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Abstract

Coastal climate adaptation strategies are needed to build salt marsh resiliency and maintain
critical ecosystem services in response to impacts caused by climate change. Although resi-
dent microbial communities perform crucial biogeochemical cycles for salt marsh function-
ing, their response to restoration practices is still understudied. One promising restoration
strategy is the placement of sand or sediment onto the marsh platform to increase marsh
resiliency. A previous study examined the above- and below-ground structure, soil carbon
dioxide emissions, and pore water constituents in Spartina alterniflora-vegetated natural
marsh sediments and sand-amended sediments at varying inundation regimes. Here, we
analyzed samples from the same experiment to test the effect of sand-amendments on the
microbial communities after 5 months. Along with the previously observed changes in bio-
geochemistry, sand amendments drastically modified the bacterial communities, decreas-
ing richness and diversity. The dominant sulfur-cycling bacterial community found in natural
sediments was replaced by one dominated by iron oxidizers and aerobic heterotrophs, the
abundance of which correlated with higher CO,-flux. In particular, the relative abundance of
iron-oxidizing Zetaproteobacteria increased in the sand-amended sediments, possibly con-
tributing to acidification by the formation of iron oxyhydroxides. Our data suggest that the
bacterial community structure can equilibrate if the inundation regime is maintained within
the optimal range for S. alterniflora. While long-term effects of changes in bacterial commu-
nity on the growth of S. alterniflora are not clear, our results suggest that analyzing the
microbial community composition could be a useful tool to monitor climate adaptation and
restoration efforts.

Introduction

Salt marshes are extraordinarily productive ecosystems found in estuaries worldwide. At the
interface of ocean and land, they experience shifting salinities and dynamic redox
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environments coupled to tidal and seasonal cycles. Salt marshes provide a variety of ecosys-
tem services including storm protection and nutrient control. In particular, salt marsh sedi-
ments house diverse microbial communities [1,2] and are known as sites of intense cycling
of nitrogen [3-8] and sulfur [9-13]. In salt marshes, the degradation of organic matter occurs
predominantly through sulfate reduction, producing hydrogen sulfide which in turn fuels
sulfur-oxidizing microorganisms [10,11]. The cord grass Spartina alterniflora is well adapted
to sulfidic conditions by having its own defense mechanisms [14,15] as well as by promoting
the growth of sulfur-oxidizing microorganisms in the rhizosphere [10], making it the domi-
nant plant in areas of the USA Atlantic Coast that are submerged for parts of each tidal cycle
[16].

This fine balance is being threatened by sea-level rise, which is expected to increase erosion,
fragmentation, and drowning of salt marsh habitats, hence altering their productivity and bio-
geochemistry [17,18]. As sea level rises, the increased frequency, longer duration, and greater
depths of tidal inundation will lower rates of marsh grass production [19]. This, in turn, may
reduce the transfer of new photosynthates from aboveground tissues to belowground roots
and rhizomes as well as the exudation of labile plant carbon into the rhizosphere. At the same
time, soil redox conditions will likely become more reducing, pH levels will become lower, and
pore water salinity and sulfide concentrations will increase, impeding the growth of Spartina
[20-22] and modifying microbial metabolism. Consequently, adaptation to accelerated sea
level rise with actions such as wetland restoration via sediment amendments may become nec-
essary and more common to sustain coastal marsh resiliency [23,24]. Yet, the effects of such
restoration strategies on microbial communities and marsh soil biogeochemistry are presently
poorly understood.

In a recent study, Wigand et al. [24] investigated the effect of different inundation regimes
on sand-amended and natural salt marsh sediments over the growing season of S. alterniflora
covering a period of six months. They observed a strong influence of sand application, namely
lower pH, phosphate, sulfide, ammonium, and salinity and higher CO,-fluxes compared to
natural sediments. This contrasted with overall similar belowground productivity and bio-
mass, suggesting that despite the changes in biogeochemical parameters restoration by sand
amendment could be a viable strategy. Microbes residing in the sediment constitute a signifi-
cant, yet at present inadequately understood component of the response of salt marshes to
changes in sediment type and inundation regimes [25]. Here, we have analyzed the sediments
at the end of the growing season at the lowest and highest elevation to examine if and how the
observed changes are reflected in the bacterial communities. We hypothesized that along with
the previously reported geochemical responses, sand-amendments would also influence the
structure of bacterial communities.

Material and methods
Experimental setup and sampling

Sediment cores originated from the same experiment as described in Wigand et al. [24] (S1
Fig). The field study was conducted from April 26 to September 15, 2011 on a salt marsh at
Laws Point (MA, USA, latitude 42.73, longitude -70.84) within the Plum Island Ecosystems
Long Term Ecological Research (PIE-LTER) site. In Massachusetts, salt marsh land can be
owned privately. Law’s Point is owned by the Essex County Greenbelt who has given the
PIE-LTER authority to use their land for research purposes. The placement of the mesocosms
did not involve dredging filling or altering the marsh, therefore a Notice of Intent was not
required under the Massachusetts wetland protection act. Briefly, a mesocosm “organ” [26]
was built of an array of PVC pipes with five different heights set at the marsh edge representing
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different elevations spanning from 47 cm below to 17 cm above mean high water (mhw) [24].
For the present study, we only sampled pipes at the lowest (hereafter "bottom shelf") and high-
est (hereafter "top shelf) elevations. Pipes contained natural marsh sediment collected from a
nearby creek, except for the top 40 cm that were filled with PVC inserts containing either a
sand/marsh sediment mix (vol:vol 3:1; hereafter "sand-amended sediment") or natural marsh
sediment. The sand was collected from a nearby quarry (Middleboro, MA) and was not further
treated before mixing with marsh sediment. One field-collected S. alterniflora plug was planted
into each insert on April 26. Above and below-ground plant biomass, chemical composition of
pore water at 21 cm depth and carbon dioxide flux were determined as described previously
[24] and data obtained in September for cores used in the present study are summarized in S1
Table. At the end of the experiment, cores were frozen at -20°C until further processing. Inde-
pendent duplicate cores were retrieved for each combination of conditions (type of sediment x
elevation).

Nucleic acid extraction

Cores were thawed at 4°C and cut in half longitudinally with sterile tools. From each core,
approximately 500 mg of sediment were collected at three depths, namely 1 cm, 10 cm and 21
cm, the latter corresponding to the depth of the lysimeter from which pore water was collected
for chemical analysis. DNA was extracted using the Power Soil DNA isolation kit (MOBIO),
following the manufacturer’s instructions. DNA yields and quality were checked by spectro-
photometry on a Nanodrop 2000C (ThermoScientific).

16S rRNA gene tag sequencing

Library preparations and tag sequencing were performed by Molecular Research Lab (Shallo-
water, TX). The V1-V3 region of 16S rRNA genes was amplified using the universal bacterial
primer pair 27Fmod (AGRGTTTGATCMTGGCTCAG plus unique barcodes) and 519Rmodbio
(GTNTTACNGCGGCKGCTG) [27] with an in silico coverage of 82% for Bacteria (Silva Test-
Prime analysis with Silva v132) and the HotStarTaq Plus Master Mix Kit (Qiagen, Valencia,
CA) as follows: initial denaturation for 3 min at 94°C, followed by 28 cycles of 94°C for 30 sec-
onds, 53°C for 40 seconds and 72°C for 1 min, and a final elongation step at 72°C for 5 min.
All PCR products from different samples were mixed in equal concentrations and purified
using Agencourt Ampure beads (Agencourt Bioscience Corporation, MA, USA). Samples
were sequenced on a Roche 454 FLX Titanium instrument using the manufacturer’s reagents.
Raw sequence data were deposited in the SRA database under BioProject ID PRJNA507114,
with sample accessions SAMN10484801 to SAMN10484824.

16S rRNA gene read analysis

The 16S rRNA gene sequences were processed in the QIIME 1.9.1 pipeline [28]. Reads were fil-
tered for length (400 bp < length < 1000 bp), quality score (mean, >25), number of ambigu-
ous bases (= 0) and number of homopolymer runs (<6). Chimeras detected using usearch61
de novo were removed from the dataset. Sequences were clustered using swarm [29] with
default parameters. Clusters containing only one sequence in the full dataset (singletons) were
removed. Taxonomy was assigned to each Operational Taxonomic Unit (OTU) using the RDP
classifier [30] with the Silva v132 database [31]. Data were further analyzed with the package
phyloseq v1.24.2 [32] in R v3.5.0 [33]. Alpha-diversity indices were calculated on a rarefied
dataset at 1,524 reads per sample (smallest sequencing depth).
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Statistical analysis

Statistical analyses were performed in R v3.5.0 [33] with the packages vegan v2.5-3 [34] and
phyloseq v1.24.2 [32]. Data were standardized according to the Hellinger method. The Mori-
sita-Horn distance was used to calculate the dissimilarity matrix. Hierarchical cluster analyses
was performed using the ward.D2 algorithm. Differences in bacterial assemblage structure
were tested using PERMANOVA (adonis function with 999 permutations), testing the effect of
sediment type on the global dataset and the effect of elevation and depth separately for natural
and sand-amended sediments. Ordination was performed using Non Metric Multidimen-
sional Scaling. The function envfit was used to fit environmental vectors onto the ordination.
The following environmental parameters measured in [24] were tested on the ordination of all
samples: aboveground biomass, belowground biomass, average plant height, nitrogen content,
carbon content, carbon to nitrogen ratio and CO, flux. Only vectors for variables with signifi-
cant correlations to the ordination were plotted. Additionally, envfit was performed for salin-
ity, pH, hydrogen sulfide, ammonium, and phosphate for samples collected at 21 cm,
corresponding the to depth of the lysimeters. Taxa showing differential abundance between
natural and sand-amended sediments were detected using DESeq2 [35] as implemented in
phyloseq, with Benjamini-Hochberg correction of the p-values for multiple testing. Spearman
correlation analysis, ANOVA, Mann-Whitney and Student t-tests were performed in R. OTU
membership analysis was performed on the MetaCoMET web platform [36].

Results

Effect of sand-amendment on bacterial diversity

DNA was extracted from a total of 24 sediment samples (52 Table), obtained from three depths
at two elevations (top and bottom shelf) and two sediment types (natural or sand-amended).
The yield of DNA was significantly impacted by the type of sediment (natural soil: 10.3£1.8 ug.
g’'; sand-amended: 4.2+1.0 pug.g ", t-test P<0.001) and the sample depth (1 cm: 9.8+2.6 ug.g™;
10 cm: 8.3+1.7 pg.g™'; 21 cm: 3.7+1.2 ug.g ', ANOVA P<0.001), but not by the shelf elevation
(top: 7.8+2.1 ug.g"; bottom: 6.8+1.2 ug.g ', t-test P = 0.99). This suggests that the microbial
biomass was higher in natural sediment and at the sediment surface. A total of 68,123 reads for
the V1-V3 region of the 16S rRNA gene were retrieved after quality filtering and removal of
singletons, ranging from 1,524 to 7,756 reads per sample. These sequences were clustered into
8,017 OTUs, with 244 to 486 OTUs per sample (S2 Table). There was a significant effect of the
type of sediment (Fig 1) on both OTU richness (ANOVA, F = 8.16, P = 0.01) and Shannon
diversity (F = 10.82, P = 0.004), while no significant effect was detected for elevation and
depth. Natural sediment samples were both richer and more diverse than sand-amended
samples.

Community structure and effect of environmental parameters

The structure of bacterial communities was investigated at the OTU level. Considering all sam-
ples, there was a strong effect of the sediment type, as revealed by the NMDS ordination (Fig
2), the cluster analysis (Fig 3) and PERMANOVA (F = 1.39, p = 0.001; S3 Table). We further
investigated differences according the depth and elevation, separately for natural and sand-
amended sediments. PERMANOVA revealed significant differences in bacterial assemblage
structure according to both elevation and depth for natural sediments, but not for sand-
amended sediments (S3 Table). Overall, all natural sediments of the bottom shelf as well as the
deepest layer (21 cm) of the top shelf formed a cluster (Fig 3), while the natural sediments
from the upper two depths (1 cm and 10 cm) of the top shelf grouped with the sand-amended
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Fig 1. Richness (number of OTUs) and diversity (Shannon H’) indices for bottom (47 cm below mean high water,
mhw) and top (+17 cm above mhw) shelves in the marsh organ at 1, 10, and 21 cm depth from the sediment
surface in the core mesocosms.

https://doi.org/10.1371/journal.pone.0215767.g001

sediments, in particular with the two samples collected at 21 cm depth and one at 10 cm depth
from sand-amended cores on the bottom shelf. Fitting of environmental parameters onto the
NMDS ordination revealed that CO,-flux (r* = 0.34, p = 0.02) and belowground biomass (=
0.26, p = 0.05) were significantly correlated to the bacterial community structure. Pore water
samples were only collected for the depth of the lysimeters at 21 cm [24], restricting the analysis
of the effect of salinity, pH, hydrogen sulfide, ammonium, and phosphate on the bacterial com-
munities to this depth. Only salinity (r* =0.92, p =0.006) and pH (r*=0.71, p = 0.08) were
found to be significantly correlated to the bacterial community composition at this depth.

Effect of sand-amendment on taxonomic composition

Taxonomic affiliation of OTUs showed a total of 51 bacterial phyla in the dataset (S2 Fig).
Overall, the most abundant phyla were Proteobacteria (55% of total reads), Bacteroidetes (17%)
and Campylobacterota (8%, previously Epsilonproteobacteria [37,38]). The composition of the
bacterial community varied between samples. Duplicate cores from the same condition
showed similar taxonomic profiles at a broad taxonomic resolution (Fig 3B), with notable
exceptions for three pairs (6.2.10 vs. 6.4.10; 2.3.1 vs. 2.6.1; 6.1.10 vs. 6.3.10) where the main dif-
ference was a marked variation in the relative abundance of Zetaproteobacteria.

We first investigated the effect of sand-amendment restoration on the presence/absence of
bacterial taxa at the OTU level (Fig 4A). Among the 8,017 total OTUs detected, only 7% were
shared between natural and sand-amended sediments, representing 31,852 reads (47% of the
total reads). On the other hand, 3,709 OTUs were only found in natural sediments, represent-
ing 16,927 reads (25% of total reads); 3,711 OTUs were specific to sand-amended sediments,
representing 19,344 reads (28% of total reads). These OTUs detected only after sand addition
belonged mostly to Proteobacteria and Bacteroidetes (Fig 4B). In particular, sand-amended
specific OTUs showed a high diversity and relative abundance of Mariprofundus (514 OTUs,
2,040 reads), Oleiagrimonas (388 OTUs, 3,372 reads) and Flavobacteriaceae (289 OTUs, 2,017
reads). Half of the reads from OTUs shared between natural and sand-amended sediments
belonged to only 29 Mariprofundus OTUs (16,912 reads), whereas other less abundant groups
such as Gammaproteobacteria (178 OTUs, 5,260 reads), Bacteroidetes (153 OTUs, 3,738 reads),
Campylobacterota (55 OTUs, 1,227 reads) and Deltaproteobacteria (54 OTUs, 1,518 reads)
were more diverse.
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A statistical analysis was further performed at the class and order levels to identify bacterial
taxa for which the relative abundance changed according to the type of sediment (Table 1). In
total, 29 taxa from 14 different classes showed a significant difference in relative abundance
between natural and sand-amended sediments. Nine bacterial classes were favored in sand-
amended samples compared to natural marsh sediment, the dominant ones being Alphapro-
teobacteria, Gammaproteobacteria, and Zetaproteobacteria (comprising only the genus Mari-
profundus). The 6-fold higher abundance of Mariprofundus in sand-amended sediments was
due to only a few individual OTUs that were shared between conditions, although there were
many more sand-amended specific Mariprofundus OTUs (Fig 5). The effect on Gammaproteo-
bacteria was mostly due to Xanthomonadales (Table 1), the relative abundance of which
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increased 13-fold between natural sediments (mean relative abundance 0.9%, range 0 to 8%)
and sand-amended samples (mean relative abundance 11.5%, range 0 to 50%). Within the
Planctomycetes phylum, sand-amendments were associated with a higher abundance of Planc-
tomycetacia, but a lower abundance of Phycisphaerae. Furthermore, results showed a strong
negative impact of sand amendment on the abundance of Deltaproteobacteria (6-fold decrease
compared to natural sediments) and Atribacteria of the JS1 group (43-fold decrease) (Table 1).

Potential effect on community functions

A previous study of cores from the same experiment reported significantly lower pore water
pH and sulfide concentrations in sand-amended sediments [24], suggesting a shift between
bacterial communities with contrasting metabolic capabilities. Therefore, we further analyzed
the abundance of selected bacterial groups potentially involved in iron or sulfur oxidation,
processes known to influence pH and sulfide concentrations in salt marshes (Fig 6). For sulfur
cycling, we considered potential S-oxidizers in the orders Chromatiales, Thiotrichales and
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Fig 4. OTU membership analysis. A. Venn diagram showing the number of OTUs and the associated number of reads either shared by natural and
sand-amended samples or specific to each condition. B. Taxonomic relative abundance of OTUs found exclusively in sand-amended sediments and
not in natural sediments.

https://doi.org/10.1371/journal.pone.0215767.g004

Campylobacterales, recently shown to be prevalent in S. alterniflora-vegetated salt marsh sedi-
ments [10]. In natural sediments, the relative abundance of Campylobacterales ranged from 1
to 40%, exceeding that for Chromatiales (0.05-2%) and Thiotrichales (0.6-7%). This is in con-
trast with previous results obtained for vegetated sediments on a bank ca. 500 m away from
our present study site, where Campylobacterales accounted less than 1% of 16S rDNA Illumina
reads [10]. These three potential S-oxidizer orders showed a significantly lower abundance in

sand-amended sediments compared to natural sediments (Fig 6 "sediment effect”, Mann-

Whitney test, p<0.05). The most drastic decrease was observed for Campylobacterales, which
in 10 out of 12 sand-amended samples did not reach more than 0.44% relative abundance. The

Table 1. Global analysis of bacterial taxa showing a significant difference in relative abundance between natural and sand-amended sediments. The analysis was per-
formed at the Class and Order levels. Only taxa with a Benjamin-Hochberg corrected p-value lower than 0.05 are shown. For each taxon, bold values represent the condi-

tion with the highest relative abundance.

Phylum Class Order Mean relative abundance (%)
Natural Sand-
sediment amended
Acidobacteria Acidobacteriia - 0.01 0.22
Actinobacteria Actinobacteria - 0.25 0.96
Actinobacteria Actinobacteria Micrococcales 0.10 0.63
Actinobacteria Thermoleophilia - 0.03 0.21
Atribacteria JS1 4.72 0.11
Bacteroidetes Bacteroidia Chitinophagales 0.07 1.01
Cloacimonetes Cloacimonadia - 0.21 0.01
Cyanobacteria Oxyphotobacteria - 0.22 0.12
Patescibacteria Saccharimonadia - 0.01 0.44
Patescibacteria Saccharimonadia Saccharimonadales 0.01 0.44
Planctomycetes Phycisphaerae - 3.09 0.51
Planctomycetes Phycisphaerae mlel-8 0.21 0.00
Planctomycetes Phycisphaerae MSBL9 2.29 0.17
Planctomycetes Planctomycetacia - 0.36 1.27
Planctomycetes Planctomycetacia Planctomycetales 0.01 0.73
Proteobacteria Alphaproteobacteria - 1.26 4.51
Proteobacteria Alphaproteobacteria Acetobacterales 0.04 2.30
Proteobacteria Deltaproteobacteria - 20.47 3.18
Proteobacteria Deltaproteobacteria Desulfuromonadales 2.16 0.17
Proteobacteria Deltaproteobacteria Sva0485 0.25 0.00
Proteobacteria Gammaproteobacteria - 18.76 30.49
Proteobacteria Gammaproteobacteria Acidithiobacillales 0.00 1.87
Proteobacteria Gammaproteobacteria EPR3968-08a-Bc78 0.10 0.22
Proteobacteria Gammaproteobacteria KI89-clade 0.03 0.00
Proteobacteria Gammaproteobacteria OM182-clade 0.04 0.36
Proteobacteria Gammaproteobacteria Xanthomonadales 0.87 11.49
Proteobacteria Zetaproteobacteria - 4.28 26.33
Verrucomicrobia Verrucomicrobiae - 0.07 0.32
Verrucomicrobia Verrucomicrobiae Opitulales 0.01 0.27

https://doi.org/10.1371/journal.pone.0215767.t001
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Fig 5. Average relative abundance of individual Mariprofundus OTUs that are shared (pink), specific to natural
sediments (blue) or specific to sand-amended sediments (yellow). Numbers in brackets show the number of OTUs
in each category.

https://doi.org/10.1371/journal.pone.0215767.9005

only exceptions were sand-amended samples from 21 cm depth on the bottom shelf (31% and
20% Campylobacterales for samples 2.3.21 and 2.6.21, respectively) that were already shown to
resemble natural sediments on the NMDS ordination plot and cluster analysis (Figs 2 and 3).
For iron cycling, we considered as potential Fe-oxidizers the taxa Mariprofundus, Acidithioba-
cillales and Gallionellaceae (formerly known as the order-level taxon Gallionellales, but reclas-
sified as a family in SILVA v132 [39]). Both Mariprofundus and Acidithiobacillales were
favored in sand-amended sediments compared to natural sediments, whereas no significant
sediment effect was detected for Gallionellaceae (Fig 6). There were sharp negative correlation
patterns for the abundance of Mariprofundus with Campylobacterales and Chromatiales, and
for Acidithiobacillales with the three potential S-oxidizer groups. Communities with high rela-
tive abundance of S-oxidizer groups tended to have low relative abundance of Fe-oxidizer
groups, and vice versa. The position of the points, close to the x and y axis of the scatter plot,
suggests that these bacterial groups involved in sulfur and iron cycling were almost mutually
exclusive. By contrast, positive correlations were found for the abundance of Gallionellaceae
with Campylobacterales and Thiotrichales (Fig 6, bottom row). In particular, the two samples
with the highest Gallionellaceae abundance (10 and 15%) were the same sand-amended sam-
ples from 21 cm depth on the bottom shelf with high abundance of Campylobacterales.

Another key finding of the previous study on the cores from the same experiment was the
increase of soil carbon dioxide emission in the sand-amended mesocosms [24], putatively
linked to more aerobic conditions and higher organic matter decomposition than in natural
sediments. Here, we evaluated the associations of the relative abundance of bacterial orders
with CO, flux and carbon content, used as a proxy for the amount of organic matter in the sed-
iments. CO, emission was positively correlated with the abundance of Mariprofundales and
unclassified Gammaproteobacteria (Table 2). In addition, Mariprofundales were correlated
negatively to the sediment carbon content. Furthermore, the potential sulfate-reducing delta-
proteobacterial orders Desulfarculales and Desulfobacterales were associated positively with
carbon content, together with Anaerolinales (phylum Chloroflexi) and the candidate Phyci-
sphaerae order MSBL9 (phylum Planctomycetes).
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https://doi.org/10.1371/journal.pone.0215767.9006

Table 2. Correlations of the abundance of order-level taxa with CO, flux and carbon content. The Spearman p sta-
tistics is given, together with the associated p-value in brackets. Bold values denote significance at p<0.1. Orders
accounting more than 1% of the total number of reads were tested, and only those with at least one significant correla-

tion are reported.

Order Spearman correlation with
CO, flux® Carbon content®
Anaerolineales -0.31 (p = 0.46) 0.39 (p = 0.06)
Phycisphaerae MSBL9 -0.44 (p =0.27) 0.43 (p = 0.03)
Acetobacterales 0.32 (p = 0.44) -0.41 (p = 0.04)
Desulfarculales -0.40 (p = 0.33) 0.40 (p = 0.05)
Desulfobacterales -0.36 (p = 0.39) 0.49 (p =0.01)

Unclass. Gammaproteobacteria

Mariprofundales

# Calculated with the average values across 3 depths per core.

® Calculated with local values at each depth.

https://doi.org/10.1371/journal.pone.0215767.t1002

0.67 (p = 0.08
0.76 (p = 0.04

)
)

0.03 (p = 0.90)
-0.39 (p = 0.06)
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Discussion

Salt marshes provide essential ecosystem services, yet their existence is threatened by acceler-
ated sea level rise, making it imperative to find ways to build marsh resiliency. One possible
mitigation strategy that has gained attraction in the Northeast USA is placement of sediment
or sand (including beneficial re-use of dredged material) onto the marsh platform to build ele-
vation, which can reduce flooding duration and optimize marsh plant productivity [40,41].
Organic matter accumulation in the marsh soils, associated with plant productivity, will help
the marsh keep pace with sea level rise. However, the effects of this restoration treatment on
resident microbial communities are presently not well understood. Here, we report on bacte-
rial community responses to different inundation periods and sand enrichment to coastal
marsh soils. This study is part of a larger study that examined the responses of marsh above-
and below-ground structure and processes to sand amendments at varying inundations
regimes at five elevations [24]. Although we only sampled at the end of the experiment and
only the lowest and highest elevations, we believe our results reflect the bacterial community
changes that could be expected under similar initial conditions due to manipulation by sand-
amendment and by a prolonged inundation regime, as we have assessed the two extreme
flooding cases.

As previously shown, our results clearly indicate a prevalence of sulfur-metabolizing bacte-
ria in the natural salt marsh sediments [2,10,12], which also constituted the dominant taxa of
the shared microbiome between the natural and sand-amended sediments. Sulfate-reducing
Deltaproteobacteria and sulfur-oxidizing Gammaproteobacteria and Campylobacteria, along
with Bacteroidetes, dominated the microbial communities in the natural sediments, in particu-
lar the lower elevations and deeper sediment layers known to be submerged the longest, which
consequently also had measurable sulfide [24]. The only exception here was a sample from 10
cm depth at the highest elevation (Fig 3B, sample 6.2.10), which showed a much higher relative
abundance of potential iron-oxidizing Zetaproteobacteria. This could possibly be related to the
absence of any measurable sulfide throughout the growth season in this particular core [24].
This contrasts with all other samples, including a sample from the same depth of a replicate
core (6.4.10), and it might have tilted the conditions from sulfide oxidation in favor of iron
oxidation. The very high sulfide levels at 21 cm in the lowest elevation (S1 Table) are probably
a result of the high abundance of sulfate-reducing bacteria combined with the lower abun-
dance of sulfur-oxidizing bacteria, creating conditions that might not be favorable for S. alter-
niflora. Here, we found a generally higher abundance of Campylobacteria compared to a
previous study on a nearby site at PIE-LTER [10]. Since the primers used to create the
sequencing libraries have similar predicted coverage for Campylobacteria (94% against V1-V3
in this study; 97% against V6 region in [10]), PCR bias is unlikely to be the main cause for the
observed difference. This could rather be due to the position of the present experimental cores
closer to the creek bank, resulting in more frequent flooding and overall more reducing condi-
tions (i.e., higher sulfide and lower oxygen), that might favor Campylobacteria over Gamma-
proteobacteria [42,43], reflecting the spatial heterogeneity in salt marshes. In addition, the
confinement within the core liners might have created conditions different from the natural
surrounding sediment. The positive correlation of carbon content with the abundance of the
deltaproteobacterial orders Desulfarculales and Desulfobacterales, Anaerolinales and the candi-
date Phycisphaerae order MSBL9 (phylum Planctomycetes) [44,45] is most likely related to the
less rapid degradation of organic matter in the more anoxic, organic-rich natural sediments
and sequestration of belowground plant material (i.e., roots and rhizomes).

Along with the observed changes in biogeochemistry described by Wigand et al. [24], sand
amendments led to drastic changes in bacterial community composition, with only 7% of the
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observed OTUs being shared with natural sediment. However, these shared OTUs belonged to
the more abundant taxa, as they represented 47% of the total reads. Interestingly, Mariprofun-
dus accounted for a large portion of the shared community, even though they generally repre-
sented only a relatively small component of the natural sediment community, indicating their
ability to respond quickly to changing conditions. On the other hand, natural sediment taxa
were lost upon sand amendments, as communities became less rich and less diverse. This
could possibly result in a loss of function, with potentially negative effects to the plant. In gen-
eral, the microbial community in sand-amended sediments switched from a sulfur-cycling
dominated community described above to one dominated by potential iron oxidizers and aer-
obic carbon degradation. This way, sand amendment had a strong negative impact on anaero-
bic bacteria such as Atribacteria of the JS1 group [46] and Deltaproteobacteria. This is not
unexpected due to the more oxidizing conditions in the sand amended conditions [24]. In par-
allel, microorganisms with a putative aerobic metabolism increased, such as Alphaproteobac-
teria, Gammaproteobacteria, and Zetaproteobacteria. While Alphaproteobacteria and
Gammaproteobacteria are expected to be aerobic heterotrophs and thus contribute to the
increased CO,-flux, the Zetaproteobacteria are Fe-oxidizing chemolithoautotrophs which
might benefit from the increased CO, and oxygen levels and the decreased sulfide levels, mak-
ing them more competitive compared to sulfur-oxidizing bacteria. This becomes very obvious
when comparing the relative abundance of sulfur-oxidizing bacteria and the Fe-oxidizer zeta-
proteobacterial Mariprofundus, with the former clearly favored in the natural sediments and
the latter in the sand-amended sediments (Fig 6). Interestingly, sand amendments appear to
boost the growth of only a few Mariprofundus OTUs that are already present in natural marsh
sediment, even though the added sand introduced many additional novel OTUs (Fig 5).
Therefore, this drastic change in microbial community structure is driven more by changes in
environmental conditions than by the introduction of allochthonous microorganisms. The
low abundance of potential sulfur-oxidizing bacteria in sand-amended sediments is most likely
a consequence of (i) the decreased sulfide production due to the lower abundance of sulfate-
reducing bacteria and (ii) in case of Campylobacteria the possibly higher oxygen concentra-
tion. It is interesting that the potential Fe-oxidizer Gallionellaceae did not follow the same pat-
tern as Mariprofundus (Fig 6). This suggests that Gallionellaceae might inhabit a different
niche within these sediments, being able to oxidize iron under conditions unfavorable to Mari-
profundus or maybe even oxidizing reduced sulfur compounds [47]. Wigand et al. [24] specu-
late that the oxidation of sulfide in sand-amended treatments at high elevation contributed to
the lower pH. However since we did not observe a high abundance of bacterial sulfide-oxidiz-
ers, we propose that besides abiotic chemical reactions, such as pyrite (FeS,) oxidation [41,48],
acidification may have been facilitated by Fe-oxidizing Zetaproteobacteria favored after sand
addition. Some bacterial iron oxidizers can facilitate pyrite oxidation even at circumneutral
pH [49], and recently a novel strain Mariprofundus sp. strain GSB2 was isolated from an iron-
oxide mat at pH 6.2 in a New-England salt marsh that can grow on FeS [50]. This suggests that
Fe-oxidizing Zetaproteobacteria observed in the organ cores containing natural sediments
might also play a role in the oxidation of iron sulfides in natural salt marsh sediments. Mari-
profundus isolates feature a filamentous stalk-like structure composed of iron oxyhydroxides,
the formation of which produces acidity according to the following equation: Fe;" + 3H,0 ->
Fe(OH); + 3H" [51]. Combined with a lower buffering capacity, this could explain the lower
pH observed in sand-amended sediments compared to natural sediments. Similarly, the accu-
mulation of iron oxides was associated with a sharp decrease of the pH in a lowland rice rhizo-
sphere [52]. Further, the significantly lower pore water phosphate in the sand-amended soil
[24] may also be a result of bacterially mediated iron oxidation, e.g., by Zetaproteobacteria, and
adsorption of phosphate to iron-oxyhydroxides. There was also a significant higher
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ammonium concentration in the natural sediments of the bottom shelf compared to sand-
amended sediments. This has previously been attributed to a reduced ammonium uptake by S.
alterniflora under the more sulfidic conditions in the natural sediments [24,53,54]. However,
in addition the anaerobic conditions could have led to an increased production of ammonium,
for example due to dissimilatory reduction of nitrate to ammonium (DNRA) [8,55], and/or
lower consumption due to aerobic ammonium oxidation. At the same time, aerobic ammo-
nium oxidation could have been enhanced in the sand-amended sediments. While we did not
observe ammonium-oxidizing bacteria in these sediments, ammonium-oxidizing archaea that
were not targeted in our metabarcoding analysis could have been present [7].

While the sand-amendment clearly had the strongest effect on the bacterial communities,
we also observed an effect of elevation and sediment depth in natural sediments, but not in
sand-amended sediments. This might be attributed to the increased porosity of the sand-
amended sediments, likely resulting in more homogenous and generally more aerobic condi-
tions due to increased flushing [24]. However, the communities in the deepest layer of the
sand-amended sediments on the bottom shelf showed similarities to natural sediments on the
top shelf at the end of the growing season (Figs 2 and 3). This suggests that the community
structure might eventually equilibrate if the optimal growth conditions for S. alterniflora are
maintained. To facilitate the establishment of a community that is more similar to natural con-
ditions, a possible strategy could be to mix the sand with a higher proportion of natural sedi-
ment. S. alterniflora is known to grow in niches with high sulfide concentrations (0.5-1 M)
that are inhibitory to other wetland plants [56,57]. Thus, generally lower sulfide concentrations
in sand-amended sediments could lead to increased competition with other emergent plants,
including natural, invasive, and non-natural ones that might colonize the disturbed marsh
soils and possibly replace S. alterniflora. Along these lines, the significantly higher abundance
of Xanthomonadales bacteria could be a sign for general unhealthy conditions in the sand-
amended sediments of the upper shelf. Indeed, previous studies showed that Xanthomonadales
present in low abundance in natural salt marsh sediments increased significantly after fertiliza-
tion with nitrate [58], indicating their opportunistic growth response. Furthermore, although
that has not been described specifically for S. alterniflora, many Xanthomondales are known as
phytopathogens [59] that might affect plant growth. At present, it is not clear what would be
the long-term effects (> 5 months) of a significantly changed bacterial community as seen in
the sand-amended sediments at higher elevations on the growth of S. alterniflora. While detri-
mental effects could not be excluded, the results of the deeper layers of the sand-amended sedi-
ments at lower elevations indicate that communities might eventually equilibrate, provided the
inundation regime is within the optimal range for S. alterniflora.
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S1 Fig. Natural and sand-amended mesocosms with inserts and lysimeters, and elevation
levels labelled.
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S2 Fig. Phylum-level taxonomic distribution of all sequences retrieved during this study
(singleton-free, n = 68,123). "Others" comprises phyla accounting less than 1%.
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(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0215767  April 29, 2019 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215767.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215767.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215767.s003
https://doi.org/10.1371/journal.pone.0215767

@ PLOS|ONE

Changes in bacterial communities in response to sand additions

S2 Table. Description of the samples and alpha-diversity measures.
(PDF)

S3 Table. Summary of permutational analysis of variance (PERMANOVA with 999 per-
mutations) testing the difference in bacterial community structure according to sediment
source (on all samples together) and elevation and depth (separately for natural and sand-
amended sediments).

(PDF)

Acknowledgments

The authors thank Karen Sundberg for field assistance in setting up and maintaining the
marsh organ. This report, Tracking Number ORD-029206, has been reviewed technically by
the U.S. EPA’s Office of Research and Development, National Health and Environmental
Effects Research Laboratory, Atlantic Ecology Division, Narragansett, RI, and approved for
publication. Approval does not signify the contents necessarily reflect the views and policies of
the U.S. EPA. Mention of trade names or commercial products does not constitute endorse-
ment or recommendation for use by the US EPA. We also thank the PIE-LTER for permitting
and logistical support.

Author Contributions

Conceptualization: Francois Thomas, Cathleen Wigand, Stefan M. Sievert.
Data curation: Frangois Thomas, Cathleen Wigand.

Formal analysis: Frangois Thomas.

Funding acquisition: James T. Morris, Stefan M. Sievert.
Investigation: Francois Thomas, Cathleen Wigand.
Methodology: Francois Thomas, Cathleen Wigand.

Project administration: Stefan M. Sievert.

Resources: James T. Morris, Cathleen Wigand, Stefan M. Sievert.
Visualization: Franc¢ois Thomas.

Writing - original draft: Francois Thomas, Stefan M. Sievert.

Writing - review & editing: Francois Thomas, James T. Morris, Cathleen Wigand, Stefan M.
Sievert.

References

1. Bowen JL, Morrison HG, Hobbie JE, Sogin ML. Salt marsh sediment diversity: a test of the variability of
the rare biosphere among environmental replicates. ISME J. Nature Publishing Group; 2012; 6: 2014—
23. https://doi.org/10.1038/ismej.2012.47 PMID: 22739491

2. Bernhard AE, Marshall D, Yiannos L. Increased Variability of Microbial Communities in Restored Salt
Marshes nearly 30 Years After Tidal Flow Restoration. Estuaries and Coasts. 2012; 35: 1049-1059.
https://doi.org/10.1007/s12237-012-9502-2

3. Gandy EL, Yoch DC. Relationship between nitrogen-fixing sulfate reducers and fermenters in salt
marsh sediments and roots of Spartina alterniflora. Appl Environ Microbiol. 1988; 54: 2031-2036.
PMID: 3178210

4. Hamersley MR, Howes BL. Coupled nitrification—denitrification measured in situ in a Spartina alterni-
flora marsh with a ">NH4+ tracer. Mar Ecol Prog Ser. 2005; 299: 123-135.

PLOS ONE | https://doi.org/10.1371/journal.pone.0215767  April 29, 2019 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215767.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215767.s005
https://doi.org/10.1038/ismej.2012.47
http://www.ncbi.nlm.nih.gov/pubmed/22739491
https://doi.org/10.1007/s12237-012-9502-2
http://www.ncbi.nlm.nih.gov/pubmed/3178210
https://doi.org/10.1371/journal.pone.0215767

@ PLOS|ONE

Changes in bacterial communities in response to sand additions

10.

11.

12

13.

14.
15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Angell JH, Peng X, Ji Q, Craick |, Jayakumar A, Kearns PJ, et al. Community composition of nitrous
oxide-related genes in salt marsh sediments exposed to nitrogen enrichment. Front Microbiol. 2018; 9:
170. https://doi.org/10.3389/fmicb.2018.00170 PMID: 29483902

Koop-Jakobsen K, Giblin AE. Anammox in tidal marsh sediments: The role of salinity, nitrogen loading,
and marsh vegetation. Estuaries and Coasts. 2009; 32: 238—245. https://doi.org/10.1007/s12237-008-
9131-y

Moin NS, Nelson KA, Bush A, Bernhard AE. Distribution and diversity of archaeal and bacterial ammo-
nia oxidizers in salt marsh sediments. Appl Environ Microbiol. 2009; 75: 7461-7468. https://doi.org/10.
1128/AEM.01001-09 PMID: 19801456

Peng X, Ji Q, Angell JH, Kearns PJ, Yang HJ, Bowen JL, et al. Long-term fertilization alters the relative
importance of nitrate reduction pathways in salt marsh sediments. J Geophys Res Biogeosciences.
2016; 121: 2082—2095. https://doi.org/10.1002/2016JG003484

Howarth RW, Hobbie JE. The Regulation of Decomposition and Heterotrophic Microbial Activity in Salt-
Marsh Soils: A review. Estuar Comp. 1982; 183-207. Available: http://research.mblwhoilibrary.org/
works/5100

Thomas F, Giblin AE, Cardon ZG, Sievert SM. Rhizosphere heterogeneity shapes abundance and
activity of sulfur-oxidizing bacteria in vegetated salt marsh sediments. Front Microbiol. 2014; 5. https://
doi.org/10.3389/fmicb.2014.00309 PMID: 25009538

Howarth RW. The ecological significance of sulfur in the energy dynamics of salt marsh and coastal
marine sediments. Biogeochemistry. 1984; 1: 5-27.

Bahr M, Crump BC, Klepac-Ceraj V, Teske A, Sogin ML, Hobbie JE. Molecular characterization of sul-
fate-reducing bacteria in a New England salt marsh. Environ Microbiol. 2005; 7: 1175-85. https://doi.
org/10.1111/j.1462-2920.2005.00796.x PMID: 16011754

Klepac-Ceraj V, Bahr M, Crump BC, Teske AP, Hobbie JE, Polz MF. High overall diversity and domi-
nance of microdiverse relationships in salt marsh sulphate-reducing bacteria. Environ Microbiol. 2004;
6: 686—98. https://doi.org/10.1111/].1462-2920.2004.00600.x PMID: 15186347

Lee RW. Oxidation of sulfide by Spartina alterniflora roots. Limnol Oceanogr. 1999; 44: 1155-1159.

Koch MS, Mendelssohn IA. Sulphide as a soil phytotoxin: differential responses in two marsh species. J
Ecol. 1989; 77: 565-578.

Niering WA, Warren RS. Vegetation patterns and processes in New England salt marshes. Bioscience.
1980; 30: 301-307.

Kirwan ML, Megonigal JP. Tidal wetland stability in the face of human impacts and sea-level rise.
Nature. Nature Publishing Group; 2013; 504: 53-60. https://doi.org/10.1038/nature 12856 PMID:
24305148

Kirwan ML, Guntenspergen GR, D’Alpaos A, Morris JT, Mudd SM, Temmerman S. Limits on the adapt-
ability of coastal marshes to rising sea level. Geophys Res Lett. 2010; 37: 1-5. https://doi.org/10.1029/
2010GL045489

Watson EB, Wigand C, Davey EW, Andrews HM, Bishop J, Raposa KB. Wetland Loss Patterns and
Inundation-Productivity Relationships Prognosticate Widespread Salt Marsh Loss for Southern New
England. Estuaries and Coasts. Springer US; 2017; 40: 662—681. https://doi.org/10.1007/s12237-016-
0069-1 PMID: 30008627

Reed DDJ, Cahoon DRD. The Relationship Between Marsh Surface Topography, Hydroperiod, and
Growth of Spartina alterniflorain a Deteriorating Louisiana Salt Marsh. J Coast Res. 1992; 8: 77-87.
https://doi.org/10.2307/4297954

Naidoo G, L. MK, Mendelssohn IA. Anatomical and Metabolic Responses to Waterlogging and Salinity
in Spartina alternifloraand S. patens (Poaceae). Am J Bot. 1992; 79: 765-770.

Mendelssohn IA, McKee KL. Spartina alterniflora Die-Back in Louisiana: Time-Course Investigation of
Soil Waterlogging Effects. J Ecol. 1988; 76: 509-521.

Slocum MG, Mendelssohn IA, Kuhn NL. Effects of sediment slurry enrichment on salt marsh rehabilita-
tion: Plant and soil responses over seven years. Estuaries. 2005; 28: 519-528. https://doi.org/10.1007/
BF02696063

Wigand C, Sundberg K, Hanson A, Davey E, Johnson R, Watson E, et al. Varying inundation regimes
differentially affect natural and sand-amended marsh sediments. PLoS One. 2016; 11. https://doi.org/
10.1371/journal.pone.0164956 PMID: 27788165

Urakawa H, Bernhard AE. Wetland management using microbial indicators. Ecol Eng. Elsevier; 2017;
108: 456—-476. https://doi.org/10.1016/J. ECOLENG.2017.07.022

Morris JT, Sundberg K, Hopkinson CS. Salt Marsh Primary Production and Its Response to Relative
Sea Level and Nutrients in Estuaries at Plum Island, Massachusets, and North Inlet, South Carolina,
USA. Oceanography. 2013; 26: 78—84. http://dx.doi.org/10.5670/oceanog.2013.48

PLOS ONE | https://doi.org/10.1371/journal.pone.0215767  April 29, 2019 16/18


https://doi.org/10.3389/fmicb.2018.00170
http://www.ncbi.nlm.nih.gov/pubmed/29483902
https://doi.org/10.1007/s12237-008-9131-y
https://doi.org/10.1007/s12237-008-9131-y
https://doi.org/10.1128/AEM.01001-09
https://doi.org/10.1128/AEM.01001-09
http://www.ncbi.nlm.nih.gov/pubmed/19801456
https://doi.org/10.1002/2016JG003484
http://research.mblwhoilibrary.org/works/5100
http://research.mblwhoilibrary.org/works/5100
https://doi.org/10.3389/fmicb.2014.00309
https://doi.org/10.3389/fmicb.2014.00309
http://www.ncbi.nlm.nih.gov/pubmed/25009538
https://doi.org/10.1111/j.1462-2920.2005.00796.x
https://doi.org/10.1111/j.1462-2920.2005.00796.x
http://www.ncbi.nlm.nih.gov/pubmed/16011754
https://doi.org/10.1111/j.1462-2920.2004.00600.x
http://www.ncbi.nlm.nih.gov/pubmed/15186347
https://doi.org/10.1038/nature12856
http://www.ncbi.nlm.nih.gov/pubmed/24305148
https://doi.org/10.1029/2010GL045489
https://doi.org/10.1029/2010GL045489
https://doi.org/10.1007/s12237-016-0069-1
https://doi.org/10.1007/s12237-016-0069-1
http://www.ncbi.nlm.nih.gov/pubmed/30008627
https://doi.org/10.2307/4297954
https://doi.org/10.1007/BF02696063
https://doi.org/10.1007/BF02696063
https://doi.org/10.1371/journal.pone.0164956
https://doi.org/10.1371/journal.pone.0164956
http://www.ncbi.nlm.nih.gov/pubmed/27788165
https://doi.org/10.1016/J.ECOLENG.2017.07.022
http://dx.doi.org/10.5670/oceanog.2013.48
https://doi.org/10.1371/journal.pone.0215767

@ PLOS|ONE

Changes in bacterial communities in response to sand additions

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Galland PE, Lucas S, Fagervold SK, Peru E, Pruski AM, Vétion G, et al. Disturbance Increases Micro-
bial Community Diversity and Production in Marine Sediemnts. Front Microbiol. Frontiers Media SA;
2016; 7: 1950. https://doi.org/10.3389/fmicb.2016.01950 PMID: 27994581

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nat Methods. Nature Publishing Group; 2010;
7: 335-6. https://doi.org/10.1038/nmeth.f.303 PMID: 20383131

Mahé F, Rognes T, Quince C, de Vargas C, Dunthorn M. Swarm: robust and fast clustering method for
amplicon-based studies. PeerJ. 2014; 2: €593. https://doi.org/10.7717/peer].593 PMID: 25276506

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl Environ Microbiol. 2007; 73: 5261-7. https://doi.org/
10.1128/AEM.00062-07 PMID: 17586664

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene
database project: improved data processing and web-based tools. Nucleic Acids Res. 2013; 41: D590—
6. https://doi.org/10.1093/nar/gks 1219 PMID: 23193283

Mcmurdie PJ, Holmes S. phyloseq: An R Package for Reproducible Interactive Analysis and Graphics
of Microbiome Census Data. PLoS One. 2013; 8. https://doi.org/10.1371/journal.pone.0061217 PMID:
23630581

R Core Team. R: A Language and Environment for Statistical Computing [Internet]. Vienna, Austria: R
Foundation for Statistical Computing; 2018. Available: http://www.r-project.org/

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, et al. vegan: Community Ecol-
ogy Package [Internet]. 2013. Available: http://cran.r-project.org/package=vegan

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeqg2. Genome Biol. 2014; 15: 1-21. https://doi.org/10.1186/s13059-014-0550-8 PMID:
25516281

Wang Y, Xu L, Gu YQ, Coleman-Derr D. MetaCoMET: A web platform for discovery and visualization of
the core microbiome. Bioinformatics. 2016; 32: 3469-3470. https://doi.org/10.1093/bioinformatics/
btw507 PMID: 27485442

Waite DW, Vanwonterghem |, Rinke C, Parks DH, Zhang Y, Takai K, et al. Comparative Genomic Anal-
ysis of the Class Epsilonproteobacteria and Proposed Reclassification to Epsilonbacteraeota (phyl.
nov.). Front Microbiol. Frontiers Media SA; 2017; 8: 682. https://doi.org/10.3389/fmicb.2017.00682
PMID: 28484436

Waite DW, Vanwonterghem |, Rinke C, Parks DH, Zhang Y, Takai K, et al. Erratum: Addendum: Com-
parative Genomic Analysis of the Class Epsilonproteobacteria and Proposed Reclassification to Epsi-
lonbacteraeota (phyl. nov.). Front Microbiol. Frontiers Media SA; 2018; 9: 772. https://doi.org/10.3389/
fmicb.2018.00772 PMID: 29720974

Parks DH, Chuvochina M, Waite DW, Rinke C, Skarshewski A, Chaumeil P-A, et al. A proposal for a
standardized bacterial taxonomy based on genome phylogeny. bioRxiv. Cold Spring Harbor Laboratory;
2018; 256800. https://doi.org/10.1101/256800

Wigand C, Ardito T, Chaffee C, Ferguson W, Paton S, Raposa K, et al. A Climate Change Adaptation
Strategy for Management of Coastal Marsh Systems. Estuaries and Coasts. Springer US; 2017; 40:
682—693. https://doi.org/10.1007/s12237-015-0003-y PMID: 30271313

Salisbury A, Stolt MH, Surabian DA. Simulated upland placement of estuarine dredged materials. Geo-
derma. 2017; 308: 226—234. https://doi.org/10.1016/j.geoderma.2017.04.005

Wirsen CO, Sievert SM, Cavanaugh CM, Molyneaux SJ, Ahmad A, Taylor LT, et al. Characterization of
an Autotrophic Sulfide-Oxidizing Marine Arcobacter sp. That Produces Filamentous Sulfur. Appl Envi-
ron Microbiol. 2002; 68: 316—325. https://doi.org/10.1128/AEM.68.1.316-325.2002 PMID: 11772641

Campbell BJ, Engel AS, Porter ML, Takai K. The versatile epsilon-proteobacteria: key players in sulphi-
dic habitats. Nat Rev Microbiol. 2006; 4: 458—68. https://doi.org/10.1038/nrmicro1414 PMID: 16652138

Yamada T, Sekiguchi Y, Hanada S, Imachi H, Ohashi A, Harada H, et al. Anaerolinea thermolimosa sp.
nov., Levilinea saccharolytica gen. nov., sp. nov. and Leptolinea tardivitalis gen. nov., sp. nov., novel fil-
amentous anaerobes, and description of the new classes Anaerolineae classis nov. and Caldilineae
classis nov. in the. Int J Syst Evol Microbiol. 2006; 56: 1331-1340. https://doi.org/10.1099/ijs.0.64169-0
PMID: 16738111

Robbins SJ, Evans PN, Parks DH, Golding SD, Tyson GW. Genome-centric analysis of microbial popu-
lations enriched by hydraulic fracture fluid additives in a coal bed methane production well. Front Micro-
biol. 2016; 7: 1-15. https://doi.org/10.3389/fmicb.2016.00001

Nobu MK, Dodsworth JA, Murugapiran SK, Rinke C, Gies EA, Webster G, et al. Phylogeny and physiol-
ogy of candidate phylum “Atribacteria” (OP9/JS1) inferred from cultivation-independent genomics.
ISME J. 2016; 10: 273-286. https://doi.org/10.1038/ismej.2015.97 PMID: 26090992

PLOS ONE | https://doi.org/10.1371/journal.pone.0215767  April 29, 2019 17/18


https://doi.org/10.3389/fmicb.2016.01950
http://www.ncbi.nlm.nih.gov/pubmed/27994581
https://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
https://doi.org/10.7717/peerj.593
http://www.ncbi.nlm.nih.gov/pubmed/25276506
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
https://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
http://www.r-project.org/
http://cran.r-project.org/package=vegan
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1093/bioinformatics/btw507
https://doi.org/10.1093/bioinformatics/btw507
http://www.ncbi.nlm.nih.gov/pubmed/27485442
https://doi.org/10.3389/fmicb.2017.00682
http://www.ncbi.nlm.nih.gov/pubmed/28484436
https://doi.org/10.3389/fmicb.2018.00772
https://doi.org/10.3389/fmicb.2018.00772
http://www.ncbi.nlm.nih.gov/pubmed/29720974
https://doi.org/10.1101/256800
https://doi.org/10.1007/s12237-015-0003-y
http://www.ncbi.nlm.nih.gov/pubmed/30271313
https://doi.org/10.1016/j.geoderma.2017.04.005
https://doi.org/10.1128/AEM.68.1.316-325.2002
http://www.ncbi.nlm.nih.gov/pubmed/11772641
https://doi.org/10.1038/nrmicro1414
http://www.ncbi.nlm.nih.gov/pubmed/16652138
https://doi.org/10.1099/ijs.0.64169-0
http://www.ncbi.nlm.nih.gov/pubmed/16738111
https://doi.org/10.3389/fmicb.2016.00001
https://doi.org/10.1038/ismej.2015.97
http://www.ncbi.nlm.nih.gov/pubmed/26090992
https://doi.org/10.1371/journal.pone.0215767

@ PLOS|ONE

Changes in bacterial communities in response to sand additions

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Jewell TNM, Karaoz U, Brodie EL, Williams KH, Beller HR. Metatranscriptomic evidence of pervasive
and diverse chemolithoautotrophy relevant to C, S, N and Fe cycling in a shallow alluvial aquifer. ISME
J. Nature Publishing Group; 2016; 10: 2106—2117. https://doi.org/10.1038/ismej.2016.25 PMID:
26943628

Portnoy JW, Giblin AE. Effects of historic tidal restrictions on salt marsh sediment chemistry. Biogeo-
chemistry. Kluwer Academic Publishers; 1997; 36: 275-303. https://doi.org/10.1023/A:1005715520988

Percak-Dennett E, He S, Converse B, Konishi H, Xu H, Corcoran A, et al. Microbial acceleration of aero-
bic pyrite oxidation at circumneutral pH. Geobiology. 2017; 15: 690-7083. https://doi.org/10.1111/gbi.
12241 PMID: 28452176

McBeth JM, Little BJ, Ray RI, Farrar KM, Emerson D. Neutrophilic iron-oxidizing “zetaproteobacteria”
and mild steel corrosion in nearshore marine environments. Appl Environ Microbiol. 2011; 77: 1405-12.
https://doi.org/10.1128/AEM.02095-10 PMID: 21131509

Emerson D, Fleming EJ, McBeth JM. Iron-Oxidizing Bacteria: An Environmental and Genomic Perspec-
tive. Annu Rev Microbiol. 2010; 64: 561-583. https://doi.org/10.1146/annurev.micro.112408.134208
PMID: 20565252

Begg CBM, Kirk GJD, Mackenzie AF, Neue HU. Root-induced iron oxidation and pH changes in the low-
land rice rhizosphere. New Phytol. 1994; 128: 469—-477.

Bradley PM, Morris JT. Influence of oxygen and sulfide concentration on nitrogen uptake kinetics in
Spatrtina alterniflora. Ecology 1980; 71(1):282-287

Morris JT, Dacey JWH. Effect of O, on ammonium uptake and root respiration by Spartina alternifiora.
Amer. J. Bot. 1984; 71(7):979-985.

Giblin AE, GroBBkopf T, Song B, Weston N, Banta GT, Rivera-Monroy VH. The importance of dissimila-
tory nitrate reduction to ammonium (DNRA) in the nitrogen cycle of coastal ecosystems. Oceanogra-
phy. 2013; 26: 124—131. https://doi.org/10.5670/oceanog.2013.54

Zheng Y, Bu NS, Long XE, Sun J, He CQ, Liu XY, et al. Sulfate reducer and sulfur oxidizer respond dif-
ferentially to the invasion of Spartina alternifiora in estuarine salt marsh of China. Ecol Eng. Elsevier B.
V.; 2017;99: 182-190. https://doi.org/10.1016/j.ecoleng.2016.11.031

Chambers RM, Mozdzer TJ, Ambrose JC. Effects of salinity and sulfide on the distribution of Phragmi-
tes australis and Spartina alterniflora in a tidal saltmarsh. Aquat Bot. 1998; 62: 161—169. https://doi.org/
10.1016/S0304-3770(98)00095-3

Kearns PJ, Angell JH, Howard EM, Deegan LA, Stanley RHR, Bowen JL. Nutrient enrichment induces
dormancy and decreases diversity of active bacteria in salt marsh sediments. Nat Commun. Nature
Publishing Group; 2016; 7: 1-9. https://doi.org/10.1038/ncomms 12881 PMID: 27666199

Naushad HS, Gupta RS. Phylogenomics and Molecular Signatures for Species from the Plant Patho-
gen-Containing Order Xanthomonadales. PLoS One. 2013; 8. https://doi.org/10.1371/journal.pone.
0055216 PMID: 23408961

PLOS ONE | https://doi.org/10.1371/journal.pone.0215767  April 29, 2019 18/18


https://doi.org/10.1038/ismej.2016.25
http://www.ncbi.nlm.nih.gov/pubmed/26943628
https://doi.org/10.1023/A:1005715520988
https://doi.org/10.1111/gbi.12241
https://doi.org/10.1111/gbi.12241
http://www.ncbi.nlm.nih.gov/pubmed/28452176
https://doi.org/10.1128/AEM.02095-10
http://www.ncbi.nlm.nih.gov/pubmed/21131509
https://doi.org/10.1146/annurev.micro.112408.134208
http://www.ncbi.nlm.nih.gov/pubmed/20565252
https://doi.org/10.5670/oceanog.2013.54
https://doi.org/10.1016/j.ecoleng.2016.11.031
https://doi.org/10.1016/S0304-3770(98)00095-3
https://doi.org/10.1016/S0304-3770(98)00095-3
https://doi.org/10.1038/ncomms12881
http://www.ncbi.nlm.nih.gov/pubmed/27666199
https://doi.org/10.1371/journal.pone.0055216
https://doi.org/10.1371/journal.pone.0055216
http://www.ncbi.nlm.nih.gov/pubmed/23408961
https://doi.org/10.1371/journal.pone.0215767

