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Evolutionary history influences the
salinity preference of bacterial taxa
in wetland soils
Ember M. Morrissey† and Rima B. Franklin*

Laboratory of Microbial Ecology, Department of Biology, Virginia Commonwealth University, Richmond, VA, USA

Salinity is a major driver of bacterial community composition across the globe. Despite
growing recognition that different bacterial species are present or active at different
salinities, the mechanisms by which salinity structures community composition remain
unclear. We tested the hypothesis that these patterns reflect ecological coherence
in the salinity preferences of phylogenetic groups using a reciprocal transplant
experiment of fresh- and saltwater wetland soils. The salinity of both the origin and
host environments affected community composition (16S rRNA gene sequences) and
activity (CO2 and CH4 production, and extracellular enzyme activity). These changes
in community composition and activity rates were strongly correlated, which suggests
the effect of environment on function could be mediated, at least in part, by microbial
community composition. Based on their distribution across treatments, each phylotype
was categorized as having a salinity preference (freshwater, saltwater, or none) and
phylogenetic analyses revealed a significant influence of evolutionary history on these
groupings. This finding was corroborated by examining the salinity preferences of
high-level taxonomic groups. For instance, we found that the majority of α- and
γ-proteobacteria in these wetland soils preferred saltwater, while many β-proteobacteria
prefer freshwater. Overall, our results indicate the effect of salinity on bacterial community
composition results from phylogenetically-clustered salinity preferences.

Keywords: phylogeny, biogeochemistry, saltwater intrusion, methanogen, marsh, community composition

Introduction

Understanding if and how the evolutionary history of a species relates to its ecology is a
fundamental question for biologists. For macroorganisms, phylogeny is often an ecologically
meaningful way to classify organisms, as closely related taxa frequently have similar ecological
characteristics (e.g., Silvertown et al., 2006; Donoghue, 2008) and functional traits (e.g., Cavender-
Bares et al., 2009). In contrast, the phylogeny of microorganisms is generally considered to be
an unreliable indicator of ecology because microbes can evolve quickly (Vasi et al., 1994) and
engage in horizontal gene transfer (Snel et al., 2002). Nonetheless, most research into the ecology
of microorganisms has relied on phylogenetic classification, and there is an accumulating body
of evidence that shows phylogenetically-clustered taxa exhibit a substantial degree of ecological
similarity, even at high levels of taxonomic organization (Philippot et al., 2010; Langille et al.,
2013). For instance, ecological coherence [when members of a phylogenetic group share strategies

Frontiers in Microbiology | www.frontiersin.org 1 October 2015 | Volume 6 | Article 1013

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://dx.doi.org/10.3389/fmicb.2015.01013
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3389/fmicb.2015.01013
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2015.01013&domain=pdf&date_stamp=2015-10-02
http://journal.frontiersin.org/article/10.3389/fmicb.2015.01013/abstract
http://loop.frontiersin.org/people/240669/overview
http://loop.frontiersin.org/people/239396/overview
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


Morrissey and Franklin Phylogenetically-clustered salinity preferences

or traits that distinguish them from other clades (Philippot et al.,
2010)] has been demonstrated for the orders of α-proteobacteria,
where members of each order are similar in multiple regards
including habitat preference and genome size (Ettema and
Andersson, 2009). However, there has been virtually no research
into whether the responses of bacterial phylotypes to key
environmental variables are phylogenetically conserved. An
increased understanding of these relationships could lead to a
more predictive understanding of how environmental variables
shape bacterial community composition and could help explain
global patterns in bacterial biodiversity.

Salinity has been proposed to be amajor driver of phylogenetic
bacterial community composition across the planet (Lozupone
and Knight, 2007), and numerous studies in aquatic systems have
found the relative abundance of high-level taxonomic groups
(e.g., Phylum, Class) to correlate with salinity (e.g., del Giorgio
and Bouvier, 2002; Herlemann et al., 2011). Though it has
not yet been explored, one explanation for these patterns is
that they reflect ecological coherence of salinity preferences.
An increased understanding of the mechanisms by which
salinity influences microbial communities is especially important
given the widespread ongoing salinization of coastal habitats
due to climate change and anthropogenic modification of the
hydrologic cycle (Herbert et al., 2015). Tidal freshwater wetlands
are particularly vulnerable, and sea-level rise is expected to
cause saltwater intrusion into these ecosystems (Neubauer and
Craft, 2009). To date, the biogeochemical responses of these
systems to elevated salinity have been incongruous. For example,
thermodynamic considerations have led many scientists to
predict that methanogenesis, the dominant anaerobic pathway
in organic matter degradation in tidal freshwater wetland soils,
will be suppressed as salinity increases. This expectation is based
on the fact that the elevated sulfate concentrations associated
with more saline water allow sulfate-reducing bacteria (SRB)
to outcompete methanogens. There are several reports in the
literature that are consistent with this expectation (e.g., Weston
et al., 2006; Chambers et al., 2011; Neubauer, 2013) but also some
that are not (Weston et al., 2011; Hopfensperger et al., 2014).
Along these same lines, increases in salinity have been reported
to both increase (Weston et al., 2006; Craft, 2007) and decrease
(Roache et al., 2006; Neubauer et al., 2013) decomposition
rates in wetlands. These discordant responses may be driven
by differences in the composition of the underlying microbial
communities and their dynamic responses to altered salinity,
which may be phylogenetically conserved. Thus, characterizing
the salinity preferences of phylogenetic groups will enhance our
ability to predict how a change in salinity will affect a given
microbial community and its associated functions.

The current study was designed to: (i) test whether
salinity preferences exhibit phylogenetic conservation, and (ii)
characterize the response of wetland microbial community
composition and function to changes in salinity. To address
these goals, we performed a reciprocal transplant experiment of
fresh- and saltwater wetland soils and monitored phylogenetic
community structure (bacterial 16S rRNA gene sequences)
and activity (extracellular enzyme activity, CO2, and CH4
production).

Materials and Methods

Experimental Design
This research was conducted in two tidal wetlands (Cumberland
and Taskinas Creek marshes) on the Pamunkey River, a major
tributary of the Chesapeake Bay in Virginia (USA). The two
marshes are close enough in proximity that weather, land-use,
and underlying lithology do not differ, but a strong salinity
gradient means that Cumberland Marsh (37.548, −76.984) is
freshwater (ppt <0.5) while Taskinas Marsh (37.414, −76.717)
is brackish (4–15 ppt). When this study was conducted, the
dominant vegetation at Cumberland marsh was Peltandra
virginica whereas Spartina alterniflora dominated Taskinas. In
each marsh, a 10 m × 10 m plot was established within
which 10 soil cores (10-cm diameter, 10-cm depth; 785 cm3

volume) were randomly collected. Each core was transferred
into a chamber made of PVC pipe (10-cm diameter, 10-cm
height) with PVC caps secured on the top and bottom. Caps
had 8.25-cm diameter holes drilled in them, and these openings
were covered with two layers of 0.5-mm Nitex mesh (Wildlife
Supply Company, Buffalo, NY, USA) secured with Amazing
Goop (Eclectic Products, Eugene, OR, USA). After soil cores
were placed in the chambers, the caps were sealed to the PVC
cylinder using Amazing Goop. The next morning, chambers were
returned the marsh for in situ incubation. Each chamber was
gently inserted into one of the holes created the day before (when
cores were collected); location assignments within each plot were
random. The reciprocal transplant generated four treatments
with five replicates of each combination of “soil origin” and “host
site” to yield: Fresh–Fresh (soil originating from the freshwater
site, incubated in the freshwater site), Fresh–Salt, Salt–Salt, and
Salt–Fresh. Chambers were incubated for 40 days from June–
August 2013. When chambers were retrieved, each was sealed
in an air-tight plastic bag and immediately returned to the
laboratory for analysis.

Soil Characterization
Soil salinity (ppt) and pH were measured using a SG78 SevenGo
Duo pro probe (Mettler Toldeo, Columbus, OH, USA). Soil
moisture (%) was determined gravimetrically (100◦C for 72 h)
and organic matter (OM, %) was measured as mass loss on
ignition (500◦C for 4 h). Total carbon and nitrogen contents
were determined using a Perkin Elmer CHNS/O Analyzer
(Waltham, MA, USA) following grinding and acidification of
samples using 10% hydrochloric acid; C:N was calculated by
mass. Porewater was extracted from 50-ml soil samples by
centrifugation (3000 × g, 15 min), filtered using a 0.45 μm pore-
size mixed cellulose ester syringe filter, and stored at −20◦C
until it could be analyzed for sulfate concentration via ion
chromatography (Dionex ICS-1000, Sunnyvale, CA, USA).

Molecular Genetic Analyses
Whole-community DNA was extracted from 0.5-g subsamples
of soil using the MoBio PowerSoil DNA Isolation Kit (Carlsbad,
CA, USA) and stored at −20◦C. DNA purity and concentration
were analyzed using a Nanodrop ND-1000 (Thermo Scientific,
Wilmington, DE, USA). All DNA extracts and PCRproducts were

Frontiers in Microbiology | www.frontiersin.org 2 October 2015 | Volume 6 | Article 1013

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


Morrissey and Franklin Phylogenetically-clustered salinity preferences

verified using agarose gel (1.5%) electrophoresis and ethidium
bromide staining.

Bacterial 16S rRNA and methanogen mcrA gene abundances
were assessed using quantitative PCR (qPCR) as described
in Morrissey et al. (2014a). Briefly, the primers Eub338 and
Eub517 were used to target the 16S rRNA gene (average
efficiency = 99.7%, r2 = 0.99), and the mlas and mcrA-rev
primers were used to target the methyl coenzyme-M reductase
encoding the mcrA functional gene (average efficiency = 90.0%,
r2 = 0.99). A third qPCR was employed to quantify the
abundance of the dsrA gene using the primers dsrA_290F and
dsrA_660R designed by Pereyra et al. (2010). These primers target
the alpha subunit of the dissimilatory sulfite reductase gene of
δ-proteobacterial SRB. Reactions (20 μl) were performed with
6 ng DNA template and 0.2 μM concentrations of each primer;
thermal cycling conditions were: 95◦C for 10 min, and 50 cycles
of 40 s at 95◦C, 30 s at 60◦C, and 30 s at 72◦C. Desulfovibrio
desulfuricans (Strain 27774, ATCC, Manassas, VA, USA) was
used to establish the standard curve (average efficiency = 93.4%,
r2 = 0.99). For all three genes, qPCR assays were performed using
SsoAdvanced SYBR Green qPCR Supermix (BioRad, Hercules,
CA, USA) and a BioRad CFX 96 Real-Time System. Data
were analyzed using Bio-Rad CFX Manager Version 2.1. Results
were reported as the log(10) of the number of gene copies
per g of OM after averaging three technical replicates per
sample.

Composition of the bacterial community was assessed using
Illumina HiSeq sequencing of the hyper variable V3 region of
the 16S rRNA gene using the primers and protocol described
by Bartram et al. (2011). Briefly, PCR reactions (50 μl) were
performed in triplicate for each sample using 10 mM TrisHCl
(pH 8.3), 50 mMKCl, 200μMof each dNTP, 20μg BSA, 2.5 units
of AmpliTaq DNA polymerase, 0.5 μM of each primer, 1.5 μM
MgCl2, and 4 ng DNA template (reagents obtained from Applied
Biosystems, Foster City, CA, USA). Thermal cycling conditions
were: 95◦C for 5min, 20 cycles of 60 s at 95◦C, 60 s at 50◦C, 60 s at
72◦C, followed by 72◦C for 7 min (PTC-100 Thermal Controller,
MJ Research,Waltham,MA,USA). Triplicate PCRproducts were
pooled and purified using AMPure XP (Agencourt-Beckman,
Brea, CA, USA) prior to sequencing on the Illumina Hiseq (at
VCU’s Nucleic Acid Research Facility) using 2 × 300 bp read
chemistry. Quality filtered reads (Phred score ≥ 30 indicating
99.9% base call accuracy) were received as pairs of demultiplexed
fastq files; the length of the locus was within the high quality
region of read one, so the second read was not used. Sequence and
accompanying metadata are available on the MG-RAST server
(Meyer et al., 2008) project number 12548.

Extracellular Enzyme Activity
Within one week following sample collection, soils were assayed
for extracellular enzyme activity (EEA) using the fluorimetric and
colormetric microplate assays described in Neubauer et al. (2013)
and a Synergy 2 plate reader (Biotek,Winooski, VT, USA). Briefly,
enzyme activity associated with breakdown of cellulose [β-1,4-
glucosidase (BG) and 1,4- β-cellobiosidase (CBH)], hemicellulose
[β-D-xylosidase (BX)], and lignin [phenol oxidase (POX) and
peroxidase (PR)], as well as the release of nitrogen [leucyl

aminopeptidase (LAP)] and sulfur [arylsulfatase (AS)] from
organic molecules, was measured. Fluorescent assays relied on
the following substrates: 4-MUB β-D-glucopyranoside (BG),
4-MUB β-D-cellobioside (CBH), 4-MUB- β-D-xylopyranoside
(BX), L-leucine-7-AMC (LAP), and 4-MUB-sulfate (AS) and
followed incubations of either 1 (CBH, LAP) or 4 h (BG, BX,
AS) at 30◦C with gentle agitation. POX and PR activities was
measured colorimetrically via the oxidation of l-DOPA (in the
presence of H2O2 for PR) after a 30 min incubation using the
methods of Sinsabaugh et al. (2003). Substrates and reagents were
obtained from Sigma–Aldrich Co. Ltd (St. Louis, MO, USA).

Anaerobic CO2 and CH4 Production
Production of CO2 and CH4 was measured using 48-h anaerobic
slurry assays (after Neubauer et al., 2005; Morrissey et al., 2014a)
employing two technical replicates per sample. Gas samples
(5 ml) were obtained from the headspace of each slurry after 0,
22, 32, and 48 h, and later run on a GC-2014 gas chromatograph
equipped with an flame ionization detector, thermal conductivity
detector, electron capture detector, and methanizer (Shimadzu;
Columbia, MD, USA). For each gas, total production was
determined as the sum of the gas accumulated in the headspace
and the gas dissolved in the slurry; the later was estimated using
the relationships described by Weiss (1974). Gas concentrations
increased linearly over time, and production rates (ng C g
OM−1 h−1) were calculated using linear regression; median
correlation coefficients were 0.87 for CO2 and 0.92 for CH4.

Data Analysis
All environmental, enzyme activity, and gas production data
were normally distributed within each treatment; microbial
gene abundances (16S rRNA, mcrA, dsrA) required a log(10)
transformation prior to statistical analysis. Effects of host
and origin environments on environmental and functional
parameters as well as microbial gene abundances were assessed
using two-way analysis of variance (ANOVA, n = 5 per group,
df = 19) with Tukey’s HSD for post hoc comparisons. Similarly,
the effect of origin and host environment on the relative
abundance of putative sulfate reducing δ-proteobacteria (Zhou
et al., 2011), putative iron reducing bacteria (FeRB, specifically
Geobacter (Mahadevan et al., 2011), and other phylogenetic
groups identified from the Illumina data, were analyzed using
two-way ANOVA on log transformed values. Relationships
between microbial gene abundances were assessed using Pearson
correlations. These analyses were performed in the JMP (JMP Pro
10, Cary, NC, USA; Sall et al., 2005) with α = 0.05. A Mantel test
was used to compare microbial activity (Gower distance using
EEA and gas production) with bacterial community composition
(weighted UniFrac distance) in PAST (Hammer, 2001).

Bacterial 16S rRNA sequences were clustered into operational
taxonomic units (OTUs, a.k.a. phylotypes) using 97% sequence
identity in Qiime 1.7 using default parameters (Caporaso et al.,
2010). OTUs accounting for less than 0.005% of sequences
were removed prior to downstream analyses (Bokulich et al.,
2013). The number of reads per sample varied from 21,398 to
122,666. Median read depth was 58,959 sequences per sample,
and samples were rarified to 21,398 sequences per sample for
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diversity analyses. Because the sequences were too short for
accurate construction of a phylogenetic tree, the representative
sequence for each OTU was blasted against the Greengenes
database version 13_8 using Qiime (Edgar, 2010;McDonald et al.,
2012). The reference sequence with the greatest percent identity
match for each OTU was used for phylogenetic assignment and
downstream analyses; median percent identity was 97.8%. The
Greengenes 97% OTU tree was pruned to contain only the OTUs
present in our samples for phylogenetic analysis. The resultant
OTU table and phylogenetic tree were then analyzed in R version
3.1.2.

Beta diversity (weighted UniFrac distances; Lozupone and
Knight, 2005) was visualized using principal coordinates analysis
(PCoA) with the ape package (Paradis et al., 2004) and analyzed
via PerMANOVA with the vegan package (Oksanen et al.,
2013). A phylotype was deemed “present” in a treatment if
it was found in the majority of sample replicates (i.e., at
least three of five), and otherwise considered “absent” (after
Evans and Wallenstein, 2014). This presence/absence data was
used to create a Venn diagram using the venneuler package
(Wilkinson, 2012). Habitat preference was inferred by comparing
the presence/absence patterns of OTUs across the treatments.
First, phylotypes native to both the fresh and saltwater sites
(i.e., present in both the Fresh–Fresh and Salt–Salt treatments)
were considered to exhibit no strong salinity preference. Next,
phylotypes with a preference for freshwater were identified as
ones that fit the following criteria : (a) present in the freshwater
controls (Fresh–Fresh), (b) present in the soils of saltwater
origin following transplantation to the freshwater environment
(Salt–Fresh), and (c) absent in the saltwater controls (Salt–
Salt). Similarly, a preference for saltwater was defined as those
phylotypes that were: (a) present in the saltwater controls (Salt–
Salt), (b) present in soils of freshwater origin after transplantation
to the saltwater environment (Fresh–Salt), and (c) absent in
the freshwater controls (Fresh–Fresh). This presence/absence
criterion does not assign salinity preferences to phylotypes that
were simply enriched or depleted (as determined by changes
in 16S rRNA relative abundance) in the different salinity
environments. Consequently, the “no preference” category may
contain organisms that favor one salinity over the other but
can survive in both environments. We also recognize that the
OTUs we classified as “absent” could still be present in the
community, only their abundance is below our detection limit.
Overall, our characterization using presence/absence criterion
is a conservative approach designed to identify strong salinity
preferences. After each phylotype was assigned a salinity
preference, the standardized effect size of phylogenetic diversity
(SES-PD) and the nearest taxon index (NTI) were calculated
for the salinity preference groups and examined to see if these
indices reflected more or less phylogenetic relatedness than
would be expected by chance using the ses.pd and ses.mntd
functions, respectively, in the picante package (Kembel, 2009).
Bootstrapping with 6000 iterations using the bootstrap package
(Efron and Tibshirani, 1993) was used to produce 95% confidence
intervals for the % of phylotypes with each salinity preference
in the different bacterial clades. If the confidence intervals did
not overlap with the expected random value (i.e., the % of

total phylotypes in that preference group), those clades were
considered to have more or less phylotypes in a preference
category than would be expected by chance.

Results

Environment
Soils originating from the freshwater site had lower pH but higher
moisture content, OM, and C:N than the soils originating from
the saltwater site (Table 1). None of these parameters changed
significantly upon transplant, except that the pH of the soil from
the saltwater site decreased. As expected, the host environment
regulated the soil porewater salinity and sulfate concentrations,
wherein soils hosted in the saltwater site had greater solute
concentrations than their freshwater counterparts (mean by host;
salinity: 4.4 vs. 0.2 ppt, sulfate: 910 vs. 361 ppm).

Microbial Community
Abundance
Bacterial (16S rRNA) abundance was not significantly different
across the treatments (Table 1). In contrast, both the abundance
of methanogens (mcrA) and SRB (δ-proteobacteria clade, dsrA)
were affected by the origin of the soil, wherein the freshwater soils
had higher methanogen abundance and lower SRB abundance.
An interaction effect was observed for methanogens, wherein
abundance in soils originating from the saltwater site increased
upon transplantation to the freshwater environment. Bacterial
abundance was not correlated with that of methanogens
(r = −0.21, p = 0.36) or that of δ-proteobacterial SRB (r = 0.31,
p = 0.17). However, a strong negative relationship was found
between the abundance of methanogens and δ-proteobacterial
SRB (r = −0.79, p < 0.01).

Bacterial Community Structure
In terms of relative abundance (% of 16S rRNA gene sequences),
all soils were dominated by Proteobacteria (specifically α,
β, δ, and γ), Chloroflexi, Acidobacteria, and Bacteroidetes
(Figure 1). However, soils of freshwater origin had higher relative
abundances of β-proteobacteria (ANOVA, Origin, F = 64.9,
p < 0.01) and Nitrospirae (ANOVA, Origin, F = 84.0, p < 0.01),
while soils originating from the saltwater site had greater relative
abundances of γ-proteobacteria (ANOVA, Origin, F = 107.1,
p < 0.01). Saltwater control soils (Salt–Salt) had greater
phylotype richness than freshwater control soils (Fresh–Fresh),
and transplantation into an alternate salinity increased the
phylotype richness of soils originating from both environments
(Figure 2A). Phylogenetic community structure (assessed as
weighted UniFrac distances) was interactively affected by both
origin and host environments as determined by two-way
PerMANOVA (Origin, F = 32.6; Host, F = 4.9; Origin × Host,
F = 5.7, all p < 0.01). Though each community shifted
when transplanted to the contrasting salinity environment, they
remained more closely related to their origin environment
controls than their host environment controls (Figure 2B).

The relative abundance and composition of putative SRB
in the δ-proteobacteria clade differed between soils originating
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TABLE 1 | Mean ± SE of environmental, microbial abundance, extracellular enzyme, and gas production parameters for each treatment.

Parameters Origin–Host ANOVA

Fresh–Fresh Fresh–Salt Salt–Fresh Salt–Salt

Environmental

Moisture (%) 72.1 ± 1.1 71.7 ± 0.9 64.9 ± 1.5 60.6 ± 0.9 O

OM (%) 24.4 ± 1.0 26.5 ± 0.9 17.5 ± 1.2 15.1 ± 0.5 I

C:N 14.5 ± 0.4 14.8 ± 0.2 13.3 ± 0.5 12.5 ± 0.2 O

pH 5.9 ± 0.1 6.1 ± 0.1 7.4 ± 0.1 6.7 ± 0.1 I

Salinity (ppt) 0.09 ± 0.01 4.09 ± 0.38 0.35 ± 0.11 4.70 ± 0.08 H

Sulfate (ppm) 256 ± 108 1001 ± 380 467 ± 87 820 ± 144 H

Abundance1

Bacterial (16S rRNA) 10.1 ± 0.1 9.9 ± 0.1 10.0 ± 0.1 10.2 ± 0.1 n.s.

Methanogen (mcrA) 9.4 ± 0.1 9.3 ± 0.1 7.9 ± 0.2 6.9 ± 0.1 I

Sulfate reducers (dsrA)2 8.4 ± 0.2 8.3 ± 0.1 9.1 ± 0.1 9.2 ± 0.1 O

Enzyme activity3

BG 6129 ± 1324 5061 ± 1187 811 ± 136 882 ± 65 O

CBH 179 ± 32 186 ± 26 171 ± 15 169 ± 38 n.s.

LAP 1723 ± 159 1322 ± 309 3197 ± 312 3786 ± 172 O

AS 408 ± 68 367 ± 67 1164 ± 136 1080 ± 43 O

BX 613 ± 63 685 ± 92 627 ± 22 804 ± 54 n.s.

POX 0.28 ± 0.03 0.23 ± 0.02 0.31 ± 0.03 0.35 ± 0.03 O

PR 0.25 ± 0.03 0.17 ± 0.01 0.38 ± 0.03 0.28 ± 0.04 O

Gas production4

CO2 1339 ± 84 1071 ± 40 2512 ± 266 2066 ± 144 O,H

CH4 3.42 ± 0.48 0.16 ± 0.01 0.52 ± 0.10 0.37 ± 0.06 I

1 log gene copies g OM−1.
2Deltaproteobacterial sulfate reducers.
3pmole substrate g OM−1 h−1.
4ng C g OM−1 h−1.
Two-way ANOVA results (α = 0.05) are presented as follows: “O”, main effect of origin environment; “H”, host environment; “I”, interaction between origin and host; and
“n.s.”, not significant.

from the freshwater and saltwater environments (Figure 2C;
two-way PerMANOVA of composition: Origin, F = 110.35,
p < 0.01). Soils of freshwater origin had lower relative abundance
of SRB (ANOVA, Origin, F = 75.4, p < 0.01) and a greater
fraction of Desulfarculaceae, while SRB in soils of saltwater origin
were dominated by the Desulfobacteraceae, Desulfobulbaceae,
and Desulfuromonadaceae families. Both origin and host
environment salinity influenced the relative abundance of the
putative FeRBGeobacter (Figure 2C, ANOVA, Origin, F = 398.8;
Host, F = 20.6; Origin × Host F = 7.4, all p < 0.02); Geobacter
relative abundance was higher in soils originating from and or
hosted in the freshwater environment.

Salinity Preference
Habitat preference with respect to salinity was discerned by
comparing the presence/ absence of phylotypes in the different
treatments as described in the Section “Materials and Methods.”
There were 114 phylotypes that were categorized as having
a preference for freshwater, which means they were detected
in soils incubated at the freshwater site (Salt–Fresh treatment
and Fresh–Fresh controls) but were not found in the Salt–
Salt treatment. Another 820 phylotypes were categorized as
having a preference for saltwater by virtue of the fact that
they were found in both soils incubated at the saltwater site

(Fresh–Salt treatment and Salt–Salt controls), but not the Fresh–
Fresh controls. The 307 phylotypes present in both the fresh
and saltwater controls were categorized as having no salinity
preference (Figure 2A). These salinity preferences were then
compared to phylogeny to assess whether evolutionary history
influenced habitat preference (Figure 3). The phylotypes in these
categories were more closely related to each other than would be
expected by chance as assessed by both the standardized effect
size of phylogenetic diversity (SES-PD) and NTI. The strongest
influence of phylogeny was seen in the phylotypes that had no
salinity preference (SES-PD = −7.1, NTI = 6.5, both p < 0.01),
followed by the saltwater (SES-PD = −5.4, NTI = 5.2, both
p < 0.01) and freshwater (SES-PD = −3.5, NTI = 4.3, both
p < 0.01) preference categories. Phyla varied with respect to
their salinity preferences (Figure 3; Supplemental Figure S1). For
instance, α- and γ-proteobacteria had more phylotypes with a
preference for saltwater than would be expected by chance, while
β-proteobacteria had more phylotypes that preferred freshwater,
and Verrucomicrobia had more phylotypes with no preference
than would be expected at random.

Microbial Activity
As was observed for community composition, microbial activity
appears to be most strongly controlled by the origin of the soil
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FIGURE 1 | Average relative abundance (% of 16S rRNA gene sequences) of dominant phylogenetic groups (>3.3% of total sequences) in soils
originating from and hosted in freshwater (Fresh) and saltwater (Salt) wetlands (n = 5 per treatment).

sample (Table 1). Overall, this variation in function was strongly
correlated to variation in bacterial community structure (Mantel
R = 0.76, p < 0.01).

Analysis of EEA revealed no treatment effects for either CBH
or BX (Table 1). Soils of freshwater origin had a greater activity
of BG (∼6.5-fold), AS (∼2.9-fold), and LAP (∼2.3-fold). In
contrast, soils with a saltwater origin had a greater activity of
POX (∼1.3-fold) and PR (∼1.6-fold). The only enzyme activity
affected by the host environment was PR, which was∼30%higher
when hosted in the freshwater site.

Production of CO2 was heavily influenced by origin
environment, where soils from the saltwater site exhibited higher
rates (∼1.8-fold) than those from the freshwater site. Host
environment had a modest but significant effect wherein the soils
incubated at the freshwater site had rates of CO2 production that
were ∼20% higher than their saltwater counterparts (Table 1).
The production of CH4 was interactively regulated by soil
origin and host environment wherein rates were very low in all
treatments except for the soils originating from, and hosted in,
the freshwater environment.

Discussion

In this study, we investigated the effects of salinity on
wetland microbial community composition and activity via an
in situ salinity manipulation experiment, and then assessed

whether phylogenetic clades of bacteria exhibited ecological
coherence with regard to their salinity preferences. We
found a tight coupling of microbial community structure
and function, and demonstrated that salinity selects for
organisms with phylogenetically-clustered salinity preferences.
An influence of phylogeny was also detected within organisms
that displayed no salinity preference, which suggests a genomic
basis for this flexibility. Understanding how salinity changes will
affect microbial communities and their associated functions is
especially important given that climate change associated sea-
level rise will expose many aquatic ecosystems to saltwater
intrusion (Böning et al., 2008; Erwin, 2009; Nielsen and Brock,
2009; Helm et al., 2010).

Response of Microbial Community Structure
and Function to Altered Salinity
Our experimental manipulation of salinity led to a shift in
the bacterial community, including a change in phylotype
membership in the transplanted soils (Figure 2A). This is likely
due, at least in part, to the colonization of organisms from the
new host environment. Interestingly, few phylotypes disappeared
from the transplanted soils relative to their origin controls,
which could be interpreted as a widespread tolerance to the
salinity change. However, a recent study by Logares et al. (2013)
suggests bacteria are most often specialized with regard to their
salinity habitat, making this possibility unlikely. A more probable
explanation of our findings is that the change in salinity caused
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FIGURE 2 | Venn diagram showing the shared phylotypes (A); graph of the first two axes of a principal coordinates analysis (PCoA) prepared using
weighted UniFrac distances to compare phylogenetic community composition (centroids are mean ± SE, n = 5 per treatment; B); and relative
abundance of putative sulfate [sulfate-reducing bacteria (SRB; C)] and iron reducing bacteria [FeRB (D)] originating from and hosted in freshwater
(Fresh) and saltwater (Salt) wetlands (n = 5 per treatment, mean and SE). Please note, the Venn diagram represents an imperfect best-fit representation of
the data, and phylotype membership is not labeled for all sectors.

intolerant phylotypes to become dormant or die, and their
residual DNA was detected in the 16S rRNA gene library (Jones
and Lennon, 2010; Morrissey et al., 2015).

When the relative abundance of phylotypes is considered
along with these changes in community membership, it becomes
clear that the origin of the soil was the dominant influence on
microbial community composition (Figure 2B). These results
are consistent with a scenario wherein organisms from the host
environment have begun to colonize the transplanted soil (thus
changing community membership) but have yet to establish
large populations. This sort of gradual change in community
composition is consistent with other salinity manipulations
that have found saltwater to have little effect on community
composition in the short term [∼1 month (Baldwin et al., 2006;
Edmonds et al., 2009)] but significant impacts at longer time
scales [months to years (Jackson and Vallaire, 2009; Berrier

et al., 2012; Neubauer et al., 2012)]. A similar gradual change
in community composition after transplantation into a new
environment has been demonstrated in upland soil communities
(Balser and Firestone, 2005). As with bacterial community
composition, the dominant influence on microbial activity was
the origin environment (Table 1). These results are consistent
with past work showing that environmental history can have
lasting effects on microbial community composition (Kulmatiski
and Beard, 2011; Nelson et al., 2015) and function (Evans and
Wallenstein, 2012; Peralta et al., 2013; Strickland et al., 2015).
For instance, Nelson et al. (2015) found historical exposure
to saltwater to be a greater driver of bacterial community
composition than contemporary salinity. The strong relationship
between bacterial community composition and activity rates
in the present study suggests that the persistent effect of the
origin environment on function could be mediated, at least
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FIGURE 3 | Phylogeny of bacterial phylotypes in relation to salinity preference. Phylogenetic groups are designated by branch color, and dominant groups
are annotated. The inner three rings indicate salinity preferences as freshwater (red), saltwater (green), or no preference (none, blue).

in part, by microbial community composition [consistent with
Reed and Martiny (2013)], which gradually shifts in response to
changing environmental conditions. However, some functions,
most notably CH4 production, responded to the change in
salinity despite the relatively short incubation period. Reduced
CH4 production following exposure to saltwater (Table 1) is
consistent with other several other wetland studies (Weston
et al., 2006; Chambers et al., 2011; Neubauer et al., 2013),
and is likely due to sensitivity of the methanogen population
to increased osmotic stress (Chambers et al., 2011) and/or
competitive inhibition of methanogens by SRB (Poffenbarger
et al., 2011). Our results support the latter hypothesis in that we
saw a strong negative correlation between methanogen (mcrA)
and SRB (dsrA) abundances across the treatments.

In addition to inhibiting methanogens, saltwater intrusion is
expected to influence sulfate and iron-reducing bacteria. In this
study, the abundance of δ-proteobacteria SRB was higher in the
soils of saltwater origin (Table 1), as was the relative abundance of
known SRB families (Figure 2C). This finding is consistent with
past work that has found SRB to be abundant in saline marshes
(Quillet et al., 2012; Angermeyer et al., 2015) and to co-vary with
sulfate availability (Wilms et al., 2007), and provides support for
the notion proposed by Oakley et al. (2010) that SRB vary in their
salinity requirements. Taken together, our results support past
research and suggest that SRB are likely to increase in abundance

following saltwater intrusion with accompanying increases in
sulfate reduction rates. These increased sulfate reduction rates
may accelerate organic matter mineralization (Chambers et al.,
2011; Weston et al., 2011, 2014; Neubauer, 2013), which could
affect the ability of the wetland to sequester carbon and change
the rate at which it emits greenhouse gasses (CO2).

Microbial iron reduction has been shown to be important in
freshwater wetlands (Roden and Wetzel, 1996; Neubauer et al.,
2005), though there have been very few studies that consider
salinity effects (Neubauer and Craft, 2009; Schoepfer et al.,
2014). Experimental increases in salinity have been shown to
decrease iron reduction rates in wetland soils (Weston et al.,
2006), perhaps due to abiotic interactions such as reactive iron
removal due to pyrite formation (Berner, 1970), or possibly due to
effects on iron reducing microorganisms. In our soils, the relative
abundance of Geobacter, a putative FeRB, suggested intolerance
of this taxa to saltwater (Figure 2D). This is consistent with
pure culture studies that have found high salt concentrations
to inhibit the growth of Geobacter species (Nevin et al., 2005;
Sun et al., 2014). Further, Geobacter have been detected in a
variety of freshwater environments (Caccavo et al., 1994; Coates
et al., 1996; Nevin et al., 2005) and yet appear to be absent from
the iron-reducing zone in salt marshes (Coleman et al., 1993)
and marine sediments (Holmes et al., 2004). Interestingly, there
are also reports of saltwater intrusion leading to increased iron
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reduction rates (Meiggs and Taillefert, 2011; Schoepfer et al.,
2014), which are usually attributed to enhanced iron availability
due to ionic effects like greater sediment deposition. Presumably
these higher iron reduction rates involve FeRB taxa that are more
tolerant of salinity stress, revealing another instance wherein
a greater understanding of microbial community composition
could enhance our ability to predict ecosystem function.

Salinity Preferences and Phylogeny
Our results contribute to a growing body of evidence that
despite gene loss, convergent evolution, and lateral gene transfer
in bacteria (Doolittle, 1999; Snel et al., 2002; Boucher et al.,
2003), phylogenetic groups can exhibit ecological coherence
even at high levels of taxonomic organization (Philippot et al.,
2010). To date, phylogeny has been associated with the habitats
(Stegen et al., 2012), growth responses (Goldfarb et al., 2011;
Placella et al., 2012), and ecological strategies (Evans and
Wallenstein, 2014) of bacteria. Our work builds upon these
previous studies by demonstrating that salinity preferences
are strongly tied to phylogeny both across and near the
tips of the phylogenetic tree (as evidenced by our SES-PD
and NTI results respectively). Specifically, the NTI assesses
whether traits are locally clustered within terminal clades of the
phylogenetic tree (Webb, 2000), while the SES-PD test assesses
clustering across the entire phylogenetic tree, including deep
branches (Faith and Baker, 2006; Procheş et al., 2006). The
highly significant and negative SES-PD indicates that salinity
preference is clustered within bacterial phylogeny, and the
significant NTI indicates this clustering is maintained to the
terminal branches of the phylogenetic tree. Consequently, our
results suggest that the seemingly ubiquitous co-variation of
bacterial community composition with salinity could arise from
ecological coherence of salinity preference within phylogenetic
groups.

The mechanism of microbial evolutionary adaptation to
varying salinity regimes is not yet clear. One obvious possibility
is that the adaptations underlying salinity preference relate to
osmotic stress. Though the ability of bacteria to osmoregulate
appears to be ubiquitous (Neidhardt et al., 1990), taxa clearly
vary in their physiological responses (Csonka, 1989; Romantsov
et al., 2009). It also appears that salinity is linked to differences in
key metabolic capabilities in bacteria, including large differences
in the relative abundance of genes associated with respiration,
glycolysis, biosynthesis of quinones, and osmolyte transport
(Dupont et al., 2014). Dupont et al. (2014) argue that these
striking differences in central metabolic processes suggest
that adaptations to salinity regime emerged early during the
divergence of phylogenetic groups in bacteria, a hypothesis
consistent with our SES-PD results.

The taxonomic groups that exhibited a preference for
fresh or saltwater in our soils were in accordance with
patterns documented in other aquatic systems. For instance,
we found β-proteobacteria to have a higher relative abundance
in soil originating from the freshwater site (Figure 1) and a
higher than expected preference for freshwater (Supplemental
Figure S1). This is consistent with work by del Giorgio and
Bouvier (2002) in an estuary and Herlemann et al. (2011)

in the Baltic Sea, as both of these studies found the relative
abundance of β-proteobacteria to decrease with increasing
salinity. Also consistent with these studies, we found α- and
γ-proteobacteria to have a higher than expected preference for
saltwater. Taken together, these results support the findings of
Lozupone and Knight (2007) in suggesting that salinity is a
consistent driver of phylogenetic bacterial community structure
across ecosystem types. The phylotypes that did not exhibit a
strong salinity preference could be composed of ecologically
differentiated subgroups that cannot be distinguished at 97%
16S rRNA gene sequence identity (Jezbera et al., 2013). For
instance, Jaspers and Overmann (2004) isolated 11 strains
of Brevundimonas alba from a freshwater lake that had
identical 16S rRNA gene sequences but very little niche overlap.
However, such rapid ecological diversification is inconsistent
with the strong phylogenetic clustering we found in the “no
salinity preference” group. A more parsimonious explanation
is that these phylotypes are salinity generalists. Their survival
under such discordant environmental conditions may reflect
significant phenotypic plasticity (Snell-Rood et al., 2010), and
the phylogenetic clustering we detected could indicate the
genetic modules enabling this plasticity were conserved over
evolutionary time.

Based on the phylogenetically-clustered salinity preferences
documented here, we expect that saltwater intrusion will
affect bacterial biodiversity by favoring organisms with a
preference for saltwater over those with a preference for
freshwater. For instance, saltwater intrusion may lead to a
reduction in the abundance and diversity of β-proteobacteria
and an increase in the abundance and diversity of α- and
γ-proteobacteria. Such changes in biodiversity are likely to
affect microbial activities such as EEA and soil respiration
given the tight association between bacterial community
composition and activity documented here and in other
wetland studies (e.g., Peralta et al., 2010; Morrissey et al.,
2014b).

This research provides evidence for ecological coherence with
regard to the salinity preferences of bacterial phylogenetic groups,
and suggests that global patterns in microbial biodiversity arise
from divergent evolution deeply rooted in the phylogenetic
tree. Most prior work has simply correlated changes in
salinity with differences in community composition, and
justified patterns based on contemporary physiological responses
(e.g., a population’s tolerance of osmotic stress). Our study
demonstrates that high levels of taxonomic organization can
serve as ecologically meaningful units, and suggests that a
more thorough consideration of an organism’s evolutionary
history could help resolve several unanswered questions in
microbial ecology. In particular, our work highlights the
potential use of phylogenetic information for predicting the
distribution of bacterial taxa along environmental gradients and
for determining how environmental perturbations may shape
community composition. As microbial ecologists gather this sort
of information for an increasingly large number of environmental
variables, we will develop a more robust understanding of
microbial biogeography and become better able to predict
bacterial community responses to global change.
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