
Libraries were checked for size and adapter-dimers using
a Bioanalyzer HighSens DNAchip (Agilent). Libraries were
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TABLE 1 | Clinton Creek water chemistry.

Year pH Alkalinity δ
13C – DIC ‰ Cations (mg L−1) Anions (mg L−1)

(mg HCO−

3 L−1) VPDB
Mg2+ Ca2+ Si4+ Na+ K+ Fe3+ Al3+ Cl− SO2−

4 NO−

3 PO3−

4

2004 8.42 177 – 356.1 111.9 0.8 23.9 2.7 0.0 0.0 30.8 1315 – –

2005 8.36 243 – 350.0 95.7 0.7 35.7 5.2 0.0 0.0 35.6 2378 0.52 –

2007 8.40 231 −7.8 519.7 118.8 – 30.8 5.2 – – 33.2 1997 – –

2011 7.90 190 −13.03 276.8 61.6 2.1 17.6 2.7 0.03 0.2 17.5 1600 1.5 –

quantified using Qubit (Invitrogen, Carlsbad, CA), according to
the manufacturer’s instructions, by qPCR using a microfluidic
digital PCR quantified standard curve (White III et al., 2009).
The resulting libraries were pooled, and sequenced using both
250 and 100 bp paired-end sequencing on the MiSeq (GenoSeq
UCLA Los Angeles, CA) and HiSeq (McGill University/Génome
Québec, Montreal, QC) platforms, respectively.

Analysis of Illumina Sequencing Data
Raw Illumina data was screened for PhiX spike-in contaminants
sequencing data using Bowtie2 then removed using Picard tools
(White III et al., 2013a,b; White III and Suttle, 2013). Reads were
quality checked using FastQC, then paired-end reads merged by
FLASH and assembled with the Ray assembler (kmer size: 39 and
55) (Boisvert et al., 2010, 2012; White III et al., 2013a,b; White
III and Suttle, 2013). The assemblies were selected based on the
number of contigs (>100 bp), N50/N90 values, longest contig,
and total length (bp) of the assembly (Table 2). Based on these
analyzes, a kmer size 39 was used for all further analysis (Table 2).
A kmer size of 55 generally yielded longer but fewer contigs,
which would not allow for a comparable differential analysis
between microbialites and sediments (Table 2). Only contigs
with >2x read coverage were used in analysis with average
coverage of 3x for both the microbialite and sediment contigs.
Nevertheless, only 0.64 and 1.74% of the raw reads from the
sediment and microbialite metagenomes, respectively, assembled
into contigs, indicating that both environments had complex
microbial communities. FragGeneScan was used to predict and
translate contig open reading frames (ORFs) (Rho et al., 2010)
and ProPas (Wu and Zhu, 2012) was used to calculate predicted
protein isoelectric points (pI).

The assemblies were annotated using Metagenomic Rapid
Annotations using Subsystems Technology (MG-RAST) (Meyer
et al., 2008). MG-RAST analysis of the contigs, used BLAT
(BLAST-like Alignment Tool) annotations based on hierarchical
classification against M5RNA (MG-RAST ribosomal specific
database), SEED subsystems and RefSeq databases with a
minimum e-value cutoff of 10−5, a minimum percent identity
cutoff of 60%, and a minimum alignment length cutoff of
15 base pairs. The SEED, RefSeq and M5RNA (MG-RAST
rRNA database) classifications were normalized using relative
count abundances for each sample. Principal component analysis
(PCA) for the normalized RefSeq classifications (top 25) used R
(version 3.0.3) libraries Ecodist (dissimilarity-based functions for
ecological analysis), and pvclust (hierarchical clustering with p-
values via multiscale bootstrap resampling) using ward clustering

TABLE 2 | Assembly statistics for Clinton Creek metagenomes.

Microbialite Microbialite Sediment Sediment

(k = 39) (k = 55) (k = 39) (k = 55)

No. Contigs >100bp 109,722 689 59,928 171

Total length (Bp) >100bp 27,180,461 219,687 12,690,391 151,415

Mean >100bp 247 318 211 885

N50 >100bp 248 289 200 1307

N90 >100bp 184 231 160 383

Med Length >100bp 240 269 186 582

No. Contigs >500bp 371 46 557 99

Total length (Bp) >500bp 230,702 37,861 508,559 127,068

Mean >500bp 621 823 913 1283

N50 >500bp 588 611 849 1591

Med >500bp 574 566 608 916

Largest 9491 9752 33,503 5896

Total GC count 16,801,673 135,459 7,329,632 82,490

GC% 61.82 61.66 57.76 54.48

k = kmer size (bp).

and Bray-Curtis distance metric at a thousand replicates
(Suzuki and Shimodaira, 2006). PCA for the normalized RefSeq
classifications was plotted using R library ggplot2 (Wickham,
2009). A dotplot of the normalized RefSeq classifications (top
25), was completed using R libraries Reshape2, using the melt
function, then plotted using ggplot2 (Wickham, 2009). The
annotations were parsed by custom python scripts and analyzed
using statistical analysis ofmetagenomic profiles (STAMP) (Parks
and Beiko, 2010).MG-RAST annotations using SEED subsystems
for Clinton Creek microbialite and sediment contigs were loaded
into STAMP and compared for metabolic potential using a one
sided G-test (w/Yates’ + Fisher’s), alternative to the chi-squared,
with asymptomatic confidence intervals (0.95) using Benjamini-
Hochberg FDR procedure (Parks and Beiko, 2010).

In addition to MG-RAST, metabolic pathways were predicted
using MetaPathways, a modular pipeline for gene prediction
and annotation that uses pathway tools and the MetaCyc
database to construct environmental pathway/genome databases
(ePGBDs) (Konwar et al., 2013). Metapathways uses the seed-
and-extend homology search algorithm LAST (local alignment
search tool) for annotations of ORFs with a minimum of 180 bp
and minimum alignment length cutoff of 50 (Kiełbasa et al.,
2011). Venn diagrams were constructed from predicted MetaCyc
pathways based on normalized pathway size and the number of
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ORFs associated with each pathway using R libraries then plotted
using ggplot2 (Wickham, 2009).

Comparative Metagenomics
MG-RAST annotations for Clinton Creek microbialite (ID
4532705.3) and sediment (ID 4532704.3) metagenomes were
loaded into STAMPS then compared against arctic mats and
sediments: Ward Hunt Ice Shelf mat (ID 4532782.3), MarkHam
Ice Shelf (ID 4532781.3), and Lost Hammer Sediments (ID
4532786.3), mats from Yellowstone: Octopus Springs Mat (ID
4443749.3), and Mushroom Springs Mat (ID 4443762.3) and
Antarctica mats, marine derived lakes, freshwater lakes, and
marine; McMurdo ice shelf mat (ID 4532780.3), Marine Lake
1 (ID 4443683), Marine Lake 5 (ID 4443682.3), Marine 8
(ID 4443686.3), Marine 9 (ID 4443687.3), and Ace Lake (ID
4443684.3) using a multiple group ANOVA in STAMP by SEED
subsystems (Level III) annotations by post-hoc tests (Tukey-
Kramer at 0.95), an effect size (Eta-squared) and multiple
test correction using the Benjamini-Hochberg FDR procedure.
Clinton Creek microbialites were further examined against polar
mats, Cuatro Ciénegas microbialites (4440060.4, 4440067.3) and
marine stromatolites from Highbourne Cay (ID 4440061.3) in
STAMPs by a one sided G-test (w/Yates’+ Fisher’s), alternative to
the chi-squared, with asymptomatic confidence intervals (0.95)
using Benjamini-Hochberg FDR procedure.

Metagenomic Data Depositing
All the data used in this study is freely available and available
for public access from the MG-RAST metagenomics analysis
server. From MG-RAST, it is listed in the project name Yukon
microbialites under the names Clinton Creek microbialite (ID
4532705.3) and sediment contigs (ID 4532704.3).

Results and Discussion

Non-database Based Community Properties
Based on GC content Clinton Creek the microbialite microbial
communities are clearly distinct from the sediment microbial
communities. The GC content was higher in the microbialites
compared to the sediments; whereas, protein isoelectric points
(pI) were similar (Figure S1). The GC content was lower
in sediments likely due to the higher presence of low GC
containing microbes belonging to phyla such as Bacteroides and
Firmicutes. The higher GC content in the microbialite data is
likely due to the high relative abundance of sequences assigned
to anoxic photoheterotrophic Alphaproteobacteria, including
Rhodobacterales (59–65% GC content) and Rhodomicrobium
(62.2% GC content). GC content across bacterial genomes can
be highly variable amongst microbial taxa, although amino-acid
usage is typically similar, which is similar to our data on GC and
pI content observed in the metagenomes (Lightfield et al., 2011;
Figure S1).

Community Composition
The microbial communities within Clinton Creek are
distinct from each other (Figure 2) and are dominated by
differing compositions of Proteobacteria and Cyanobacteria.

Proteobacteria comprised >50% of the ORFs and >35%
of the 16S sequences recovered from the Clinton Creek
sediments and microbialites (Figure 2). The microbialite
contigs were dominated by anoxic photoheterotrophic
Alphaproteobacteria (e.g., Rhodobacterales) (Figure 2A).
In contrast, sediments contigs had greater abundance
nitrogen-fixing Gammaproteobacteria (e.g., Pseudomonas
spp.) (Figure 2A). Alphaproteobacteria are commonly found
amongst, and are likely a critical component of, the microbialite-
forming microbial consortium due to their role in nitrogen
fixation, even in the presence of heterocystous cyanobacteria
(Havemann and Foster, 2008). It has been suggested that prior
to the evolution of cyanobacteria, anoxic phototrophs like
Rhodobacterales could have had a role in the formation of
Precambrian stromatolites (Bosak et al., 2007).

Deltaproteobacteria represented ∼10% of the predicted
Proteobacterial ORFs (based on RefSeq) from the sediments
and microbialites (Figure 2A). The microbialite contigs
consisted mainly of Myxococcus spp. whereas, members of the
Desulfuromonadales dominated in the sediments. Myxococcus
spp. are abundant in a variety of microbialite-forming systems
and can mediate precipitate carbonate through the release of
ammonium (Jimenez-Lopez et al., 2011). The microbialites and
sediments had similar representation from Desulfurovibrionales,
Desulfobacterales and Syntrophobacterales, the major orders of
dissimilatory sulfate reducers. The dissimilatory sulfate-reducers
in the Deltaproteobacteria may be critical drivers of the “the
alkalinity engine,” thereby inducing carbonate precipitation
(Gallagher et al., 2012). Finding the major dissimilatory
sulfate-reducing groups of bacteria (Desulfurovibrionales,
Desulfobacterales, and Syntrophobacterales) in Clinton Creek
microbialites is not surprising; however, their abundances
were similar in the sediments, including genes involved in
dissimilatory sulfate-reduction. Thus, the sediments and ground
water likely generate alkalinity and could also be the source(s) of
these dissimilatory sulfate-reducing bacteria in microbialites. For
example, sulfate-reducing bacteria may be transported as spores
from other environments and then disperse in microbialite
cyanobacterial mats.

Cyanobacteria were the fourth most abundant group,
comprising 6.1% of the total contigs in the microbialites
(Figure 2A). The microbialites had 4-fold more protein coding
ORFs that were classified as cyanobacteria than the sediments
(6.1–1.4%, Figure 2A). The cyanobacterial ribosomal sequences
were detected in the microbialites only (based on M5RNA
database) and from only filamentous cyanobacteria genera,
which include Tolypothrix, Leptolyngbya, and unclassified
Antarctic cyanobacteria. In contrast, no Cyanobacteria ribosomal
sequences (e.g., rDNA) were recovered from the sediments
(Figure 2A; M5RNA). No Cyanobacteria ribosomal sequences
(e.g., rDNA) were detected in the sediments due to very low
abundance sediments. Microbialite contigs based on RefSeq
classification had higher abundances of filamentous genera
including Microcoleus, Lyngbya, Nodularia, and Anabaena, and
more unicellular calcifying Synechococcus, than the sediments.
The sediments had fewer filamentous cyanobacteria genera as a
whole and fewer unicellular cyanobacteria (e.g., Synechococcus)
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FIGURE 2 | Microbial community structure of Clinton Creek metagenomes. (A) Dot pot of representative taxonomic groups from Clinton Creek sediments and

microbialites using RefSeq (protein coding ORFs) and M5RNA (rRNA, MG-RAST rRNA database) in log relative abundances. Samples were clustered (top) by ward

clustering matrix using bootstraping of one thousand replications with Bray-Curtis distance cut-offs. “Other” denotes low abundance taxa that were <1% of the total

ORF or rRNA, individually, but were all combined here into one point. (B) PCAs of top 25 taxonomic groups from Clinton Creek sediments and microbialites by RefSeq

(ORFs) and M5RNA (rRNA, MG-RAST rRNA database) classification using ward clustering matrix followed by bootstrapping of one thousand replications with

Bray-Curtis distance cut-offs.

contigs. Cyanobacteria likely drive microbialite formation in
Clinton Creek by increasing carbon biomass in the form of
carbon-rich EPS, which supports the growth of the entire
heterotrophic microbial consortium through carbon fixation,
which in turn contributes to carbonate precipitation by
increasing the saturation index (Dupraz and Visscher, 2005;
Braissant et al., 2007; Dupraz et al., 2009; McCutcheon et al.,
2014).

The phylum Gemmatimonadetes was present in both
the sediments and microbialite contigs, and comprised
7–8% of the protein coding ORFs (Figure 2A). To our
knowledge, this is the first report of protein sequences from
Gemmatimonadetes in microbialites based on metagenomic
data, although they were not restricted to that environment. The
Gemmatimonadetes contigs annotated mainly as hypothetical
proteins; however, positive Gemmatimonadetes annotations
included ATPases, Zn-dependent peptidases and glucose/
sorbosone dehydrogenase-like genes. Glucose/sorbosone

dehydrogenases transform various sugar moieties into vitamins,
including L-ascorbic acid (vitamin C), or can make D-glucono-
1,5-lactone from D-glucose, which can acidify the extracellular
environment, which may lead to dissolution of carbonate by
heterotrophic process (Dupraz and Visscher, 2005; Miyazaki
et al., 2006; Fender et al., 2012). Although their estimated relative
abundance is not high, this could in part be because there are
few representative Gemmatimonadetes genomes in databases.
Ultimately, whether they are involved in microbialite formation,
or are just opportunists, or lead to dissolution, needs to be
elucidated.

The microbialite and sediment microbial communities were
dominated by bacteria with low abundances of eukaryotes
and archaea (Table 3). From RefSeq annotations, <1% of
microbialite and sediment contigs were of archaeal origin
(Table 3, RefSeq), and no archaeal ribosomal genes were
detected in either the sediment or microbialite contigs (Table 3,
M5RNA). Clinton Creek microbialites, similar to Highbourne
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TABLE 3 | Domain classification of the microbial community in Clinton

Creek.

Domains* Microbialite Microbialite Sediment Sediment

(RefSeq) (M5RNA) (RefSeq) (M5RNA)

Bacteria 99.05 73.91 98.22 92.50

Eukaryotes 0.60 25.00 1.16 7.50

Archaea 0.32 0.00 0.45 0.00

Viruses 0.02 0.00 0.13 0.00

Unassigned 0.01 1.09 0.04 0.00

*Based on MG-RAST annotations. RefSeq: Protein coding ORFs. M5RNA: Ribosomal

rRNA genes.

Cay marine microbialites and the freshwater microbialites from
Cuatro Ciénegas, had low abundances (<1%) of archaea and
eukaryotes (Breitbart et al., 2009; Khodadad and Foster, 2012;
Mobberley et al., 2013). Eukaryotes were rare, as they make
up <1% of the sediment and microbialite contigs of Clinton
Creek (Table 3), although common taxa such as diatoms,
dinoflagellates, cryptomonads, chlamydomonadales, and fungi

were detected. Diatoms and other protists have been observed by
microscopy and detected in the metagenomic data from Clinton
Creek, but their contribution to the formation of microbialite
structures requires further study (Power et al., 2011a). Diatoms
may influence carbonate precipitation through photosynthetic
alkalinization (Tesson et al., 2008), akin to processes found in
cyanobacteria, and/or through the ammonification of amino
acids (Castanier et al., 1999).

Clinton Creekmicrobialites had very low sequence abundance
(<0.1%) of metazoans including nematoda, cryptomonads,
platyhelminthes, microsporidia, cnidaria (e.g., hydra) and
arthropods (e.g., insects). Our sequence data supports prior
microscopy data that similarly showed low abundances of
metazoans (Power et al., 2011a). With such a low metazoan
abundance, the destructive impact of grazing on the Clinton
Creek microbialites is presumably very low. Phosphorus was
undetectable down to the parts per million detection limit in
Clinton Creek (data not shown). It has been suggested that
limitation of phosphorus affects metazon growth in microbialites
(Elser et al., 2005). Metazoan grazing is the “prime suspect” in
the global decline of microbialites as they remove cyanobacterial
mats, thereby negatively impacting microbialite formation by
removing the main carbon source and structural components
(Grotzinger, 1990).

Metabolic Potential

The metabolic potential of the Clinton Creek microbialite
metagenome predicts photosynthetic dominance, whereas
the sediment metagenomes contained more heterotrophic
metabolism (e.g., respiration) (Figure 3A). SEED subsystem
level I (i.e., highest functional classification group) annotations
indicated that carbohydrate metabolism relating to carbon
fixation, DNA metabolism and photosynthesis pathways
were significantly more abundant in the microbialites than
sediments (Figure 4A, FDR p < 0.01). Lower level SEED

subsystem predictions (level III) further revealed a higher
abundance of photosynthetic pathways (e.g., photosystem II
reaction centers and carotenoids and chlorophyll biosynthesis)
in microbialites than sediments (Figure 3B, FDR p < 0.01).
These photosynthetic pathways in microbialites were annotated
as filamentous cyanobacteria genera such as Microcoleus,
Lyngbya, Nodularia, and Anabaena, which were not found in the
sediments.

The metapathway pipeline was used for MetaCyc pathway
annotations to complement SEED functional gene annotations.
MetaCyc predicted pathways revealed that most pathways
were shared between microbialites and sediments (Figure 4A).
Only 13 pathways were restricted to the sediments and
240 pathways were identified in the microbialites, while
358 pathways were shared (Figure 4A). The hundred
most abundant shared pathways were housekeeping genes
with functions such as protein, nucleic acid, lipid, and
carbohydrate biosynthesis and degradation (Figure 4B).
In the microbialites, MetaCyc annotations predict higher
levels of glutamine degradation I, which results in the
donation of nitrogen in the form of ammonium, while
glutamine biosynthesis appears to be higher in the sediments
(Figure 4B). Both the sediments and the microbialites
are able to recycle ammonium through ammonium
assimilation cycle I-II (Figure 4B). Ammonium donation
provides nitrogen, which feeds the primary photosynthetic
production of the filamentous cyanobacterial mats in
microbialites, which in turn could lead to further carbonate
precipitation.

Isotopic analysis of the carbonate minerals composing the
microbialite may indicate a dominant process, e.g., alkalinization
by phototrophs vs. increased CO2 supply via heterotrophic
degradation of organic matter. However, microbialites form
though complex interactions between the physical and chemical
factors with the microbial community. For instance, calcite
composing the Pavilion Lake microbialites is enriched in
13C by 2.5 ± 0.5‰ relative to calcite that may precipitate
in isotopic equilibrium with lake water DIC, (Brady et al.,
2009), indicating that alkalinization driven by cyanobacteria.
The biomass-associated aragonite within the Clinton Creek
microbialites was modestly enriched in 13C by 0.8‰ relative to
aragonite exhibiting no biomass, which is indicative of carbonate
precipitation in association with phototrophs, including
cyanobacteria (Power et al., 2011a). Electron microscopy of the
microbialites confirmed that phototrophs were associated with
carbonate that is enriched in 13C (Power et al., 2011a). A greater
proportion of heterotrophic activity within the microbialites
may explain why microbialite aragonite was isotopically
lighter than periphyton found in the open pit. Omelon et al.
(2013) hypothesize that microbialites become progressively
lithified as the photosynthetically derived carbonate becomes
in-filled through subsequent carbonate precipitation by
heterotrophic activity. Similarly, Andres et al. (2006) suggest
heterotrophs play a more direct role than phototrophs in
the lithification stromatolites from Highborne Cay, Bahamas
as indicated by isotopically light aragonite (Andres et al.,
2006).
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FIGURE 3 | Extended error plots for functional gene annotations for Clinton Creek metagenomes in STAMP using SEED subsystems. (A) SEED

subsystem level I (highest level classification in SEED). (B) SEED subsystem level III (3rd lowest classification in SEED out of four levels). Extended error plots used a

one sided G-test (w/Yates’ + Fisher’s) with asymptomatic confidence intervals (0.95) using Benjamini-Hochberg FDR procedure. *Red asterisks are significant

photosynthetic pathways.
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FIGURE 4 | MetaCyc pathway annotations for Clinton Creek metagenomes. (A) Venn diagram of MetaCyc pathways. (B) The top 40 shared MetaCyc

pathways from Venn diagram.

Comparative Metagenomic Analysis

Clinton Creek microbialite and sediment metagenomes are more
functionally related to polar mats than microbialites isolated
frommarine or tropical ecosystems. Using SEED subsystem level
III, PCA indicates better clustering to polar mats and sediments
from the Arctic and Antarctica (Figure 5). The Clinton Creek
samples cluster most closely Markham Ice shelf and Ward
Hunt Ice shelf mats isolated from the Canadian High Arctic
(Figure 5; Varin et al., 2012). Markham mats are functionally
the most similar based on strong correlation to Clinton Creek
microbialites based on SEED subsystem level III (Figure 6, R2 =
0.952). Overall, polar mats (e.g., Markham, Ward Hunt, and
McMurdo) had strong correlation of pathways in SEED than
other ecosystems (Figure 6, R2 > 0.900). Markham mats like
Clinton Creek microbialites are dominated by Proteobacteria,
and have Gemmatimonadetes present at 3% of the total 16S
clones (Bottos et al., 2008). Polar mats, whether on microbialites
or on ice shelves, appear to have functional gene similarities;
this likely relates to handling shifts in temperature, including
temperatures well below freezing (−10◦C; Varin et al., 2012).

SEED based functional genes present in Clinton Creek
microbialites were also analyzed across both freshwater
microbialites from Cuatro Ciénegas and Highbourne Cay
stromatolite metagenomes. Clinton Creek microbialites had
weak correlations to Pozas Azules II metagenome (Figure 6,
R2 = 0.702), followed by Rio Mesquites (Figure 6, R2 = 0.633),
and Highbourne Cay stromatolite (Figure 6, R2 = 0.018). Arctic
polar mats had stronger correlations for SEED pathways than

Cuatro Ciénegas microbialites and Highbourne Cay stromatolite
metagenomes. Cuatro Ciénegas microbialites and Highbourne
Cay are in tropical climates, which would removemany pathways
related to cold-adaptation which are present in Clinton Creek
and polar mats (Varin et al., 2012). The Highbourne Cay marine
stromatolite had the lowest correlation of SEED functional
gene classifications to Clinton Creek microbialites, which
further suggests that marine microbialites differ from freshwater
microbialites.

Clinton Creek samples were distinct from non-lithifying
Octopus and Mushroom spring mats from Yellowstone
(Figure 5). These data reveal that Clinton Creek microbialites
are closely related to polar mats, due possibly to cold-adaptation,
and differ greatly from tropical microbialites. This reveals that
under the correct chemistry (e.g., alkaline pH, high DIC, and
dissolved Ca2+ or Mg2+), and with low numbers of metazoans,
polar mats on ice shelves could have at least the metabolic
potential to make microbialites.

Clinton Creek Geochemistry

The key chemical parameters with regard to CaCO3 precipitation
are pH, and concentrations of Ca2+ and DIC. These parameters
influence the degree of saturation of a solution as given by the
Saturation Index (SI), which is defined as SI = log(IAP/Ksp),
where the IAP is the Ion Activation Product and Ksp is
the solubility product of a given mineral. Rates of mineral
nucleation and precipitation are generally greater with increasing
degree of saturation (De Yoreo and Vekilov, 2003). Speciation
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FIGURE 5 | Functional gene comparative PCA plot for Clinton Creek metagenomes. Based on ANOVA for multiple groups using SEED subsystem level III in

STAMP.

calculations using PHREEQC (Parkhurst and Appelo, 1999)
determined that the average SI for aragonite in the Clinton
Creek open pit water is 0.6 vs. 0.72 for calcite of Pavilion
Lake (Brady et al., 2009). This may explain the extremely
rapid accretion rate in Clinton Creek, which is two orders
of magnitude faster than Pavilion Lake microbialites (Brady
et al., 2009), and one order faster than Highbourne Cay
microbialites (Planavsky and Ginsburg, 2009). Given a similar
CaCO3 saturation index as Pavilion Lake, the relatively rapid
formation of Clinton Creek microbialites cannot be explained by
the bulk chemical parameters of the open pit water. Furthermore,
the microbialites and surrounding sediments experience nearly
the same environmental conditions (e.g., nutrient availability,
bulk water chemistry, and lighting). Consequently, we are able to
differentiate between the environmental and microbial controls
on carbonate precipitation through a comparative analysis of the
microbialites vs. the surrounding sediment using metagenomic
analysis. The surrounding sediments do contain some aragonite
(Power et al., 2011a); however, it is clear that carbonate

precipitation rates are much faster in the microbialites given
their greater abundance of aragonite. These finding suggest that
microbialite formation in Clinton Creek is indeed driven by the
local microbial community. Microbial metabolism is expected to
significantly modify the water chemistry in the interstitial waters
of the microbialites (Dupraz et al., 2009). On a geologic and even
a human timescale, Clinton Creek microbialites are exceedingly
young, and it may be that their rapid accretion rates will not
extend into the future.

Our data suggest that polar mats have the metabolic potential
to make microbialites under the correct chemical conditions.
Further work is needed to definitively ascertain specific microbe
influence in terms of the speed of microbialite formation. In
the future, this may provide an avenue for us to engineer
microbial communities to store atmospheric carbon through
biolithification, especially given the recent, anthropogenic origin
of the Clinton Creek site. Biogenic carbonate deposits are the
largest reservoirs of carbon on Earth and could provide a
cost-efficient method of carbon sequestration for greenhouse
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FIGURE 6 | Scatter plots of functional gene annotations using SEED subsystem level III. One sided G-test (w/Yates’ + Fisher’s) with asymptomatic

confidence intervals (0.95) using Benjamini-Hochberg FDR procedure in STAMP. Each dot represents a unique functional classification gene.

gas emissions (Falkowski et al., 2000). Passive carbonation
and carbon capture has been documented within the Clinton
Creek mine tailings, leading to the proposition that microbially-
mediated carbonate precipitation is a means to ameliorate carbon
emissions from mining operations (Power et al., 2011a).

Conclusions

The northernmost microbialites known are located at
subarctic Clinton Creek (Yukon, Canada). DNA from
representative microbialites was extracted and directly
sequenced, without bias from DNA amplification, and used
to produce the largest set of assembled metagenomic data
from a freshwater microbialite-forming ecosystem. The
data revealed a high proportion of photosynthetic genes
that were absent in the surrounding sediments, implying
that microbialite formation is driven by photosynthesis-
induced alkalinization, which is supported by 13C isotopic
enrichment (Power et al., 2011b). Predicted metabolic pathways
overlapped extensively between microbialite and sediment

communities, particularly with respect to housekeeping
genes; however, they have distinct core communities with
microbialites dominated by Alphaproteobacteria (mainly anoxic
phototrophs like Rhodobacterales) and sediments dominated
by Gammaproteobacteria (mainly heterotrophic nitrogen-fixing
Pseudomonas spp.).

While Clinton Creek microbialites shared some functional
potential with microbialites from Cuatro Ciénegas, they
shared far greater relation to Arctic mats (e.g., Markham
and Ward Hunt), possibly due to cold-adaptation facilitated
by long winters. The shared metabolic potential between
Clinton Creek microbialites and polar mats from ice shelves,
suggests that under favorable geochemical conditions,
(e.g., alkaline pH, high DIC, and dissolved Ca2+ or
Mg2+), Arctic mats have the metabolic potential to form
microbialites.

This study illustrates that cyanobacteria generate alkalinity
and support heterotrophic communities, which have the
potential to drive the formation of microbialites at Clinton Creek.
Together, this suggests that an anthropogenic environment
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can foster microbial communities capable of mediating
carbonate precipitation, and that these microbes could offer
an effective means of carbon sequestration (Power et al.,
2011a,b). Microbially-mediated carbonate precipitation is an
environmentally safe and novel process that could be harnessed
to provide a cost-efficient strategy for the long-term storage of
anthropogenic greenhouse gasses (e.g., CO2).
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Modern microbialites are complex microbial communities that interface with abiotic
factors to form carbonate-rich organosedimentary structures whose ancestors provide
the earliest evidence of life. Past studies primarily on marine microbialites have
inventoried diverse taxa and metabolic pathways, but it is unclear which of these
are members of the microbialite community and which are introduced from adjacent
environments. Here we control for these factors by sampling the surrounding water and
nearby sediment, in addition to the microbialites and use a metagenomics approach
to interrogate the microbial community. Our findings suggest that the Pavilion Lake
microbialite community profile, metabolic potential and pathway distributions are distinct
from those in the neighboring sediments and water. Based on RefSeq classification,
members of the Proteobacteria (e.g., alpha and delta classes) were the dominant
taxa in the microbialites, and possessed novel functional guilds associated with the
metabolism of heavy metals, antibiotic resistance, primary alcohol biosynthesis and
urea metabolism; the latter may help drive biomineralization. Urea metabolism within
Pavilion Lake microbialites is a feature not previously associated in other microbialites.
The microbialite communities were also significantly enriched for cyanobacteria and
acidobacteria, which likely play an important role in biomineralization. Additional findings
suggest that Pavilion Lake microbialites are under viral selection as genes associated
with viral infection (e.g CRISPR-Cas, phage shock and phage excision) are abundant
within the microbialite metagenomes. The morphology of Pavilion Lake microbialites
changes dramatically with depth; yet, metagenomic data did not vary significantly
by morphology or depth, indicating that microbialite morphology is altered by other
factors, perhaps transcriptional differences or abiotic conditions. This work provides
a comprehensive metagenomic perspective of the interactions and differences between
microbialites and their surrounding environment, and reveals the distinct nature of these
complex communities.
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INTRODUCTION

Microbialites are a specialized group of microbial mats that lithify
carbonate-rich structures, and include thrombolites that consist
of structures with unlaminated clots and stromatolites that have
laminated layers (Burne and Moore, 1987; Perry et al., 2007).
Fossil evidence points to microbialites being representative of
the oldest known persistent ecosystems (Grotzinger and Knoll,
1999; Schopf, 2006). They are an unparalleled system in which to
investigate biochemical cycling that may be representative of the
earliest known complex microbial communities (Dupraz et al.,
2009).

Microbialites are globally distributed, and can be found in
marine (Reid et al., 2000; Burns et al., 2004; Khodadad and Foster,
2012; Mobberley et al., 2013), freshwater (Ferris et al., 1997; Laval
et al., 2000; Gischler et al., 2008; Breitbart et al., 2009; Couradeau
et al., 2011), hypersaline (Allen et al., 2009; Goh et al., 2009),
hot spring (Bosak et al., 2012), and remnant mining (Power
et al., 2011) environments. To a lesser extent, they have also
colonized terrestrial environments, such as landfill soils (Maliva
et al., 2000) and caves (Lundberg and McFarlane, 2011). These
microbial communities thrive at the intersection of abiotic and
biotic factors that promote organosedimentation (Dupraz and
Visscher, 2005; Dupraz et al., 2009).

A host of biological factors are favorable to microbialite
formation, such as the presence of exopolysaccaride (EPS)-
rich cyanobacterial mats, which serve as a location of mineral
nucleation and provide a heterotrophic microenvironment
favorable for organomineralization via dissimilatory sulfate
reduction (Dupraz and Visscher, 2005; Dupraz et al., 2009).
Cyanobacterial photosynthetic activity increases pH in the
surrounding geochemical environment, promoting precipitation
by raising the calcium carbonate saturation index critical to the
formation process ofmicrobialites (e.g., Merz, 1992; Dupraz et al.,
2009). Microbialites have been purported to form via carbonate
precipitation by the benthic community, as well as by trapping
detritus from sediment and the overlying water column (Burne
and Moore, 1987; Dupraz and Visscher, 2005).

Despite the apparent reliance of microbialites on biotic
input from the surrounding environment, there is currently
a scarcity of data comparing microbialite communities with
those of the sediments or water. Such a comparison allows for
the identification of microbialite-specific components that may
not be obvious when examining microbialite communities in
isolation. Exploring the genetic differences between microbialite
communities and those in the surrounding habitats requires
identifying the relative abundance of taxa and their metabolic
potential. To avoid distorting these ratios, DNA was extracted
and unlike in other metagenomic studies of microbialites
(Breitbart et al., 2009), sequenced without amplification.

Many studies have focused on examining the abundance and
diversity of freshwater microbialites using 16S rDNA sequencing
but few metagenomic studies exist. Diversity studies using 16S
rDNA amplicons on freshwater microbialites include Lake Van
(López-García et al., 2005), Lake Alchichica (Couradeau et al.,
2011), Cuatro Ciénegas (Centeno et al., 2012), Pavilion Lake
(Chan et al., 2014; Russell et al., 2014), and Ruidera Pools

(Santos et al., 2010). While 16S rDNA sequencing is able to
obtain the relative abundance of taxa and diversity of taxa; it is
unable to capture the metabolic potential or the functional gene
abundance of an ecosystem. Metabolic and functional potential
obtained by metagenomics allow for functional gene inventories
which can be used as databases for further investigations using
other omics (e.g., metaproteomics) (Cantarel et al., 2011). Prior
metagenomics studies on microbialites have focused primarily on
marine environments (Khodadad and Foster, 2012; Mobberley
et al., 2013; Ruvindy et al., 2015) with the exception of one
tropical freshwater system (Breitbart et al., 2009) and one
subarctic abandoned open pit mine (White III et al., 2015). In
this study, we sequenced total genomic DNA from cold temperate
freshwater microbialites, as well as from the nearby sediment
and water, to identify constituent taxa and infer their metabolic
functional potential.

Sampling was conducted in Pavilion Lake, in southeastern
British Columbia, Canada (50.8◦N, 121.7◦W). The lake
is dimictic, circumneutral (median pH 8.3; mean calcium
carbonate, 182 mg L−1), and oligotrophic (mean total
phosphorus, 3.3 μg L−1). Further limnological details of
Pavilion Lake are given in Lim et al. (2009). The microbialites are
primarily calcite thrombolites, covered in a thin (∼5 mm)
microbial mat, that change in morphotype with depth;
at ∼10 m they resemble shallow domes, at ∼20 m they
resemble cabbage heads, at 25 m they consist of conical
outcroppings, and at deeper depths they possess mound
structures (Figure 1; Laval et al., 2000). However, whether
morphological changes in the microbialites are associated with
changes in community structure or metabolic potential is not
well constrained.

Data suggest that photosynthetically induced alkalinization
is a major driver of recent carbonate precipitation in shallow
Pavilion Lake microbialites (Brady et al., 2010). Two recent
16S studies of Pavilion Lake microbialites indicated that
cyanobacteria, including members of the genera Acaryochloris,
Leptolyngbya, Microcoleus, and Pseudanabaena, are dominant
oxygenic photoautotrophic members (Chan et al., 2014; Russell
et al., 2014). Moreover, elevated O2 concentrations, pH and
δ13C carbonate values within surface microbial mats and
cyanobacterial rich nodules from microbialites at < 20 m
depth indicate photosynthetic influence on carbonate that
is being precipitated (Brady et al., 2010, 2014). Whether
biomineralization in this system is strictly a photosynthetic
process or a mixture of heterotrophic and photosynthetic
processes remains unconstrained.

In addition to challenges associated with elucidating the
role of bacteria and eukarya in the formation of microbialite
structures, the role of viruses in microbialite communities has
remained elusive. Viruses are the most prevalent “organisms”
on Earth, with an estimated 1030 viruses in the ocean (Suttle,
2005). Through cell lysis, they play a role in carbon cycling on a
global scale (Suttle, 2005). Metagenomic data for the viral fraction
have been published for marine (e.g., Highbourne Cay) and
freshwater microbialites (e.g., Cuatro Cienegás) (Desnues et al.,
2008). However, because the surrounding water and sediments
were not sampled, it is unclear whether the viral taxa were
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FIGURE 1 | Pavilion Lake microbialite morphology as a function of sampling depth in meters. The scale bar is ∼1 m (left) and ∼15 cm (right).

specifically associated with the microbialites, or were derived
from the surrounding environments.

In this contribution, a metagenomic approach was used to
uncover the metabolic potential that is specifically associated

with microbialites. We examine the novel metabolic potential
associated with Pavilion Lake microbialites and investigate
whether metabolic potential, not solely taxa, changes as
a function of microbialite morphology. We also explore
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whether heterotrophic or phototrophic pathways dominate
the microbialite functional metabolic potential in association
with carbonate precipitation, and examine virus-host whole
community interactions. As well, we address the question of
whether the microbialite communities are distinct from those
found in other microbialite systems and in the adjacent water and
sediment.

MATERIALS AND METHODS

Sample Collection
Samples were collected from Pavilion Lake (50.86◦N, 121.74◦W)
during the summers of 2010 and 2011. Triplicate representative
microbialites (∼10 kg), were recovered from each collection
site (Lim et al., 2011) either by SCUBA divers along a
transect [Three Poles (TP) site: 10, 20, 25 m] or by manned
DeepWorker submersible (Deep mound site: 45 m; 2010)
(Nuytco Research Ltd., North Vancouver, BC, Canada). Diver
collected microbialites were placed into separate plastic bags
and brought to the surface, whereas DeepWorker samples were
collected by a robotic arm and placed into a basket before
transport to the surface.

Sediment samples, adjacent to the microbialites (∼20 g of
the surface layer; 10, 20, 25 m depths; 2011) were collected into
sterile bottles at the same time by divers. At the lake surface,
microbialite and sediment samples were immediately placed into
insulated containers filled with cold lakewater to maintain in situ
temperatures until samples were processed. At the field lab,
each microbialite was weighed, documented and apportioned for
molecular analysis. Replicate sediment samples were pelleted by
centrifugation (5000 × g). The overlying lakewater was removed
and the sediment pellets flash frozen in liquid nitrogen and
transported back to the lab in a liquid nitrogen vapor shipper for
downstream processing.

Water adjacent to the microbialites (∼100 L) was collected
from each depth using a Niskin water sampler (2010) or a diver
guided hose at the collection site that was connected to a piston-
pump in a boat (2011). Surface water samples (∼1 m depth)
were collected using a submersible pump. Each water sample
was filtered in series through 120-μm pore-size Nitex R© screening
to remove large plankton, and 1.2-μm pore-size glass-fiber,
followed by 0.45 and 0.22-μmpore-size Durapore polyvinylidene
difluoride (PVDF) filters (Millipore, Bedford, MA, USA) (Suttle
et al., 1991). Filters were frozen in the field and transported back
to the lab in a liquid nitrogen vapor shipper.

DNA Extraction
To sample the microbialite associated microbial communities, a
sterile razor blade was used to scrape off 3 to 10 mm (∼5 g)
across the surface of three morphologically similar microbialites
collected at each depth. DNA was extracted on-site using a
PowerMax R© Soil DNA Isolation Kit (Mobio, Carlsbad, CA,
USA) then flash frozen in liquid nitrogen. Replicate microbialite
scrapings were placed into sterile jars and frozen on-site in liquid
nitrogen. Frozen samples were transported back to the lab in a
liquid nitrogen vapor shipper and stored at –80◦C until needed.

DNA from frozen samples were extracted using cetyl trimethyl
ammonium bromide (CTAB; Untergasser, 2008).

To ascertain the microbial community from the water column
(size fraction between 0.2 and 120-μm), DNAwas extracted from
half of each glass-fiber, 0.45 and 0.22-μm pore-size filter using a
PowerWater R© DNA Isolation Kit (Mobio, Carlsbad, CA, USA).
DNA was extracted from the other half of each filter using the
CTABmethod (Untergasser, 2008).

Sediment DNA was extracted from triplicate subsamples
(∼5 g) using a PowerMax R© Soil DNA Isolation Kit (Mobio,
Carlsbad, CA, USA). Replicate sediment pellets were also
extracted using the CTABmethod. Two DNA extraction methods
were employed for all samples to minimize extraction biases.

DNA concentrations were determined on-site using a
Nanodrop-3300 micro-fluorospectrometer and the Quant-iTTM

PicoGreen R© dsDNA Assay Kit (ThermoFisher, Wilmington,
DE, USA). Nucleic acid quality was determined by absorbance
(260/280 and 260/230) using a Nanodrop-1000 (ThermoFisher,
Wilmington, DE). CTAB and MoBio DNA extractions were
pooled (50:50) by equivalent DNA to reduce extraction bias and
then used for library construction.

Metagenomic Library Preparation: 454
FLX Titanium and Illumina HiSeq/MiSeq
Libraries for 454 FLX Titanium sequencing were constructed
using random DNA shearing with a Bioruptor (Diagenode
Denville, NJ, USA). Fragments were polished and blunt-end
ligated (NEBNext DNA Library Prep Kit, New England Biolabs,
Ipswich, MA, USA) to in-house Multiplex Identifier barcode
oligos (IDT, Coralville, IA, USA), with small fragments removed
by magnetic beads (Beckman Coulter, Danvers, MA, USA).
The libraries were quantified using a digital PCR quantified
standard curve (White III et al., 2009), diluted, and pooled for
454 pyrosequencing with Titanium chemistry (The Centre for
Applied Genomics, SickKids Hospital, Toronto, ON, Canada).

For Illumina library construction, DNA was sheared by
ultrasonication (Covaris M220 series, Woburn, MA, USA), and
the fragments end-paired, A-tailed (NxSeqDNA Sample PrepKit,
Lucigen, Middleton, WI, USA) and ligated to TruSeq adapters
(IDT, Coralville, IA, USA); small fragments were removed
twice using magnetic beads (Beckman Coulter, Danvers, MA).
The resulting libraries were pooled, and sequenced using both
250 bp and 100 bp paired-end sequencing on the MiSeq (UCLA
Genotyping & Sequencing Core, Los Angeles, CA, USA) and
HiSeq (McGill University and Génome Québec Innovation
Centre, Montreal, QC, Canada) platforms, respectively.

Metagenomic Data Assembly and
Analysis
The raw sequencing data were processed as follows. For the 454
data, the raw SFF files were converted to FASTQ format and
binned by molecular barcode (MID) using a custom Perl script.
Barcodes were removed by Tagcleaner (Schmieder et al., 2010)
and sequences cleaned for low quality and homopolymers using
PRINSEQ (Schmieder and Edwards, 2011). The Illumina data
were extracted and demultiplexed using the CASAVA pipeline
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v1.8 (Illumina, San Diego, CA, USA), and the PhiX spike-in
used for sequencing quality control was screened using Bowtie2
(version 2.1.0; Langmead and Salzberg, 2012) then removed using
Picard tools1 (version 1.90; White III and Suttle, 2013; White III
et al., 2013a,b).

The resulting 454 FLX titanium reads, Illumina overlapping
merged reads and Illumina non-overlapping reads from replicate
libraries were combined and assembled (kmer size: 39) using the
Ray DeNovo assembler (Boisvert et al., 2010, 2012). Illumina
sequencing compensates for the error-prone homopolymers
of 454, while 454 compensates for Illumina’s GC bias and
substitution errors (Bentley et al., 2008). A hybrid of the two
technologies provides a lower chance of obtaining the same
sequencing error and results in higher quality assembly at lower
cost (Aury et al., 2008). In total, 446 Mbp and 17 Mbp of
assembled contigs were obtained from the microbialites and
filters (Table 1), respectively. Surface (∼1 m) and 10 m water
metagenomic reads were pooled at assembly step to yield >15 k
contigs for further comparison. Sediment metagenomic data
(84 Mbp in total) resulted in a low numerical (<15 k) yield of
contigs; hence, the unassembled paired-end reads were extended
for overlap and pooled with unextended reads for further analysis
(Table 1). Metagenomic rapid annotations using MG-RAST were
used for contig annotation (Meyer et al., 2008). MG-RAST
annotation of the contigs used BLAT (BLAST-like alignment
tool) annotations based on hierarchical classification against
SEED subsystems2 and RefSeq databases3 with a minimum
E-value cutoff of 10−5, a minimum percent identity cutoff of 60%,
and a minimum alignment length cutoff of 50 base pairs.

MetaCyc4 annotations were provided by MetaPathways, a
modular pipeline for gene prediction and annotation that
uses pathway tools and the MetaCyc database to construct
environmental pathway/genome databases (ePGBDs; Konwar
et al., 2013). Metapathways using the LAST (local alignment
search tool) for annotations of ORFs with a minimum of 180 bp
and minimum alignment length cutoff of 50 bp (Kiełbasa et al.,
2011). MetaCyc pathway comparison Venn diagrams were based
on normalized pathway size and number of open reading frames
(ORFs) associated with each pathway using R, then plotted using
ggplot2 (Wickham, 2009).

Statistical analysis was completed using statistical analysis
of metagenomic profiles (STAMP) and R (Parks and Beiko,
2010; R Development Core Team, 2015). STAMP and R were
used to parse MG-RAST data for RefSeq (class level) and
SEED subsystems (level I to function) results. The STAMP
ANOVAs (including Principal Component Analysis, PCA)
were completed using multiple groups, post-hoc tests (Tukey-
Kramer at 0.95), an effect size (Eta-squared) and multiple
test correction using Benjamini-Hochberg FDR (false discovery
rate) procedure. The RefSeq and SEED classifications were
normalized for each sample using count-relative abundances
and total ORFs obtained per metagenome. PCA for the

1http://broadinstitute.github.io/picard
2http://www.theseed.org
3http://www.ncbi.nlm.nih.gov/refseq/
4http://metacyc.org/

normalized RefSeq and SEED classifications used R libraries
Ecodist (Dissimilarity-based functions for ecological analysis),
and pvclust (Hierarchical Clustering with P-values via Multiscale
Bootstrap Resampling) using ward clustering and the Bray-
Curtis distance matrix at a thousand replicates (Suzuki and
Shimodaira, 2006). The PCA for the normalized RefSeq and
SEED classifications were plotted using R libraries ggplot2
and a dotplot was created using R libraries Reshape2, using
the melt function, then plotted using ggplot2 (Wickham,
2009).

Metagenomic Data Depositing
All the data used in this study is freely available from MG-
RAST5. The data is deposited in the project name Pavilion
Lake surrounding environment as PLsfcFil (ID 4532785.3),
PL20Fil (ID 4532783.3), PL45Fil (ID 4532784.3), PLMB10 (ID
4532771.3), PLMB20 (ID 4532772.3), PLMB25 (ID 4532774.3),
PLMB45 (ID 4532775.3), PL10Sed (ID 4526738.3), PL20Sed (ID
4526739.3), and PL25Sed (ID 4526740.3).

RESULTS AND DISCUSSION

Microbialite Communities Differ from the
Surrounding Environment Communities
The microbial community structure and metabolic potential
of Pavilion Lake microbialites were statistically different from
those in the surrounding environment (e.g., water and sediment
metagenomes), based on principle component analyses of RefSeq
taxonomic classifications (Figure 2A), SEED (Figure 2C), and
MetaCyc functional gene assignments. STAMP ANOVA of
the RefSeq classifications identified thirteen bacterial classes
that were significantly enriched in microbialites over the
surrounding environment (Table 2, p < 0.01). ANOVA using
STAMP on the highest level classification (level I) in the
SEED database indicates that membrane transport, aromatic
metabolism, motility, potassium metabolism, cell signaling
and virulence genes are significantly enriched in microbialites
over the surrounding environment (Table 3, p < 0.05).
MetaCyc functional gene assignments suggest many shared
pathways (263) among samples from the water (filters),
microbialites and sediments with 246 pathways distinct to
Pavilion microbialites (Figure 2D). These observations support
the idea that microbialite associated microbes are distinct and
are not being seeded or introduced (at least not recently), from
surrounding environments.

The microbial communities and metabolic potential of the
microbialites differed between the sediment and water samples.
Compared to the microbialites, the sediment metagenomic
data had more sequences assigned to the taxonomic groups
Nitrospirae, Betaproteobacteria and Spirochaetia; whereas,
metagenomic data from the water had more sequences assigned
to Betaproteobacteria, Bacterioidetes, Verrucomicrobia, and
phototrophic eukaryotes (e.g., Chlorophyceae; Figure 2B).
Although the depth of sequences was not the same across

5http://metagenomics.anl.gov/
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TABLE 1 | Pavilion Lake metagenome assembly statistics using Ray Meta DeNovo Assembler.

Depth 10 m 20 m 25 m 45 m Sfc∗∗ 20 m 25 m 10 m 20 m 25 m

No. Contig or Read 510415 881449 499134 179215 43909 19977 32086 120680 544185 94150

Total Length (Bp) 115196707 178186326 111159198 41483863 8537385 3836213 5930888 12560841 61059259 10421166

N50 > 500bp 647 752 717 668 649 734 608 (–) (–) (–)

Avg > 500bp 721 783 760 736 776 753 644 (–) (–) (–)

Med > 500bp 571 633 616 621 524 670 575 (–) (–) (–)

Largest (Bp) 3882 6079 2965 1964 7125 4003 1880 190 190 190

G+C% 60.8 57.9 60.1 60.3 47 52.8 52.6 59.6 57.7 52.2

Sediment data were not assembled. Surface water (Sfc) (1 and 10 m samples) of water pooled at the assembly step.
∗Not assembled reads only
∗∗Sfc, surface water filter (∼1 to 10 m)
(–) not available.

FIGURE 2 | Pavilion Lake microbial community composition and metabolic potential relative to the adjacent sediments and water. (A) PCA plot of the
normalized RefSeq classifications. Clustering was done using a ward matrix and Bray-Curtis distance cut-offs, bootstrapped with one thousand replicates.
(B) Dotplot of the normalized RefSeq class-level in log relative abundances. (C) PCA plot of the normalized SEED Subsystems (level II classifications). Clustering was
done using a ward matrix and Bray-Curtis distance cut-offs, bootstrapped with one thousand replicates. (D) Venn diagram of the MetaCyc pathway abundances for
all the microbialite, water and sediment metagenomes normalized by pathway gene abundances and pathway size.

microbialites, sediments and water, it was adequate to clearly
show that the microbialite community was distinct from those
in the surrounding environments. These findings are consistent
with previous works that demonstrate fundamental differences

in microbial taxa between microbialite-associated communities
and others. Russell et al. (2014) found taxonomically distinct
microbial communities in non-lithifying soft-mat biofilms
and microbialites in Pavilion Lake. As well, metagenomic
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TABLE 2 | Taxonomic classes (RefSeq) that are overrepresented in microbialites relative to the surrounding environment by ANOVA using STAMP.

Bacteria p-value (corr) Effect size Fil: Avg
Rfreq (%)

Filr: SD (%) MB: Avg
Rfreq. (%)

MB: SD (%) Sed: Avg
Rfreq. (%)

Sed: SD (%)

Acidobacteriia 1.96E-03 0.889 0.314 0.164 0.839 0.139 0 0

Acidobacteria (Unclassified) 8.34E-05 0.972 0.096 0.053 0.849 0.094 0 0

Alphaproteobacteria 4.52E-04 0.947 7.708 0.266 19.768 2.196 2.679 2.008

Chloroflexi (class) 9.30E-05 0.973 0.449 0.142 1.481 0.116 0 0

Deferribacteres (class) 1.13E-03 0.917 0.059 0.014 0.117 0.02 0 0

Deinococci 1.82E-03 0.892 0.335 0.131 0.613 0.081 0 0

Deltaproteobacteria 1.81E-04 0.961 2.151 0.933 7.85 0.448 0.398 0.563

Gemmatimonadetes 1.39E-03 0.904 0.208 0.16 0.797 0.114 0 0

Gloeobacteria 7.68E-05 0.972 0.056 0.038 0.36 0.03 0 0

Ktedonobacteria 1.49E-03 0.9 0.076 0.042 0.31 0.062 0 0

Solibacteres 1.16E-04 0.973 0.386 0.279 3.346 0.331 0 0

Thermomicrobia (class) 1.44E-03 0.905 0.058 0.03 0.481 0.111 0 0

Thermotogae (class) 5.03E-03 0.845 0.044 0.023 0.138 0.006 0.023 0.033

STAMP ANOVA tested significant differences between multiple groups (microbialite, sediments, and filters) using a post-hoc test (Tukey–Kramer at 0.95), an effect size
(Eta-squared), a p-value (<0.01) and a multiple-test correction of Benjamini–Hochberg FDR. Results are for RefSeq classifications that significantly differed (p < 0.01)
for microbialite over the surrounding environments (sediments and filters). Avg Rfreq, Average relative frequency; SD, Standard deviation; p-val corr, p-value ANOVA
corrected; Unclass, Unclassified; MB, Microbialite; Sed, Sediment.
Avg Rfreq, Average relative frequency; SD, Standard deviation. P-val corr, p-value ANOVA corrected (By Benjamini–Hochberg FDR); Fil, Filter represents surrounding
water; MB, Microbialite; Sed, Sediment.

TABLE 3 | Functional annotations (SEED subsystem level I) that are overrepresented in microbialites relative to the surrounding environment by ANOVA
using STAMP.

Seed subsystem p-val (corr) Effect Size Fil: Avg Rfeq
(%)

Fil: SD (%) MB: Avg
Rfeq (%)

MB: SD (%) Sed: Avg
Rfeq (%)

Sed: SD (%)

Membrane transport 8.12E-03 0.793 1.998 0.157 2.514 0.112 0.941 0.577

Metabolism of aromatics 3.00E-04 0.934 1.27 0.074 1.775 0.111 0.872 0.109

Motility and chemotaxis 3.60E-03 0.649 0.606 0.025 1.063 0.039 0.454 0.356

Potassium metabolism 6.40E-03 0.81 0.182 0.035 0.296 0.013 0.084 0.068

Regulation and cell signaling 1.82E-03 0.874 1.09 0.028 1.506 0.079 0.978 0.133

Virulence, disease, and defense 3.45E-04 0.928 2.069 0.195 2.997 0.057 1.167 0.327

STAMP ANOVA tested significant differences between multiple groups (microbialite, sediments, and filters) using a post hoc test (Tukey–Kramer at 0.95), an effect size
(Eta-squared), a p-value (<0.01) and a multiple-test correction of Benjamini–Hochberg FDR. Results are for RefSeq classifications that significantly differed (p < 0.01)
for microbialite over the surrounding environments (sediments and filters). Avg Rfreq, Average relative frequency; SD, Standard deviation; p-val corr, p-value ANOVA
corrected; MB, Microbialite; Sed, Sediment.
Avg Rfreq, Average relative frequency; SD, Standard deviation.
p-val corr, p-value ANOVA corrected (Benjamini-Hochberg FDR).
Fil, Filter represents surrounding water; MB, Microbialite. Sed: Sediment.

analysis of marine microbialites in Highbourne Cay showed
distinctly different communities associated with lithifying and
non-lithifying microbial mats (Khodadad and Foster, 2012)

Core Microbialite Microbial Community
Structure and Metabolic Potential
Microbialite morphology in Pavilion Lake changes predictably
with depth, however the metabolic potential and microbial
community remains similar. PCA of RefSeq (Figure 2A) and
SEED (Figure 2C) classifications indicate that the microbial
community andmetabolic potential of microbialite metagenomes
cluster closely together, regardless of morphology or depth
(Figure 3D). Across morphologies, >80% of the MetaCyc
pathways predicted by the microbialite metagenomes are shared
(596, Figure 3F), with few (<30) distinct pathways within a
Pavilion Lake microbialite morphotype.

Based on RefSeq taxonomic classification ANOVA using
STAMP, the microbialites of Pavilion Lake were dominated
by sequences assigned to Proteobacteria and Acidobacteria
(Figure 2B). For example, sequences assigned to the classes
Alphaproteobacteria, Deltaproteobacteria, Acidobacteriia,
and Gloeobacteria were significantly more abundant in
microbialite metagenomes than in the water or sediment
metagenomes (Table 2; p < 0.05). The dominance of
sequences associated with members of the phyla Proteobacteria
(mainly Alphaproteobacteria and Deltaproteobacteria classes,
Figure 2B) is consistent with results from other marine
and freshwater microbialite communities (Havemann
and Foster, 2008; Breitbart et al., 2009; Goh et al., 2009;
Khodadad and Foster, 2012; Mobberley et al., 2013),
suggesting that despite geographical and environmental
differences, microbialite microbial communities have similar
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FIGURE 3 | Pavilion Lake microbial community composition and metabolic potential across microbialite morphologies. Microbialite metagenomes are
listed as a function of depth in meters. (A) Dotplot of the normalized SEED subsystem functions relating to urea metabolism (e.g., urease, ABC transport), heavy
metal detoxification (e.g., efflux, resistance), antibiotic resistance (e.g beta-lactamases), and cyanobacteria related functions (e.g., cyanoglobin, cyanophycinase,
copper homeostasis) in log relative abundances. (B) Dotplot of the normalized MetaCyc pathways relating to urea metabolism, sulfite oxidation, dissimilatory sulfate
reduction, heavy metal detoxification (e.g., arsenite/arsenate oxidation/reduction, phenylmercury acetate metabolism), hydrogen production, primary alcohol
fermentation/degradation in log relative abundances. (C) Dotplot of the normalized RefSeq classifications relating to Alphaproteobacteria, Deltaproteobacteria, and
filamentous cyanobacterial genera. (D) Microbialite metagenome functional annotation ranking using SEED subsystem (level I). (E) Microbialite metagenome
carbohydrate related SEED subsystem (level II) functional annotations. (F) Venn diagram of the MetaCyc pathway abundances for all the microbialite metagenomes
normalized by pathway gene abundances and pathway size.

members suggesting a globally shared microbial community
structure.

The microbialites had significantly more sequences classified
as Alphaproteobacteria, both in photoheterotrophic and
heterotrophic functional groups, relative to sequences in

the neighboring environments (e.g., water and sediment
metagenomes) (Table 2; p < 0.05; Figure 2B). Microbialite
alphaproteobacterial specific contigs were assigned to genera
of photoheterotrophic (e.g., Rhodobacter, Rhodomicrobium,
Rhodopseudomonas, and Rhodospirillum), heterotrophic (e.g.,
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Sphingomonas) and nitrogen-fixing (e.g., Bradyrhizobium,
and Rhizobium) bacteria (Figure 3C). Alphaproteobacterial
based nitrogen fixation complements cyanobacterial nitrogen
fixation in microbialites likely because of cyanobacterial diel
cycles (Havemann and Foster, 2008). Alphaproteobacteria were
also found to be the dominant OTU phylotype in Pavilion
Lake microbialites in prior pyrosequencing and clone-library
amplicon studies (Chan et al., 2014; Russell et al., 2014),
consistent with our data on protein-coding gene abundances in
the microbialite metagenomes.

Deltaproteobacterial associated sequences within the
microbialite metagenomes were assigned to genera of
dissimilatory sulfate reducing (e.g., Desulfobacterium and
Desulfovibrio) and heterotrophic (e.g., Myxococcus) bacteria
(Figure 3C). MetaCyc dissimilatory sulfate pathways were
abundant across the different microbialite morphologies in
Pavilion Lake (Figure 3B). Sulfate-reducing deltaproteobacteria
are often found where carbonates precipitate, and are important
drivers of the “alkalinity engine,” by pushing the saturation
index via increasing alkalinity (Gallagher et al., 2012). Hydrogen
production and formate oxidation to carbon dioxide are
predicted by the microbialite metagenomes (Figure 3B).
Potential electron donors for sulfate reducing deltaproteobacteria
in Pavilion Lake microbialites include acetate, lactate, hydrogen,
and formate. Whether sulfate reduction helps or hinders
carbonate precipitation depends on the electron donor;
hydrogen and formate likely promote precipitation, whereas,
other organic carbon sources likely lead to dissolution (Gallagher
et al., 2012). Future stable isotope probing studies could
reveal which compounds are used as electron donors by the
sulfate-reducers. Myxococcus spp. are abundant in a variety
of microbialite-forming systems and can directly precipitate
carbonate through the release of ammonium, which can increase
alkalinity favoring carbonate precipitation (Ben Chekroun et al.,
2004; Jimenez-Lopez et al., 2011). Analysis of the Pavilion Lake
microbialite metagenomes supports prior metagenomic and
amplicon investigations of microbialites that show members of
the Deltaproteobacteria include dissimilatory sulfate-reducers
(Havemann and Foster, 2008; Breitbart et al., 2009; Goh et al.,
2009; Khodadad and Foster, 2012; Mobberley et al., 2013; Wong
et al., 2015).

Sequences associated with filamentous cyanobacterial mat-
builders from the genera Anabaena, Lyngbya, Microcoleus,
Nostoc, Oscillatoria and the planktonic Cyanothece and
Acrayochoris were found in all microbialite morphologies
(Figure 3C). Pathways for synthesis of cyanoglobin and
cyanophycin, as well as copper metabolism, were associated with
cyanobacterial mat-builders in all microbialites (Figure 3B).
Cyanoglobin is a peripheral membrane protein that binds oxygen
with high affinity, is highly expressed under low oxygen and
could be restricted to some strains of Nostoc sp. and Anabaena
sp. (Hill et al., 1996). Cyanophycin is formed in filamentous
cyanobacteria in response to low or changing DIC to O2
ratios (Liang et al., 2014). Copper homeostasis genes were
abundant in microbialites, which is common for cyanobacterial
derived mats, as copper is essential for growth (Varin et al.,
2012) but also toxic at levels ≥10 mM (Burnat et al., 2009).

The microbialite metagenome indicates that the metabolic
potential of filamentous cyanobacterial mats is adaptive to
metal homeostasis (e.g., copper), as well as carbon and oxygen
limitation (e.g., cyanoglobin and cyanophycin).

Novel Metabolic Potential Within
Microbialites
Urealytic metabolism has been hypothesized to be involved in
microbialite formation due to its carbonate precipitating effects,
but its detection in microbialites has remained elusive (Castanier
et al., 1999). MetaCyc and SEED subsystems indicate that urea
ABC transporters, arginase and ureases are found in similar
abundances across Pavilion Lake microbialites (Figures 3A,B),
implying the presence of urea metabolism which may be
playing a role in precipitation. Gamma and Deltaproteobacteria
specific urease beta subunits and urease accessory proteins
(UreD/F) have only been identified in the Pavilion Lake
microbialite metagenomes. The linkage of urease related genes
to Proteobacteria was unexpected due to the strong experimental
evidence that Firmicutes (mainly Bacillus sp.) are the dominant
taxa contributing urease related genes (Boquet et al., 1973;
Hammes et al., 2003; Lee, 2003; Dick et al., 2006; Dhami et al.,
2013).

Antibiotic and heavy-metal resistance pathways associated
with Proteobacteriawere found within the microbialites based on
RefSeq classification (Figures 3A,B). These included antibiotic
resistance pathways such as beta-lactamases (class A) that
were assigned to the Alpha, Beta, and Gamma classes of
Proteobacteria (Figure 2A). Genes related to antibiotic resistance
could be in response to toxic organic molecules produced
by cyanobacterial mats (Neilan et al., 2013). SEED functions
and MetaCyc pathways related to heavy-metal detoxification
were abundant in microbialites (Figure 3A). The occurrence of
cobalt–zinc–cadmium resistance proteins, efflux pump proteins,
phenylmercury acetate degradation, and chromate resistance
was similar across morphologies while arsenite oxidation and
arsenate reduction pathways were not found at depths deeper
than 25 m (Figure 3B). Heavy-metal resistance contigs were
taxonomically assigned to Alpha, Beta and Gamma classes of
Proteobacteria. Pavilion Lake has low levels of zinc (0.01–
0.03 mg L−1) and undetectable levels of cobalt, iron, arsenic
and cadmium (Lim et al., 2009). Heavy-metal resistance genes
may be involved in resistance, homeostasis or sequestration of
metals. Antibiotic resistance has also been linked to heavy-metal
stress, suggesting that resistance to one can lead to resistance
to the other in complex bacterial communities (Nisanian et al.,
2014).

Recently published Shark Bay microbialite metagenomes
suggest high prevalence of genes associated with heavy-metal
resistance including genes for arsenic metabolism (e.g., reductase
and resistance genes; Ruvindy et al., 2015). Arsenite oxidation
and arsenate reduction genes were also found amongst MetaCyc
pathways in only the 10 to 20 m microbialites in Pavilion
Lake (Figure 3B). Arsenic cycling has been suggested to
be a prominent feature in ancient microbial mats over 2.7
billion years old (Sforna et al., 2014). Our data from Pavilion
Lake microbialites suggest that heavy-metal resistance could
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be a general feature of microbialites globally, which may also
provide cross-protection against antibiotics (Nisanian et al.,
2014).

The metabolic potential of Pavilion Lake microbialites
predict primary alcohol fermentation pathways (e.g., butanol
and ethanol biosynthesis) (Figure 3B) based on genes that
are taxonomically assigned to Alpha- and Beta-proteobacteria.
Pyruvate, phytol, and chitin fermentation appear to be the
main predicted pathways for the generation of primary alcohols
(e.g., ethanol, butanol). Primary alcohol fermentation has been
linked to microbialite dissolution; however, fermentation also
provides substrates that fuel dissimilatory sulfate reduction,
which can precipitate carbonate (Dupraz and Visscher, 2005;
Gallagher et al., 2012) and which could offset carbonate lost by
fermentation. Further stable-isotope experiments are needed to
confirm the metabolic potential of primary alcohol fermentation
predicted by the microbialite metagenomes. Although not
previously recognized, members of the Proteobacteria appear to
be major constituents of Pavilion Lake microbialites, potentially
providing important metabolic roles, such as resistance to

antibiotics and heavy-metals, and primary alcohol fermentation.
Further investigation into the nature of their role in microbialite
formation is warranted.

Photosynthetic and Heterotrophic
Metabolic Potential Associated with
Carbonate Precipitation in Pavilion Lake
The metabolic potential of Pavilion Lake microbialites appears
to be dominated by heterotrophy relative to phototrophy.
Sequences related to photosynthesis, including those encoding
photosystems and electron transport proteins, were ranked 28th
out of 29th possible SEED subsystems (Figure 3D). In contrast,
pathways related to carbohydrate metabolism (carbon-related
pathways) were ranked second and accounted for ∼9% of
the contigs. Among the carbon-related pathways, ∼45% were
related to central (TCA cycle) and one-carbon metabolism
(e.g., serine–glyoxlate cycle), while another ∼45% were related
to degradation (e.g., fermentation, glycoside hydrolases, and
other hydrolytic enzymes; Figure 3E). Only ∼10% of the

FIGURE 4 | A summary of the factors affecting carbonate precipitation and dissolution as inferred from the Pavilion Lake microbialite metabolic
potential and community composition. OBM is organic biomass. Adapted from Dupraz et al. (2009).
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microbialite-specific contigs were annotated as carbon-fixation
related (e.g., Calvin–Benson cycle) (Figure 3E). Stable-isotope
studies suggest that photosynthetic processes are linked to
carbonate precipitation in shallow (<25 m) microbialites (Brady
et al., 2009; Omelon et al., 2013), even though the metabolic
potential is dominated by heterotrophic processes. However,
Omelon et al. (2013) and Theisen et al. (2015) also suggested
that heterotrophs contribute to the lifthification of microbialites
in Pavilion Lake by triggering additional carbonate precipitation.
Microbialite formation relating to carbonate precipitation in
Pavilion Lake is associated with cyanobacterial photosynthesis
with contribution from heterotrophic processes such as urealytic
metabolism, dissimilatory sulfate reduction and heterotrophic
mat degradation (i.e., EPS related carbonate inhibition; Figure 4;
Dupraz et al., 2009).

Viral Community and Viral Defense
In the cellular fraction from the water, viral sequences
represented >1% of reads; whereas, in total DNA extracted
from microbialites, viral sequences comprised >0.05% of reads.
ANOVA in STAMP based on RefSeq classification confirmed
that virus sequences were relatively more abundant in the water
than in microbialites or sediments (Figure 5A). Specifically,
T4-like phage (e.g., Myoviridae) and large algal viruses (e.g.,
Phycodnaviridae) dominated the viral sequences in the water and
were more abundant than in the microbialites and sediments
(Figure 5A). The low proportion of viral reads in the microbialite
data may be biased by the lack of dsDNA viral genomes in the
RefSeq database frommicrobialites compared to water. Viruses in
the water appeared to have higher abundances of proteins related

to phage structure (tail fibers), phage replication and phage DNA
replication (Figure 5B).

An active role for phages in the microbialites is suggested
by the higher relative abundances of predicted genes involved
with CRISPRs, phage shock and phage excision (Figure 5B).
CRISPR cas genes were associated with the following taxonomic
groups: Chloroflexi (e.g., Dehalococcoides), Deltaproteobacteria
(e.g., Myxococcus and Desulfuromonadales), filamentous
cyanobacteria (e.g., Anabaena, Nostoc, Rivularia) and Firmicutes
(e.g., Clostridia) based on tBLASTx (1e−3) analysis. Likewise,
more putative genes involved in phage integration and excision
occurred in the microbialites than in the nearby environment
(Figure 5B). Also, CRISPRs were predicted to be associated
with key members involved in microbialite formation, such as
filamentous cyanobacteria andMyxococcus sp., implying that the
microbialite community is under continuous selective pressure
from viral infection.

It is important to emphasize that the viral DNA was from the
cellular fraction (between 0.2 and 120 μm) captured on filters,
suggesting that most viral sequences were from infected cells
or from viruses attached to particles. It is not uncommon for
filters with pore sizes much larger than viruses to contain many
viral sequences (Zeigler Allen et al., 2012). The most abundant
viral contigs in the water were for T4-like cyanophages and
phycodnaviruses (Figure 5A). Although gene-specific primers
targeted to these groups (Chen and Suttle, 1995; Filée et al.,
2005) failed to amplify DNA, it would suggest that the viruses
were evolutionarily distinct from the viruses these primers
target.

Consistent with reports for other microbialites
(Desnues et al., 2008), relatively few viral sequences were

FIGURE 5 | Pavilion Lake viral community composition and metabolic potential. (A) Dotplot of normalized RefSeq viral taxonomic groups in relation to the
surrounding environments (e.g., sediments and water) in log relative abundances. (B) Dotplot of the normalized SEED subsystem in relation to the surrounding
environments (e.g., sediments and water) in log relative abundances.
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recovered in this study. Yet, the occurrence of phage integration
and CRISPR-cas sequences implies that the Pavilion Lake
microbialites are under selection from viral infection. It is
likely that the relative abundance of viral sequences has been
underestimated because of the lack of representative viral
sequences from microbialites in databases.

CONCLUSION

This study demonstrates that the microbial community profile
and metabolic potential of modern freshwater microbialites in
Pavilion Lake are distinct from those in neighboring sediments
and water, consistent with previous findings of spatial variation
in microbialite systems. These results confirm the notion that the
microbialite communities are not being continuously seeded by
organisms from the surrounding environment. Our data further
suggests a unique microbialite microbial community that encodes
a functional guild which is distinctive and likely related to its
overall function of carbonate precipitation.

Differences among these metagenomes can be attributed
to differing selection pressures among environments, with
the microbialite community comprised of taxa essential
for microbialite growth, as well as opportunists taking
advantage of nutrients and the matrix supplied by filamentous
cyanobacterial mats. These findings are consistent with
photosynthetic influences on carbonate precipitation by
filamentous cyanobacteria, with likely contributions by
proteobacteria and acidobacteria.

Pavilion Lake microbialites are enriched for pathways
that include heavy-metal and antibiotic resistance, urealytic
metabolism as well as primary alcohol fermentation. These
pathways are associated with members of the Proteobacteria,
which are numerically dominant and likely convey resistance to
toxins and heavy metals, and may influence carbonate formation
through photosynthesis and urea metabolism. This hypothesis
is consistent with previous suggestions of heterotrophic
contributions to lithification of Pavilion Lake microbialites.
Evidence for urealytic metabolism identified here may suggest
an important role for this metabolism in carbonate precipitation
(Castanier et al., 1999), which has not been reported previously
in microbialites.

The prevalence of CRISPR-cas systems and phage excision
genes imply that the microbialites are under selective pressure
from viral infection. In particular, the presence of CRISPRs
assigned to taxa that precipitate carbonates (Cyanobacteria,

Deltaproteobacteria and Firmicutes) suggest that viruses play
an important previously unknown role in the microbialite
communities in Pavilion Lake.
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In ecology, biodiversity-ecosystem functioning (BEF) research has seen a shift in
perspective from taxonomy to function in the last two decades, with successful
application of trait-based approaches. This shift offers opportunities for a deeper
mechanistic understanding of the role of biodiversity in maintaining multiple ecosystem
processes and services. In this paper, we highlight studies that have focused on
BEF of microbial communities with an emphasis on integrating trait-based approaches
to microbial ecology. In doing so, we explore some of the inherent challenges and
opportunities of understanding BEF using microbial systems. For example, microbial
biologists characterize communities using gene phylogenies that are often unable to
resolve functional traits. Additionally, experimental designs of existing microbial BEF
studies are often inadequate to unravel BEF relationships. We argue that combining
eco-physiological studies with contemporary molecular tools in a trait-based framework
can reinforce our ability to link microbial diversity to ecosystem processes. We conclude
that such trait-based approaches are a promising framework to increase the understanding
of microbial BEF relationships and thus generating systematic principles in microbial
ecology and more generally ecology.

Keywords: functional traits, ecosystem function, ecological theory, study designs, microbial diversity

BEF RESEARCH—A BRIEF OVERVIEW
The relationship between biodiversity and ecosystem function-
ing (BEF) (Table 1) is complex and understanding this elusive
link is one of the most pressing scientific challenges with major
societal implications (Cardinale et al., 2012). However, previ-
ous studies established controversial views on BEF relationships,
using approaches which experimentally manipulated biodiver-
sity on the one hand and comparative approaches that correlate
diversity and ecosystem functioning across treatments or natu-
ral gradients on the other hand (Hooper et al., 2005; Balvanera
et al., 2006). In essence, comparative studies cannot unequivocally
demonstrate causal effects of biodiversity on ecosystem functions,
since apparent correlations may arise for many reasons, includ-
ing the reverse relationship (e.g., ecosystem functions such as
productivity altering biodiversity), or unobserved drivers affect-
ing diversity and/or ecosystem functions. In an effort to better
understand mechanisms, BEF-research has increasingly moved
toward direct manipulation of diversity under otherwise con-
stant environmental conditions, an approach that can attribute
observed responses to the direct biodiversity manipulation. It

is important to distinguish these two cases. Approaches based
on either comparison across environmental gradients/treatments
or direct manipulation of biodiversity often led to conflicting
results. For example, increasing productivity caused by resource
supply often leads to reduced plant diversity, mainly through
enhanced competition for light, and hence apparent negative
BEF relationships (Abrams, 1995; Hautier et al., 2009), a pat-
tern that has also been reported in microbial systems (Patra
et al., 2005). In contrast, diversity manipulations generally reveal
positive biodiversity-productivity relationships (Balvanera et al.,
2006). These seemingly contradictory results are in fact consistent
when accounting for the interplays between site fertility, diversity,
and productivity (Schmid, 2002).

Biodiversity effects on ecosystem functioning mainly arise
from niche-related mechanisms that shape interactions of the
biological units (e.g., OTUs, species, genotypes, ecotypes, func-
tional groups, or phylogenetic groups) that vary genetically
and in the expressed functional traits (see Table 1 for defini-
tion). These mechanisms are traditionally classified into three
broad groups. First, differentiation in resource niches can lead
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to reduced competition, and an increased community niche size
(Table 1). As a result, the associated capture of limiting resources
is more efficient and community or ecosystem-level performance
increases (Loreau, 2000). Such “complementarity effects” emerge
from competition for resources (Salles et al., 2009), and from
differences in niches related to pathogens and predation. When
host-specific organisms are involved, an increase in diversity typ-
ically positively affects ecosystem function. For instance Zhu et al.
(2000) demonstrated that genetically diversified rice crops had
89% greater yield, while a major rice disease had 94% less severe
effects on diversified crops compared to rice monoculture con-
trols. A second group of mechanisms is generally summarized
under the term “selection effects,” represented by the probabil-
ity that high diversity communities are more likely to contain
species with particular traits that translate into above-average per-
formance. Such effects are typically restricted to few species, and
occur at the expense of others. Finally, “facilitation effects” occur
when certain species modify environmental conditions in a way
that is beneficial for other species (Bruno et al., 2003). A typical
example is the presence of legumes and their nitrogen-fixing sym-
bionts that lead to a nutrient enrichment of the ecosystem and
improved performance of non-fixing plant species and nitrogen-
related microbial processes (Spehn et al., 2005; Le Roux et al.,
2013).

BEF relationships ultimately arise from functional differences
among the biological units of which communities are comprised.
For instance, in plant communities, functional diversity was the
driving factor explaining plant productivity (Tilman, 1997). In
another study Norberg et al. (2001) introduced a framework
that suggests a linear relationship between variances in pheno-
types within functional groups and responses to environmental
changes. A later example focused on the role of functional diver-
sity to explain BEF relationships and whether or not this is linked
to phylogenetic diversity (Flynn et al., 2011). However, functional
traits and the resulting ecological niches are the determinants
of species interactions and consequently ecosystem functioning.
Traits refer to the physiology, morphology, or genomic character-
istics that affect the fitness or function of an organism. Traits can
be used to infer its performance under different environmental
conditions (Violle et al., 2007), they can be measured or scaled-up
at the community level, and eventually be related to community
and ecosystem functioning (Violle et al., 2007; Wallenstein and
Hall, 2012).

Meta-analyses clearly demonstrated that the relationship
between biodiversity and ecosystem functioning has primar-
ily been studied for higher organisms (Balvanera et al., 2006;
Cardinale et al., 2012). A systematic search of published papers
which refer to microbial diversity and ecosystem functioning nev-
ertheless shows that the total number of papers is quite similar
for plant- and microbe-related studies identifying the analysis of
BEF relationships as a key objective (Figure 1). However, a closer
examination reveals that most microbial BEF studies rely on com-
parative designs where biodiversity is not directly manipulated
(Figure 1).

Microbial BEF research is evolving rapidly (Allison and
Gessner, 2012; Bouskill et al., 2012) but microbial ecologists
often quantify traits at scales ranging from populations (e.g.,

FIGURE 1 | Temporal variations in (top) the number of publications on

Biodiversity-Ecosystem Functioning, BEF, relationships in a broad

sense for microorganisms as compared to plants, and (bottom) the

percentage of publications on microbial BEF or plant BEF where

biodiversity was directly manipulated. The search terms used are
provided in Supplementary Material 1. At each step of the search profile
development, we checked on subsamples that the search hits
corresponded to the targeted type of studies. We also checked that a
selection of key experiments/papers we knew about were found.

physiological characteristics of strains) to communities (e.g.,
functional gene pools or substrate utilization patterns from envi-
ronmental samples) and rarely consider existing trait-related con-
cepts to evaluate BEF relationships as used in ecology. Trait-based
approaches could be particularly useful in microbial ecology
by complementing microbial approaches based on taxonomy or
functional gene/protein sequence diversity and enhancing our
ability to link microbial diversity to the functioning of microbial
communities and ecosystems.

We review microbial studies relating diversity and process
rates, focusing more particularly on the application of trait-
based approaches, and identify their current progress and pitfalls.
We distinguish the application of trait-based approaches for
comparative studies across environmental gradients/treatments
(Table 1), and BEF-studies in which biodiversity is manipu-
lated directly (Table 2). We highlight why trait-based approaches
could spur significant progress in the understanding of micro-
bial BEF relationships in the future and evaluate how traits can
be more directly incorporated into microbial BEF studies. Finally,
we discuss the potential and challenges of microbial trait-based
approaches to promote the emergence of principles in microbial
ecology and BEF relationships in general.

DISTINCTION OF BEF RELATIONSHIPS IN MICROBIAL
SYSTEMS
COMPARATIVE INVESTIGATION OF MICROBIAL BEF RELATIONSHIPS
There are many examples where bacterial composition changes
along environmental gradients (Hughes Martiny et al., 2006;
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Table 1 | Common terms used in BEF and trait-based BEF approaches.

Definition

Functional traits Well-defined, measurable properties at the individual level (e.g., organisms, populations) generally used to link
performance and contribution to one or several function(s) in any given ecosystem. Thereby, any key property
related to physiology, morphology, or genomic information that affects the fitness or function of an organism can be
regarded as a functional trait (Violle et al., 2007).

Community trait mean Mean value calculated for each trait as the mean trait value in a community which can be weighted by the relative
abundance of individual taxa in a community (Díaz et al., 2007; Violle et al., 2007)

Gradient analysis Assessment of functioning, abundances and/or diversity of organisms along an environmental gradient in the field,
or in the laboratory along pre-defined treatment gradients (McGill et al., 2006)

Ecosystem functions/functioning Ecosystem functions in a broad sense can be categorized into functions, e.g., fluxes of energy, nutrients and
organic matter; and functioning, e.g., primary production, disturbance resistance, and services like crop yield, wood
production, and soil erosion control (Balvanera et al., 2006; Cardinale et al., 2012)

Application N-dimensional hypervolume with n as the number of dimensions defining the niche, e.g., salinity, temperature,
food availability (Begon et al., 2006).

Table 2 | Comparison between trait-based studies that relate microbial biodiversity and ecosystem functioning across environmental

gradients/treatments, and those directly manipulating components of diversity.

Comparative studies Manipulated diversity studies

Level of trait assessment Functional group/Community Strain

Trait resolution Community-mean traits/within community distribution of
traits

Taxon-specific traits/multiple traits in individual
taxa/tradeoffs among traits

Key eco-physiological techniques Stable isotope probing; Biolog/Ecoplates; etc. Metabolic and physiological studies of individual cells
and strains

Key -omics techniques DNA and RNA single gene sequence diversity;
environmental (meta-)genomics, transcriptomics,
proteomics, and metabolomics

Genomics, transcriptomics, proteomics, and
metabolomics on cells and strains

Main scale The real world (field studies; complex natural communities) Laboratory (model systems)

Level of understanding Correlational link between biodiversity and functioning
along environmental gradients

Causal/direct/mechanistic link between biodiversity and
functioning; complementarity/selection/facilitation
effects

Fierer et al., 2007; Van Der Gucht et al., 2007; Attard et al.,
2010; Nemergut et al., 2011; Newton et al., 2011; Ghiglione et al.,
2012). However, it is often difficult to mechanistically understand
the observed correlation between diversity and function in such
comparative approaches, because diversity is an observed, depen-
dent variable rather than an applied treatment. Moreover, many
environmental parameters can co-vary with diversity, driving
observed relationships.

It is particularly difficult to explain such correlations between
microbial diversity and ecosystem function in relation to func-
tional diversity. Many bacterial groups are not available in pure
culture, which hinders determination of their physiology and
consequently assessment of their functional roles in aquatic and
terrestrial environments. Recent evidence suggests that a poten-
tially large portion of the microbial diversity detected in gradient
studies are not directly contributing to function, being either
dead, in a dormant state or present as extracellular DNA (Lennon
and Jones, 2011; Blagodatskaya and Kuzyakov, 2013). Although
the “dormant diversity” is part of a microbial seed bank from
which different traits can be resuscitated (Lennon and Jones,

2011), it can obscure environmental microbial BEF studies. The
use of isotope probing (SIP) represents a way to single out taxa
that are actively contributing to function while accounting for
non-active, members of a community (Bodelier et al., 2013).

It is crucial to relate a particular process to the diversity
of the respective, functionally coherent group; such an analysis
has the potential for successfully detecting causal links between
microbial diversity and ecosystem function. For instance, some
studies reported clear relationships between the diversity of soil
ammonia- (Webster et al., 2005) or nitrite-oxidizers and nitrifi-
cation across management practices in relation to the availability
of inorganic nitrogen (Attard et al., 2010). The abundance of soil
Nitrobacter, which are nitrite-oxidizing bacteria with high growth
rate/specific activity and low N substrate affinity, increased along
a nitrogen gradient (Attard et al., 2010). In contrast, the abun-
dance of Nitrospira, which are nitrite-oxidizing bacteria with low
growth rate/specific activity and high N substrate affinity tended
to decrease along this gradient. While in this case both changes in
diversity and functioning of nitrite-oxidizers respond to changes
along an environmental gradient, diversity changes are important
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in allowing function to increase with increased N availability.
Using a number of traits derived from eco-physiological studies
with various guilds of nitrifiers, a trait-based modeling frame-
work successfully predicted a number of functions (i.e. ammonia
oxidation, N2O emission) in published datasets in various envi-
ronmental gradients (Bouskill et al., 2012). Of course, this study
heavily relies on the coverage of nitrifier diversity by cultured
representatives and associated trait information.

A trait-based perspective can facilitate the handling and inter-
pretation of microbial diversity along environmental gradients
by measuring functional traits under the specific conditions a
given community is exposed to, i.e. as “realized community mean
traits.” This differs from “a priori” trait values of organisms mea-
sured under standardized conditions, and will in part mirror
responses to the specific environment and the specific diversity
of the community.

DIRECT MANIPULATION OF DIVERSITY TO STUDY MICROBIAL BEF
RELATIONSHIPS
Microbial BEF relationships can also be studied by analyzing the
effect of a targeted reduction in microbial biodiversity, e.g., in
soil and aquatic microcosms (Le Roux et al., 2011). For instance,
reductions in the diversity of pasture soil communities by pro-
gressive fumigation or serial dilution had no consistent effect
on a range of soil processes (Griffiths et al., 2000, 2004). The
removal of diversity for key microbial functional groups such as
nitrifiers or denitrifiers provided important information on the
extent of functional redundancy within these functional groups
(Wertz et al., 2007; Philippot et al., 2013). Reduction of diver-
sity in aquatic microbial communities clearly showed that some
metabolic functions (i.e., chitin and cellulose degradation) were
controlled by single phylotypes and their traits rather than by
richness of the total community (Peter et al., 2011), whereas
other functions such as growth were positively correlated to
richness. It has to be noted that removal experiments prescribe
particular scenarios of diversity loss (e.g., a suspension/dilution
approach implies that less abundant species are removed first)
which are important for effects on ecosystem functioning (Jones
and Lennon, 2010).

An additional step toward understanding the functional role of
microbial diversity stems from studies assembling communities
through the combination of microbial populations, for example
by random selection from a source species pool. This so-called
“assemblage approach” has already been used to describe how
the diversity of fungal communities influence litter decomposi-
tion (Janzen et al., 1995; Cox et al., 2001), the role of mycorrhizal
fungal diversity on plant productivity (Van Der Heijden et al.,
1998; Jonsson et al., 2001), the role of bacterial diversity on cel-
lulose degradation (Wohl et al., 2004), the role of evenness on
the stability of microbial ecosystem functions (Wittebolle et al.,
2009), and the role of soil bacterial diversity on mineralization or
denitrification (Bell et al., 2005; Salles et al., 2009).

Assemblage experiments offer opportunities to identify mech-
anisms that may underlie microbial BEF relationships (Le Roux
et al., 2011). In particular, functional traits of the assembled
strains can be characterized, providing information on whether
trait complementarity or selection are major mechanisms for

explaining observed BEF relationships (Roscher et al., 2012).
For instance, key traits among denitrifying bacteria were linked
to the use of different carbon (C) sources that strongly deter-
mined the functioning of assembled communities on a mix of
C sources (Salles et al., 2009, 2012). The complementarity for
traits was a much better predictor of denitrification than taxa
richness, the phylogenetic diversity of the communities based on
16S rRNA gene sequences, or even the diversity assessed by func-
tional gene/protein sequences (Salles et al., 2012). In contrast,
antagonistic controlling mechanisms were observed for assem-
bled communities of Pseudomonas fluorescens, where inhibition of
strains determined the performance of the assembled community
(Jousset et al., 2011).

One shortcoming of assemblage experiments is that the assem-
bled, e.g., bacterial communities rarely exceed 100 taxa and hence
the diversity is very low compared to the richness observed in
most natural communities. Besides, only culturable microorgan-
isms can be used to assemble these communities, even though
culture-independent studies suggest the importance of taxa in
ecosystem functioning that have not been cultivated (Chen et al.,
2008; Mackelprang et al., 2011; Iverson et al., 2012). Nevertheless,
studies employing direct manipulation of biodiversity by removal
or random assembly of microbial populations remain scarce and
represent less than 1% of published microbial studies focusing
on the relationship between diversity and ecosystem function-
ing (Figure 1). We believe that an increased effort to couple
trait-based approaches and assemblage experiments could be a
very powerful strategy to specifically identify and decipher the
mechanisms underlying microbial BEF relationships.

TRAIT-BASED APPROACHES TO ADVANCE MICROBIAL BEF
STUDIES
INTEGRATING TRAIT-BASED AND PHYLOGENETIC/TAXONOMIC
APPROACHES TO UNDERSTAND MICROBIAL BEF
Prior to development and adoption of phylogenetic based tools,
bacterial taxonomy was based on phenotypes and physiologi-
cal characteristics that could only be measured in pure cultures
(Staley, 2006). Today, the availability of large databases of marker
genes (e.g., the Ribosomal Database Project or Greengenes) has
enabled the establishment of a detailed classification scheme for
microorganisms that also includes those groups that we have
not yet been able to cultivate. However, for studying microbial
BEF relationships, a classical taxonomic/phylogenetic approach
is hampered by the current species definition (Schleifer, 2009)
which can demarcate taxonomic units—which can still be enor-
mously diverse both in functionality and ecology (Staley, 2006;
Green et al., 2008). In our opinion, the inherent limitations with
regards to the concept of microbial species are not the major
issues here, and two other factors are of much more central
importance.

To understand BEF relationships it is necessary to study traits
at the level of individual cells or organisms (Lavorel et al., 2013).
The niches that correspond to traits are hyper-dimensional, and
BEF studies call for determining whether niches of functional
units overlap. To fully appreciate functional diversity, whether
assessed as richness, divergence or dispersion of traits (Hedberg
et al., 2013), one has to characterize and account for trade-offs
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among the different traits. For example, plant leaf trait trade-
offs have been shown to affect litter decomposition and therewith
the incidence of wild fires (Brovkin et al., 2012), whereas trade-
offs for key traits among bacterial decomposers can restrict the
bacterial degradation of recalcitrant carbon to sites with high
nitrogen availability (Treseder et al., 2011) and influence how
bacteria contend with other abiotic factors such as moisture
variability (Lennon et al., 2012). However, characterizing func-
tional trait values and quantifying trade-offs only may lead to
spurious correlations and there are only a few examples that
demonstrate actual trade-offs supported by plausible physical or
chemical mechanisms (e.g., Edwards et al., 2011). Hence, knowl-
edge about trade-offs is indispensable for accurate descriptions
of functional BEF relationships and necessitates identification of
relevant functional units such as species, ecotypes, or genotypes.

The relevance of trade-offs among microbial traits is recog-
nized (Litchman et al., 2007), but better characterizing trade-offs
among microbial traits are likely to be of increasing impor-
tance for microbial BEF studies for several reasons. First, they
aid in reducing the number of functional dimensions that need

to be considered. Second, the co-occurrence of traits and trade-
offs help to define microbial strategies beyond the familiar r
vs. K strategies. For example, the life-history scheme designed
for plants (Grime, 1977) was used to classify methane-oxidizing
bacteria according their competitive ability, ruderal and stress tol-
erating properties based on culture and environmental traits (Ho
et al., 2013). This conceptual approach combines information
about phylogeny and function and aggregates traits into com-
munity responses, allowing for mixed life strategies and offering
more flexibility to accommodate the vast metabolic flexibility
of bacteria (Figure 2). Though, extrapolation of this concep-
tual framework to microbial communities deserves experimental
validation. There is considerable debate regarding the coher-
ence between phylogeny and the distribution of functional traits
(Losos, 2008). If traits are conserved to some degree throughout
evolution (trait conservatism), phylogenetic diversity could be a
promising proxy for assessing trait diversity. For instance, Cadotte
et al. (2008) analyzed 29 studies in which angiosperm biodiversity
was manipulated in a systematic way and found that phyloge-
netic diversity indices explained significantly more variation in

FIGURE 2 | Reflection of microbial traits on the

Competitor-Ruderal-Stress tolerator life strategy framework as was

proposed for plants (Grime, 1977). The scheme has been adapted
for Ho et al. (2013) who used this framework for assigning
life-strategies to methane-oxidizing bacteria. The scheme groups
subsets of microbial traits which collectively would be of most

importance for the respective strategy. The traits collectively
accommodate exploring and exploiting habitats, competing with other
organisms, tolerating or avoiding surviving stress, and deprivation.
This classification is purely qualitative but, for some traits, life-history
strategies have been proposed in earlier studies (Fierer et al., 2007;
Portillo et al., 2013).
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productivity than plant species richness or other diversity mea-
sures that were available. Flynn et al. (2011) analyzed data from
29 experiments involving 174 plant species that were present
in 1721 combinations and found that functional trait diversity
and phylogenetic diversity explained similar amounts of variation
in the observed responses. Interestingly, phylogenetic diversity
explained variation in data that was not explained by traits, sug-
gesting that it is a surrogate to quantify trait differences along
niche axis that are difficult to assess directly (such as pathogen-
related niches, or complex hyper-dimensional combinations of
single traits assessed).

In microbial ecology, the extent to which functional traits
are phylogenetically conserved remains unclear. Considering the
rather extensive horizontal gene transfer (Polz et al., 2013) likely
compromising a unifying phylogenetic framework, functional
diversity measures do not necessarily follow either taxonomy,
phylogenetic or apparent evolutionary relationships. For instance,
variations in key functional traits of denitrifying bacteria were not
well correlated to their (16S rRNA-based) phylogenetic related-
ness or functional gene/protein sequence relatedness (Jones et al.,
2011; Salles et al., 2012). From another perspective, several studies
reported broad ecological coherence of high bacterial taxonomic
ranks building on 16S rRNA phylogeny (Fierer et al., 2007; Von
Mering et al., 2007; Philippot et al., 2009; Lennon et al., 2012).
The question thus remains whether or not one should abandon
taxonomy- and phylogeny-based approaches altogether for stud-
ies of BEF relationships. If traits are phylogenetically conserved
at least for some microbial groups, phylogenetic diversity could
serve as proxy for functional diversity. Calculating functional
diversity indices generally requires the assessment of traits at the
individual or some aggregated taxonomic level, which generally
is impossible in microbial studies that do not build assemblage-
based designs. Martiny et al. (2012) recently developed a new
phylogenetic metric which estimates the clade depth of shared
traits between organisms. This approach could be used to trans-
late differences in community composition into consequences for
microbial-mediated processes. Another approach models evolu-
tionary dynamics of bacteria to ecologically distinct lineages, so
called ecotypes, within natural communities, allowing for a highly
resolved ecological classification (Koeppel et al., 2008). Such dis-
tinction of microbial taxa based on ecological features would
bridge the gap between taxonomy- and trait-based approaches in
microbial ecology. We argue that trait-based approaches should
build on—not replace—taxonomy-based approaches. The infor-
mation needed to properly characterize the co-occurrence of
traits and trait trade-offs among microorganisms builds on tax-
onomic ranks, and there is certainly an incentive for more high-
throughput surveys of phenotypic characteristics of microbial
taxa (Bayjanov et al., 2012). Such approaches could mark the
beginning of a deviation from classical phylum-based approaches
in microbial BEF studies toward a classification based on func-
tional performance and role in the environment.

TOOLS AVAILABLE TO INTEGRATE TRAITS INTO MICROBIAL BEF
STUDIES
Measurements of taxonomic microbial diversity are very chal-
lenging since diversity levels are extremely high for most natural

microbial systems (Torsvik et al., 2002; Caporaso et al., 2011).
To obtain functional diversity measures in microbial BEF stud-
ies, the biggest challenges are (i) defining which microbial traits
are important with respect to ecosystem functioning or particular
ecosystem functions, and (ii) measuring these relevant traits.

For the assemblage studies, microbial ecologists can measure
multiple traits for individual microorganisms or populations and
quantify tradeoffs between traits. However, defining the types of
relevant traits to measure is a challenge, depending on the com-
munity functioning under study. On the other hand, traits can
be related to shifts in function across environmental gradients or
treatments, at the genetic or functional level, or directly at the
community scale. However, this is different from analyzing BEF-
relationships in the general ecological context, which requires
methods capable of quantifying the local functional diversity (i.e.,
the variation of trait combinations present at the individual level).
Community mean traits are not useful for this purpose, since
the information about effects of the local trait diversity (i.e.,
the putative local driver of a BEF-relationship) will be lost by
averaging.

The analysis of metabolic processes offers great potential
to evaluate aggregated trait values at the community scale.
Functional traits can be assessed by high-throughput assays, such
as Biolog or Ecoplates. These cultivation-based metabolic assays
can be used to characterize the community capacity to oxidize a
range of C sources (Garland, 1996) or to measure a functional
operating range of soil or aquatic microbial communities (Hallin
et al., 2012).

We see some advantage for microbial studies correlating
community-mean traits to functional capabilities of the com-
munity as a whole, since these are more easily measurable than
for higher organisms. Indeed, aggregated trait values would boil
down to a metric sizing of “meta-species,” which can illuminate
responses along environmental gradients and possible effects on
ecosystem functioning. A drawback is that the combination of
traits of all microbial individuals that compose the community
can hardly be characterized.

We can expect that our ability to identify and quantify func-
tional traits of microbial individuals and populations in nat-
ural, complex communities will increase in the coming years.
Despite the dogma that we cannot study the physiology of eco-
logically “relevant” microbes from environmental samples owing
to the challenges associated with the enrichment and isolation
of most taxa, we must recognize that there have already been
major advances in cultivation efforts over the past 20 years.
In situ enrichments (e.g., diffusion chambers and baited beads)
and other incubation methods can be used to determine cell-
specific metabolic rates, even at extremely low rates (Hoehler
and Jorgensen, 2013). Additional physiological features that are
tractable today (without isolation) include cell-size related nutri-
ent affinity and nutrient use efficiency (Edwards et al., 2012),
and specific substrate use with isotope tracking methods targeting
single cells of different size and shape (flow cytometry and sta-
ble isotope tracers, microautoradiography, nano-SIMS) (Nielsen
et al., 2003; Casey et al., 2007; Behrens et al., 2012; Garcia et al.,
2013). In addition, just like in the omics realm, there have been
major advances in microscopy and bio-molecular imaging over
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the last 20 years (Haagensen et al., 2011), with novel and refined
techniques that offer huge opportunities to access key aspects of
functional diversity, even within complex microbial communities.
For instance, we can now have access to the bulk biochemi-
cal composition of cells by RAMAN spectroscopy (Huang et al.,
2007), and to their spatial organization (Stiehl-Braun et al., 2011).
Sensitive fluorescence-based techniques enable visualization of
novel morphological and physiological features (porins, flagella,
proteins, and protein-coding genes etc.) and of associations based
on syntrophic interactions (Watrous et al., 2013). Hence, even if a
proper quantification of the functional diversity of natural, com-
plex communities from multiple trait values of individuals com-
posing these communities remains challenging, a toolkit already
exists to help microbial ecologists working in this domain. Finally,
the dramatically improved opportunities to reconstruct genomes
of so far uncultivated microbial populations and cells by bin-
ning of complex metagenomes (Rusch et al., 2010; Iverson et al.,
2012) has demonstrated great potential for resolving metabolic
and functional traits of uncultured and poorly known represen-
tatives in the microbial world (Wrighton et al., 2012). This can
even be combined with in situ substrate usage of uncultivated
microbes (Mayali et al., 2012). Single cell genome sequencing
(Stepanauskas, 2012) is another feasible way to elucidate and infer
genome encoded traits in uncultured microbial populations that
often make up the bulk portion of natural communities and are
likely to have a large impact on ecosystem functions.

We believe that microbial ecologist have the ability to provide
new insights to trait-based ecology as opposed to just borrowing
ideas and approaches from other non-microbial ecologists, fully
making use of the particularities of microbial systems and tools.
In particular, microbial ecology should play a key role in deci-
phering the effects of functional diversity and spatial distribution
in BEF studies, offering very relevant and manageable models to
address this key issue.

CONCLUSION AND PERSPECTIVES
Microbial communities are a key variable in how natural and
anthropogenic disturbances, including climate change, will affect
ecosystem functioning and hence delivery of services to human
societies. The trait-based approach is not the Holy Grail (Lavorel
and Garnier, 2002) but a promising framework and discourse for
future microbial research. In particular, promising experimental
approaches that incorporate functional traits can pave the road
to increase the understanding of microbial BEF relationships, and
BEF relationships in general.

Microbial ecologists face challenges but also great opportu-
nities in this context. Instead of simply suggesting the need to
renew approaches in BEF research using traits, we argue that
two main priorities for microbial BEF studies are (i) to reinforce
experimentally-sound studies of the role of microbial (trait-
based) diversity on ecosystem functioning, and (ii) to promote
efforts for measuring and archiving microbial traits in a way suit-
able for the highly diverse and dynamic microbial communities
that make up the biosphere.

The first priority arises from the current paucity of microbial
ecology in terms of BEF studies that directly manipulate diver-
sity using a trait-based approach. While assembled communities

clearly differ from complex communities from natural environ-
ments, this does not diminish the value and potential of such
studies to disentangle the possible key mechanisms underlying
BEF relationships.

Concerning the second priority, we call for more innovative
physiological studies in order to measure traits and their rele-
vant unit (e.g., single strains, population, or community-level).
More specifically, by measuring traits in a standardized manner,
e.g., incubation condition and media, and by applying analo-
gous tests also to organisms we cannot get in pure culture, we
may be able to reveal important trait distributions and gener-
ate a microbial trait database similar to, e.g., the TRY global
traits initiative for plants (Kattge et al., 2011). Microbial ecolo-
gists can also capitalize on novel powerful genome sequencing
tools being applied to communities or single uncultured cells,
which may serve as a tool for predicting ecosystem function
from detected (genomic) traits (Raes et al., 2011; Barberan et al.,
2012).

Microbial ecologists can provide new insights and concepts
to trait-based BEF studies, according to the particularities of
microbial systems and the tools available in microbial ecol-
ogy. For instance, BEF studies over many microbial generations
allow researchers to reveal the effect of eco-evolutionary feed-
backs on BEF relationships over reasonable time scales. Also,
accounting for spatial and temporal niche variability as well
as assessing the role of diversity in multiple related ecosystem
functions, microbial trait-based approaches may deliver mecha-
nistic insights in areas practically not feasible in higher organ-
isms, thus providing benefits to ecology as a whole, which is
still a major challenge for microbial ecologists (Prosser et al.,
2007).
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