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Abstract

Background: A key characteristic of eutrophication in coastal seas is the expansion of hypoxic bottom waters,
often referred to as ‘dead zones'. One proposed remediation strategy for coastal dead zones in the Baltic Sea is to
mix the water column using pump stations, circulating oxygenated water to the sea bottom. Although microbial
metabolism in the sediment surface is recognized as key in regulating bulk chemical fluxes, it remains unknown
how the microbial community and its metabolic processes are influenced by shifts in oxygen availability. Here,
coastal Baltic Sea sediments sampled from oxic and anoxic sites, plus an intermediate area subjected to episodic
oxygenation, were experimentally exposed to oxygen shifts. Chemical, 165 rRNA gene, metagenomic, and
metatranscriptomic analyses were conducted to investigate changes in chemistry fluxes, microbial community
structure, and metabolic functions in the sediment surface.

Results: Compared to anoxic controls, oxygenation of anoxic sediment resulted in a proliferation of bacterial
populations in the facultative anaerobic genus Sulfurovum that are capable of oxidizing toxic sulfide. Furthermore,
the oxygenated sediment had higher amounts of RNA transcripts annotated as sqr, fccB, and dsrA involved in
sulfide oxidation. In addition, the importance of cryptic sulfur cycling was highlighted by the oxidative genes
listed above as well as dsvA, ttrB, dmsA, and ddhAB that encode reductive processes being identified in anoxic
and intermediate sediments turned oxic. In particular, the intermediate site sediments responded differently upon
oxygenation compared to the anoxic and oxic site sediments. This included a microbial community composition
with more habitat generalists, lower amounts of RNA transcripts attributed to methane oxidation, and a reduced
rate of organic matter degradation.

Conclusions: These novel data emphasize that genetic expression analyses has the power to identify key molecular
mechanisms that regulate microbial community responses upon oxygenation of dead zones. Moreover, these results
highlight that microbial responses, and therefore ultimately remediation efforts, depend largely on the oxygenation
history of sites. Furthermore, it was shown that re-oxygenation efforts to remediate dead zones could ultimately be
facilitated by in situ microbial molecular mechanisms involved in removal of toxic H,S and the potent greenhouse
gas methane.
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Background

Dissolved oxygen in the oceans has declined in the past
five decades, and the decrease is accelerated by an in-
crease in temperature. In conjunction with this decline,
an expansion of oxygen-minimum-zones in the oceans
has been observed. With an increase in ocean water
temperature, climate change is suggested to further en-
hance this decrease of oxygen [1]. The expansion of epi-
sodic and persistent hypoxic areas, often referred to as
‘dead zones; is altering ecosystem functioning of coastal
systems largely as a result of eutrophication [2]. The
negative influence of hypoxia on higher trophic levels is
evident by damage to fisheries via increased fish mortality
[3]. The provision of nutrients from eutrophication events
fuels phytoplankton blooms that eventually die, and a por-
tion of the biomass sinks to the sediment surface where it
is degraded by aerobic microbes [4]. These metabolic pro-
cesses deplete the available oxygen [5] such that the sedi-
ments and the overlying bottom water become anoxic.
The oxygen depletion of sediments inhibits life for many
macro and microorganisms, although anaerobic microbes
still thrive (e.g., [6—8]). Given the importance of oxygen-
ation levels for chemical fluxes between the sediment-
water interface and the preference of many microorgan-
isms for either oxic or anoxic conditions [9], it is expected
that many (bio)chemical pathways mediated by microor-
ganisms are significantly affected by oxygen fluctuations.
However, details on the molecular mechanisms regulating
biogeochemical energy and nutrient cycles under fluc-
tuating oxygen conditions remain largely unexplored.

In the Baltic Sea, hypoxic (<2 mg/L) sediment zones
that persist during the whole year are currently about
10-fold more widespread compared to 100 years ago
[10]. The area of Baltic Sea episodic hypoxic and anoxic
coastal zones has also increased during the last decades.
Oxygen availability in Baltic Sea dead zones fluctuates
over time due to the inflow of high saline, oxygen-rich
water. The occurrences of these inflows are less common
compared to three decades ago, and many previously oxy-
genated bottom sediments are instead rich in hydrogen
sulfide (H,S) [11].

Microbial communities in sediments are stratified due
to the availability of electron acceptors that are utilized
according to the energy gain, from most to least [6, 12]:
0,, NO3, Mn®*" and Mn** oxides, Fe** oxides, and SO2".
This use of alternative electron acceptors in turn influ-
ences the oxygen-reduction potential at various depths in
the sediment. Analysis of sediments from around the
world has identified key microbial taxa associated with
these redox reactions [13—15]. The microbial reduction of
Fe** and SO;  produces ferrous iron (Fe**) and toxic
H,S, respectively, that can subsequently chemically pre-
cipitate as iron sulfides. This gives anoxic sediments their
distinctive black color [6]. Conversion of previously oxic
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sediments to anoxic conditions would result in the pro-
duction of H,S while re-oxygenation of these areas would
potentially detoxify the H,S and facilitate the re-
establishment of benthic micro and macroorganisms.
Knowledge of how microbial community composition
changes during fluctuations in oxygen levels would aid in
interpreting the consequences of bulk chemical changes
in the sediment.

The dominant microbial processes in anoxic sediments
are heterotrophic/autotrophic sulfate reduction with
methanogenesis occurring below the SO~ reduction zone
[6]. The reduced products (Mn>*, Fe**, and S*") are re-
leased into the sediment pore-water where they diffuse
upwards and can be consumed, e.g., by aerobic H,S and
Fe** oxidation or anaerobic denitrification [6, 16, 17].
These processes form vertical redox zones in the sediment
that may constitute just a few hundred pm [5, 18, 19].
Lower dissolved oxygen concentrations in the overlying
water also cause redox layers to migrate upwards in the
sediment [20]. Due to the difference in energy yield from
available oxidations, organic matter is preserved in oxygen
deficient sediments [21], and its degradation is slower
compared to oxic sediments [22, 23]. Although it is
known that the old and buried organic matter is rapidly
degraded upon re-oxygenation, the time scales required to
remove the organic matter and to detoxify the waters
remain little studied.

Microbial communities in anoxic marine sediments
are rich in Gamma and Deltaproteobacteria related to
sulfate reduction (e.g., [24, 25]). In addition, identification
of the microbial community structure in O, rich, hypoxic,
and anoxic surficial sediments has been conducted world-
wide, including in the Baltic Sea (e.g., [7, 26—28]). Identifi-
cation of sediment microbial communities along an
eutrophication gradient in the Baltic Sea reveals patterns
among major microbial groups and that Planctomycetes
and Betaproteobacteria were more abundant in oxygen
rich compared to oxygen deficient sediments [27]. In
general, how the majority of the microbial community
and its metabolism adapts to in situ shifts in oxygen con-
centration has not been identified.

In this study, we used complete sediment cores in a
novel oxygen shift experimental design to investigate
the impact of altering oxidative and reductive condi-
tions in coastal Baltic Sea sediments exposed to sea-
sonal transitions, i.e., oxic all-year-round, anoxic
benthic water all-year-round, and an area that alter-
nates between oxic and anoxic depending on the time-
of-year. The aims of the study were (1) to link the
microbial community structure to changing metabolic
pathways in the sediment surface and benthic water as
a result of oxygen shifts; (2) to investigate if associated
shifts in metabolic strategies and functions regulate
chemical fluxes; and (3) to elucidate how the chemical
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fluxes are affected by the oxygen in the benthic water
and sediment surface.

Methods

Sampling and handling of sediment cores

Sampling was conducted in a Baltic Sea bay close to
Loftahammar, Sweden on November 18, 2013. The studied
bay was chosen as it contained sampling sites with different
oxygenation histories based upon previous measurements
of dissolved bottom water oxygen in the area and an earlier
pilot study (full details in Additional file 1: Text S1). At the
time of sampling, three sites were chosen: (1) a 6.5-m-deep
(from water to sediment surface) site with long-term oxic
sediment (brown sediment), 6.5 °C and 11.3 mg/L O, in
the bottom water, located at WGS 57 53.214, 16 35.934; (2)
a 31-m-deep site with long-term anoxic sediment (black
sediment with a strong smell of H,S), 2.6 °C and 0.85 mg/L
O,, WGS 57 53.531, 16 35.165; and (3) a 21-m-deep site in
an intermediate zone between the two (predominantly
black sediment with patches of brown), 2.8 °C and 0.8 mg/
L O,, WGS 57 53.545, 16 35.476.

Sediments were sampled using a gravity corer (60-cm-
long polymethylmethacrylate tubes with an inner
diameter of 7 cm). The sediment (27.5 to 33.5 cm
height) was collected with the overlying bottom water.
Sediment cores were sealed at the top and bottom with
polyoxymethylene lids with nitrile o-rings. To deter-
mine the chemistry and the microbial communities in
the sediment at the time of sampling, three sediment
cores were immediately tested for each site (nine in total).
Bottom water overlying the sediment (approximately
50 cm above) was collected using a 2 L Ruttner water
sampler (SWEDAQ HB). Bottom water temperature and
dissolved oxygen were measured in the field using in situ
sensors (WTW Multiline; full details in Additional file 1:
Text S1). From the overlying water, 50 mL was aseptically
transferred into a sterile tube and kept on ice for subse-
quent DNA extraction. In addition, a 15 mL sterile tube
was filled to the cap and stored on ice for measurement of
Fe**, Fe**, SO;, PO, NO3 in conjunction with NO3, re-
duced sulfur compounds, pH, and redox potential. The
cores were transported to the laboratory at ~7 °C and
were stored closed for 1 day in incubation temperature
(8 °C) prior to start of the experiments. An overview of
the chemistry and nucleic acid extractions conducted dur-
ing the incubation is presented below. To verify the mi-
crobial community composition responses to oxygenation,
complementary samples for 16S rRNA gene operational
taxonomic unit (OTU) analysis were collected during an
experiment in May 2014 by sampling sediment cores from
the anoxic field site, out of which five cores were main-
tained anoxic and five cores were turned oxic (full details
of sampling and incubation procedure in [29]).
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Incubation of sediment cores

Sixteen sediment cores were incubated in darkness for
21 days at 8 °C. The cores were incubated at 8 °C as this
was similar to the surface water temperature of 6.5 °C
and re-oxygenation of the anoxic sediments occurs
naturally by complete mixing of the water column or ar-
tificially by pumping of surface waters to the sea floor.
Cores turned or maintained oxic were oxygenated by
aerating the overlying water on top of the sediment
during the whole experiment. This resulted in ~10 mg/L
O, in the water phase of the ‘anoxic-to-oxic’ (n = 3),
intermediate-to-oxic (z = 3), and oxic control (n = 2).
Cores were turned or maintained anoxic by bubbling the
overlying water with Nj-gas for 45 min at the start of
the incubation. This resulted in O, concentrations below
0.1 mg/L (oxygen electrode, Innovative Instruments in
the ‘oxic-to-anoxic’ (# = 2), intermediate-to-anoxic
(n = 3), and ‘anoxic control’ (m = 2). To ensure that
water sub-sampled for chemistry measurements and
DNA extraction was homogenized, the water phase in
each sediment core was mixed using magnets in sterile
tubes suspended in the water that were agitated using
magnets rotating outside the sediment cores. The water
phase was sub-sampled approximately every fourth day
throughout the incubation, while the 0-1 cm sediment
surface was sliced after 21 days of incubation.

Sub-sampling and chemistry measurements
Sub-sampling of the anoxic cores briefly exposed the
water surface to oxygen and therefore, they were subse-
quently bubbled with N,-gas for 1 to 5 min and the O,
concentration in the water phase confirmed to be
<0.1 mg/L. That the mixing and aeration methodology
oxygenated the water phase and surficial sediment was
confirmed in eight separate oxic control sediment
cores with an identical set-up using an optical oxygen
meter attached to a motorized micromanipulator
(FireStingO2; OXR50 oxygen sensor; Micromanipula-
tor MU1, Pyroscience), and further verified in an-
other experiment conducted during May 2014 using
a similar incubation setup (see [29]). The oxygen
penetration depth in the sediment surface was not
measured in this experiment, but was confirmed to
be ~1.5 mm in an additional experiment conducted
in April 2016 (15 days of incubation with a similar
setup at 8 °C in darkness; determined with the optical oxy-
gen meter attached to the motorized micromanipulator).
Sub-samples taken for analysis were (1) 4.5 mL sedi-
ment mixed with 0.5 mL 5% water-saturated phenol in
absolute ethanol [30], flash frozen in liquid nitrogen,
and later used to extract RNA; (2) 10 mL sediment was
stored on ice and used for DNA extraction (16S rRNA
gene and metagenomics); (3) 5 mL sediment used for
total pore-water iron; (4) 1 mL sediment transferred into
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a pre-weighed 2 mL polypropylene tube used to estimate
sediment organic matter (% wt); and (5) the remaining
sediment was retained for measurement of SO2~, PO;",
NO; + NOg, reduced sulfur compounds, pH, and redox
potential. Sediment slices for DNA and RNA were
stored at —-80 °C until extracted. 50 mL of water for
DNA extraction was filtered through a 0.2 pm pore size
Supor-200 25 mm filter (PALL Corporation), the filter
transferred to a sterile tube, and stored at —-80 °C until ex-
traction. A schematic overview of the nucleic acid extrac-
tions and chemistry measurements are given in Additional
file 1: Text S1.

Water samples were filtered through a 0.7 pm pore
size glass fiber 25 mm filter (GE/F filter, Whatman). PO,
3= NO;, + NO;3 were measured with a DR 5000 Hach-
Lange spectrophotometer according to Valderrama JC
[31]. SO~ was also measured on the Hach-Lange spec-
trophotometer utilizing the LCK 353 kit (Hach-Lange).
Fe’* and Fe** were measured with a SmartSpec 3000
Bio-Rad spectrophotometer according to Dawson MV
and Lyle SJ [32]. pH (pHenomenal, VWR pH electrode)
and redox potential (Ag®/AgCl SI Analytics electrode,
Mettler Toledo) were also measured. Frozen water and
sediment pore-water samples were subsequently used to
measure reduced sulfur compounds (tetrathionate and
thiosulfate) by cyanolysis [33] according to Kelly DP,
Chambers LA, and Trudinger PA [34]. Sediment organic
matter (% wt) was calculated by heating crucibles in a
furnace at 550 °C for 30 min (OWF 1200, Carbolite), the
crucibles were weighed, dry sediment samples added
(dried at 80 °C for 3 days), weighed again, heated at
550 °C for 4 h, and finally weighed to determine the per-
centage organic matter. The rate of organic matter deg-
radation was estimated by dividing the sediment
percentage organic matter by the amount of incubated
days. Sediment pore-water samples were centrifuged at
2200 g for 15 min, the supernatant filtered through a 0.7
um pore size glass fiber GF/F 25 mm filter, and homoge-
nized before being analyzed as described above.

DNA and RNA extraction, sequencing, and bioinformatic
analysis

DNA was extracted from frozen water phase filters
according to Bostrém KH, Simu K, Hagstrém A, and
Riemann L [35] and stored at —20 °C until Illumina li-
brary preparation. DNA and RNA extractions from ho-
mogenized sediment samples were carried out using the
PowerMax Soil DNA and PowerSoil RNA kits (MO BIO
Laboratories), respectively. RNA samples were DNase
treated twice using the Turbo DNA-free kit (Ambion).
After DNase treatment, rRNA was removed using the
Ribominus Transcriptome Isolation Kit (Yeast and Bacteria
version; Invitrogen Life Technologies). DNA and RNA

Page 4 of 18

concentrations were measured using a NanoDrop 2000
and a Qubit 2.0.

The 16S rRNA Illumina library was prepared using
PCR primers 341f and 805r [36] and a modified PCR
program by Hugerth LW, Wefer HA, Lundin S, Jakobsson
HE, Lindberg M, Rodin S, Engstrand L, and Andersson
AF [37]. PCR program modification and the processes of
adding Illumina adapters and indexes were conducted ac-
cording to Lindh MYV, Figueroa D, Sjostedt J, Baltar F,
Lundin D, Andersson A, Legrand C, and Pinhassi ] [38].
Samples were sequenced at Science for Life Laboratory
(SciLifeLab), Stockholm using the Illumina MiSeq
platform. Most water samples were sequenced with
2 x 201 bp pair-ends while sediment samples (and the
remaining water samples at time point day 12) were
sequenced with 2 x 301 bp pair-ends. The 16S rRNA
gene sequence data were analyzed and sequences
clustered into OTUs (97% similarity) according to
UPARSE pipeline [39], as described on the BILS
website for using UPARSE on the UPPMAX cluster
(available with all scripts at: https://wiki.bils.se/wiki/
Running_the_Uparse_pipeline_at_the_UPPMAX_cluster).
After merging of pair-ends and quality filtering, the
sediment samples had an average sequence count of
56,271 reads (min 26,712; max 376,267) while the
water samples had an average sequence count of
40,335 reads (min 1118; max 83,223). Two water sam-
ples, oxic field and one anoxic-to-oxic replicate at the
end of the experiment were removed due to a final se-
quence count below 1000. OTUs were taxonomically
annotated with a 95% sequence identity threshold
against the SSU Ref NR 99 v119 SILVA database [40].
The final sequence data was analyzed using Explicet
[41]. Rarefraction curves of reads and OTUs were cre-
ated with the vegan package in R (reads were subsam-
pled to the lowest sample size). Phylogenetic analysis
was conducted by ClustalW sequence alignment and con-
struction of maximum-likelihood trees using MEGA 6
and 7 [42, 43]. Habitat specialization was calculated for
water samples and their respective sediment samples (field
and sliced at the end of the experiment after 21 days)
according to Pandit SN, Kolasa J, and Cottenie K [44]
using Levin’s niche width (B) index:

B=1/300 o

where pij is the proportion of OTU j in the sample i and
N is the number of samples. OTUs with high B are clas-
sified as habitat generalists and are evenly distributed
along a wide range of habitats. In contrast, OTUs with a
low B are considered habitat specialists and are unevenly
distributed among sampling sites. An average niche
width was calculated for each sample, to investigate dif-
ferences in average niche between treatments. A full list
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of reads obtained from the sequencing facility after mer-
ging and quality trimming as well as the clustered OTUs
is given in Additional file 2: Table S1.

Extracted community DNA from the end of the oxic-
to-anoxic (n = 2), intermediate-to-oxic (# = 2), and
anoxic-to-oxic sediment (n = 2) experiments were se-
quenced at SciLifeLab, Stockholm using Illumina MiSeq
pair-ends 2 x 301 bp (average 7.8 million read pairs per
sample). Metagenomic samples were analyzed according
the Scilife’s Metagenomic Assembly Workshop 2014
(available with all scripts at: http://2014-5-metage-
nomics-workshop.readthedocs.io/en/latest/assembly/). In
detail, Illumina universal adapter and low quality se-
quences after the adapter were cut from reads using de-
fault settings of cutadapt 1.8.0 [45] and then were
quality trimmed using sickle 1.210 with default settings.
After adapter removal and trimming, approximately 98%
of reads remained with an average length of 155 bp. 16S
and 18S sequences were extracted with SortMeRNA v2.1
[46], and the SILVA SU Ref v 128 database [40] while se-
quences below 100 bp were removed using fastx_clipper
in the FASTX-toolkit. The 16S and 18S sequences were
then clustered for OTUs, reads mapped, and results ana-
lyzed in the same manner as the 16S rRNA gene ampli-
con data. Assembly of the metagenomic data was carried
out with a kmer size of 31, 41, 51, 61, 71, and 81 using
Ray 2.3.1 [47]. Due to insufficient sequence coverage,
only a kmer size of 31 was used and after assembly there
was on average 3.4 million contigs with an average
length of 193 bp and maximum 14,744 bp. The assembly
was annotated using the PROKKA pipeline [48], in
which genes were annotated against the UniprotKB/
Swiss-Prot database for functional genes and reference
taxonomical organisms. Reads were mapped onto the as-
semblies using samtools 1.1 [49] and Bowtie2 2.2.3 [50]
in conjunction with Picard tools 1.77 (Broad Institute).
On average, 35% of the reads were mapped back onto
the assemblies and the counts per gene per was then cal-
culated using BEDTools 2.23 [51]. The final counts were
normalized and expressed as counts per million reads
(CPM; i.e., relative proportion x 1,000,000). A full list of
reads obtained from the sequencing facility after adapter
and quality trimming, the amount of contigs, and their
length with N50 values is available in Additional file 2:
Table S1.

In total, 11 DNase treated and rRNA depleted RNA
sediment samples from the end of the experiment were
sequenced: oxic-to-anoxic (n = 2), intermediate-to-oxic
(n = 2), intermediate-to-anoxic (n = 2), anoxic-to-oxic
(n = 2), oxic control (n = 1), and anoxic control (z = 2).
The samples were sequenced at SciLifeLab, Stockholm
using [llumina HiSeq pair-ends 2 x 126 bp. [llumina uni-
versal adapters and low quality sequences following the
adapter sequence were cut from reads using SeqPrep with
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default settings. Sequences were then quality trimmed
using Trimmomatic 0.32 with settings LEADING:5
TRAILING:5 MINLEN:36 [52]. This resulted in an
average of 19 million read pairs per sample. Due to in-
sufficient sequence coverage of the metagenomic sam-
ples, a de novo assembly was chosen for the RNA data.
De novo assembly was conducted using Trinity with
default settings [53] producing 185,092 contigs of aver-
age length 389 bp and maximum length 17,997 bp.
After assembly, the Trinotate pipeline was followed
(available with all scripts at: https://trinotate.github.io/).
The assembly was annotated with BLASTX and BLASTP
using the UniProtKB/Swiss-Prot and PFAM databases
followed by mapping RNA transcripts and differential ex-
pression analysis. rRNA sequences were identified with
RNAmmer 1.2. Reads were mapped back onto the assem-
bly using RSEM [54] in conjunction with samtools 1.1
[49] and Bowtie2 2.2.3 [50]. Differential expression was
calculated using the package edgeR [55] in the R software
suit Bioconductor 3.2. The annotation and differential ex-
pression data was loaded into a SQLite Trinotate 2.0.2
database file and was exported as matrix tables. The final
differential expression matrix containing all samples was
used to cluster significantly expressed RNA transcripts
using Euclidean distance clustering with a p < 0.001 and
minimum fold change of four. Annotation of significantly
expressed transcripts against the PFAM database was
manually compared to that of UniProtKB/Swiss-Prot and
showed overall similar results. As more RNA transcripts
could be annotated with UniProtKB/Swiss-Prot only an-
notations from that database are reported. Count values
are expressed as trimmed mean of M values (TMM) nor-
malized Fragments Per Kilobase Million (FPKM) units.
The reference organisms in the UniprotKB database
linked to annotated genes were used to infer the active mi-
crobial community composition (expressed as proportion
(%) of FPKM). For significantly expressed RNA tran-
scripts, from edgeR analysis, annotated against Uni-
ProtKB/Swiss-Prot, the Uniprot IDs with similar names
were merged. The Uniprot IDs that could then be linked
to a KEGG Orthology (KO) identifier were merged based
on KO name (709 UniProt IDs could be linked). The
remaining Uniprot IDs with at least 100 FPKM for any
sample were merged by gene name (yielding a total of 157
statistically significant genes). A full list of reads obtained
from the sequencing facility and the amount of contigs
and their length with N50 values is available in Additional
file 2: Table S1. To link the significant genes to a taxo-
nomic affiliation, RNA transcript sequences were anno-
tated using BLAST with five hits against the UniProtKB/
Swiss-Prot database. The top hit reference organism avail-
able in the UniProtKB/Swiss-Prot database was used in
conjunction with the FPKM values for each sample to cal-
culate proportion of taxonomic affiliation, while the
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remaining hits were used to interpret the data in greater
detail.

All samples were sequenced at Science for Life
Laboratory, Stockholm using either the Illumina MiSeq
or HiSeq platforms. A full list of reads for the various se-
quencing programs is given in Additional file 2: Table S1.
The nucleic acid sequences have the NCBI BioProject ac-
cession number: PRINA322450.

Results

Chemical fluxes in the water phase and sediments

Upon oxygenation of anoxic sediments, a ~0.5-cm light
brown surface layer developed (Fig. 1b, d), which indi-
cated that reduced iron had oxidized and iron sulfides
no longer colored the sediment black. The anoxic con-
trol water phase phosphate (PO} ) concentration in-
creased from 13.1 + 0.2 uM on day O to 26.8 + 1.3 uM
on day 20 (number of replicates (1) = 2, SD = 1) compared
to a decrease over the incubation time in all the other
cores (Fig. le and details in Additional file 3: Table S2).
This decrease was likely due to precipitation of POy~
coupled to Fe** and/or PO} uptake by microorganisms.
The PO;~ concentrations in the surface sediment (top
1 cm) pore-water had high variability among cores
although the general trend was of a decreasing concentra-
tion over time in the anoxic-to-oxic and intermediate-to-
oxic incubations (Fig. 1f). This variation could potentially
be due to H,S interference with the analysis [31] that was
also observed in a similar experiment [29]. In contrast, the
PO2~ concentration in the oxic sediment sliced and
sampled in the field (24 + 0.8 pM, n = 3) rose to
26.6 £ 29.1 uM in the oxic-to-anoxic incubation after
20 days (n = 2; Fig. 1f). In the anoxic-to-oxic and
intermediate-to-oxic cores these trends were potentially
due to PO;~ uptake by microorganisms and oxidation of
Fe’* to Fe" resulting in Fe-bound non-soluble PO}
and a ~0.5-cm light brown layer on the sediment sur-
face (Fig. 1b). In the oxic-to-anoxic and intermediate-
to-anoxic cores these trends were likely due to reduc-
tion of Fe** causing coupled PO;~ to become soluble
in the pore-water. The opposite trend occurred for the
surface sediment NO; + NOj3 as the concentration de-
creased over time in the oxic-to-anoxic cores (Fig. 1h).
Also in the water phase, the NO; + NO3 concentration
decreased over time except in the oxic control where it
increased from 4.6 + 1.0 on day 0 to 26.0 + 7.8 uM on
day 20 (n = 2; Fig. 1g).

The sediment pore-water sulfate concentration was
higher in the oxic control compared to the anoxic con-
trol (Fig. 1m), presumably as sulfate reduction in the
anoxic sediment converted sulfate to sulfide. This trend
was replicated in the anoxic-to-oxic sediment where the
sulfate concentration increased as anaerobic sulfate re-
duction was likely replaced by reduction of oxygen
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(Fig. 1m). Inorganic sulfur in the water phase (tetra-
thionate and thiosulfate) remained low throughout the
experiment with no statistically valid differences
among the treatments (p > 0.05; one-way ANOVA).
The thiosulfate concentration was zero in all samples
except in the sediment pore-water from the anoxic
cores sliced in the field that had 48 + 15 ym (n = 2;
Additional file 3: Table S2).

The organic matter content in the oxic field sample
was 11.7 + 1.0% (n = 3) which was lower than the anoxic
(184 + 0.5%, n = 3) and intermediate (18.5 = 0.6%,
n = 2) field sediments (Table 1). The oxic and intermediate
organic matter content remained stable over the experi-
ment while the anoxic-to-oxic organic matter significantly
decreased to 15 + 1.4% (one-way ANOVA, F = 2841,
p <0.01, n = 3). There was also a statistically significant de-
crease when the anoxic-to-oxic organic matter decrease
was compared to the anoxic control that had 19.0 + 0.3%
(F=2748,p <0.05,n =2).

Identification of microbial communities

Rarefraction curves of sequence counts for the 16S
rRNA gene OTUs showed that most of the microbial di-
versity had been covered (Additional file 4: Figure S1). A
principal component (PCA) analysis based on the rela-
tive abundance 16S rRNA gene OTUs showed that the
oxic sediment samples from both the field and at the
end of the experimental incubations were tightly clus-
tered (Fig. 2). In contrast, the samples from the anoxic
and intermediate sediment cores were more dispersed
after the re-oxygenation treatment. Alpha diversity cal-
culations on all OTUs using Shannon’s H index showed
a significantly higher diversity in the oxic samples
(956 + 0.11, n = 7), compared to intermediate
(8.97 + 0.28, n = 8) and anoxic (8.75 + 0.32, n = 7) sam-
ples (one-way ANOVA; oxic and intermediate F = 22.63,
p < 0.01, and oxic and anoxic samples F = 26.72,
p < 0.01; also significantly different with non-parametric
Kruskal-Wallis tests (p < 0.01)). Levin’s niche width (B)
index was used to analyze the OTU uniformity of distri-
bution between sites, with high values indicating habitat
generalists while a low B indicates habitat specialists. All
values suggested a majority of generalists although the
intermediate sediment samples showed statistically sig-
nificant higher values (B = 8.11 + 0.27, n = 9) compared
to the oxic samples (7.67 + 0.28, one-way ANOVA,
F =7.85, p < 0.05, n =7). The anoxic sediment samples
had a B value of 7.88 + 0.31 (n = 7), and the differences
were non-significant with the other groups.

The dominant taxa in the microbial communities from
the oxic, intermediate, and anoxic sediments were affili-
ated with the Delta-, Epsilon-, and Gammaproteobacteria
plus Bacteroidetes (Fig. 3). 5952 OTUs (constituting 95.9%
of the total) in the sediment phases at the end of the
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Fig. 1 Chemistry data from the incubation experiments. The pictures show a anoxic cores on the first day of incubation; b anoxic cores turned
oxic after 21 days of incubation; ¢ intermediate cores on the first day of incubation (first three from left side) and anoxic cores on the first day of
incubation; and d intermediate cores turned oxic after 21 days of incubation (first three from left side) and oxic control cores maintained oxic
after 21 days of incubation. Measurements of chemistry from the water phase are shown on the left e PO, g NO; + NO3, i Fe?*, j Fe**, and |
S (symbols: black circles, oxic control; black squares, anoxic control; white circles, oxic-to-anoxic; white squares, anoxic-to-oxic; and white dia-
monds, intermediate-to-oxic); pore-water chemistry from the top 1-cm-sliced sediment are on the right f PO~ h NO; + NO;3, k total iron (Fey),
and m SO;~ (black bars denote zero time point measurements from the field and white bars denote measurements at the end of the incubation
experiment). All values are averages of triplicates +1 SD, except water and sediment anoxic-to-oxic (n = 2) and sediment anoxic-to-oxic (n = 2)

experiment were relatively stable compared to the field
sediments (i.e., changed <0.1% in relative abundance). In
contrast, more than a 0.1% increase or decrease in relative
abundance of OTUs between the field sediments and the
end of the incubations was recorded for 246 OTUs. These
changing OTUs represented 47-61% reads in the initially
anoxic sediment, 52-57% in the intermediate, and 22—
25% in the initially oxic sediment. The changing OTUs
primarily belonged to the Sulfurimonas and Sulfurovum
genera (Epsilonproteobacteria), but also included, e.g.,
Desulfobacula, Spirochaeta, and unclassified OTUs
(Additional file 5: Figure S2). Consistent with the tightly
clustered oxic samples in the PCA (Fig. 2), the relative
abundance of the dominant OTUs in the cores from the
oxic field samples and after incubations had <2-fold
difference between all the treatments. These dominant
populations included OTUs affiliated with the genera
Desulfobulbus, Nitrosomonadaceae, Anaerolineaceae, and
Gemmatimonadaceae (Additional file 5: Figure S2 and
Additional file 6: Data S1). In the sediment cores from the
intermediate site, there was a stronger microbial commu-
nity shift compared to the oxic cores, with Sulfurimonas-
like OTUs increasing from <1% in the field samples to a
relative abundance of 14.4 and 8.4% in the intermediate-
to-oxic and intermediate-to-anoxic cores, respectively
(Fig. 3 and Additional file 6: Data S1). Dominant indi-
vidual Sulfurimonas-like OTUs in the intermediate-to-
oxic cores increased up to 374-fold (Additional file 6:
Data S1). In addition, Sulfurovum-like OTUs increased
from <1% in the field to a relative abundance of 2.2 and
4.8% in the intermediate-to-oxic and intermediate-to-
anoxic cores, respectively (Fig. 3), with one dominant
Sulfurovum-like OTU in the intermediate-to-anoxic

Table 1 Organic matter (%) determined by loss on ignition, on
sediment sampled in the field and after 21 days of incubation
in darkness after either turned/maintained anoxic/oxic. All
values are averages of triplicates (SD = 1) except intermediate
field, oxic control, and anoxic control (all n = 2)

Sampling site Field Turned/kept anoxic ~ Turned/kept oxic
Long-term oxic 1M17+10 125+04 13.1+£ 0.1
Intermediate zone 185+ 06 181+ 14 18.7 £ 04
Long-term anoxic 184 +£05 190+03 150+ 14

increasing 365-fold (Additional file 6: Data S1). In the
sediment cores from the anoxic site, the relative abun-
dance of Sulfurimonas-like OTUs increased from 4.5% in
the anoxic field sample to 18.4% in the anoxic control and
13.8% in the anoxic-to-oxic cores (Fig. 3). Dominant single
Sulfurimonas-like OTUs increased up to 414-fold in the
anoxic control and up to 565-fold in the anoxic-to-oxic
sediment (Additional file 6: Data S1). In contrast, the
Sulfurovum-like OTUs decreased from 0.4% in the field
samples to 0.2% in the anoxic control while increasing
strongly to 19.0% in the anoxic-to-oxic treatment (Fig. 3
and Additional file 6: Data S1). The additional experiment
conducted during May 2014 showed similar results re-
garding Sulfurimonas- and Sulfurovum-like OTUs when
exposed to oxygen or maintained anoxic (Additional file 7:
Figure S3).

Extracted 16S rRNA gene sequences from the metage-
nomic dataset at the end of the incubation showed a

10 Intermediate site sediment
<90<>
&
O field

to-anoxic
L 4

0.5 *

Hfield
? controls
L]
O

0.0 anoxic site sediment

0.0 05 1.0
Component 1, 36.48% variance

Component 2, 22.28% variance

Co®

Oxic site sediment

Fig. 2 Principal component analysis of the OTU communities in the
top 1-cm sediment layer. Symbols: gray circles, oxic field; black circles,
oxic control; white circles, oxic-to-anoxic; gray squares, anoxic field;
black squarse, anoxic control; white squares, anoxic-to-oxic; gray
diamonds, intermediate field; white diamonds, intermediate-to-oxic;
and black diamonds, intermediate-to-anoxic
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higher relative abundance of archaea in the sediment
surface (up to 5% compared to 0.2% in the 16S amplicon
data), possibly due to the primers used for PCR selecting
against archaea [37]. The annotated metatranscriptomic
dataset showed that archaea were active in the sediment
at the end of the incubation and were represented up to
26% of the annotated data (proportion (%) of FPKM;
Fig. 3). Sulfurimonas-like and Sulfurovum-like OTUs
were present in the metagenomic dataset with the highest
abundance in the anoxic-to-oxic sediment with 7.6 and
16.1%, respectively. However, these two Epsilonproteobac-
teria genera did not represent more than 1.4% in the

metatranscriptome data. Instead, Gammaproteobacteria
in the sediment had a proportion up to 36% in the meta-
transcriptome data at the end of the experiment (Fig. 3).
To investigate changes in microbial community com-
position due to chemical fluxes from the sediment sur-
face, we also analyzed OTU data in the water phase of
the incubated sediment cores. Microbial communities
dominant in the water phase consisted of Actinobacteria
(Fig. 3) (which is typical for the Baltic Sea [56]), with
abundant OTUs primarily belonging to the orders Acidi-
microbiales, Corynebacteriales, and Frankiales (Additional
file 6: Data S1). Other dominant groups in the water phase
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were Alpha-, Beta-, Epsilon-, Gammaproteobacteria, and
Bacteroidetes, along with unclassified OTUs (Fig. 3). In
comparison to the sediment community, the water phase
contained significantly higher relative abundance of
Alphaproteobacteria (one-way ANOVA, F = 27.9,
p < 0.01) and lower numbers of Deltaproteobacteria
(one-way ANOVA, F = 465.9, p < 0.01). In the water
phase there was a decreased relative abundance of
OTUs affiliated with the Actinobacteria in the oxic-to-
anoxic (22.5 to 3.9%) and intermediate-to-anoxic (13.0
to 4.0%; Fig. 3 and Additional file 6: Data S1). In con-
trast, an increase was observed in the Cyanobacteria
(1.3 to 14.1%), Alphaproteobacteria (5.5 to 15.1%), and
Sulfurovum-like OTUs (0.6 to 8.2%) (Fig. 3 and
Additional file 6: Data S1). The relative abundance of
Sulfurimonas-like OTUs strongly increased from 9.4 to
84.2% in the anoxic control water phase (Fig. 3). A de-
crease in Bacteroidetes OTUs (13.7 to 3.7%), order
Clostridiales (class Firmicutes, 4.9 to 0.5%), and Lenti-
sphaerae (4.5 to 0.1%) occurred in the anoxic-to-oxic
water phase (Fig. 3 and Additional file 6: Data S1).

Correlations between microbial populations (OTUs) and
chemical data

At the level of major taxa, the Actinobacteria, Alpha-,
and Betaproteobacteria in the water phase were nega-
tively correlated with PO~ (p < 0.01; r = -0.42, —0.37,
and -0.44, respectively; Additional file 8: Table S3).
Cyanobacteria and Betaproteobacteria in the water
phase positively correlated with NO; + NOjz while
Cyanobacteria also had a positive correlation to SO~ in
the water phase (p < 0.05; Pearson correlations
r=-042, -0.37, and —0.44, respectively).

In contrast to the water phase, the majority of the
major taxa level in the sediment correlated with
NO; + NO3 (Additional file 8: Table S3). Acidobacteria,
Chlorobi, Chloroflexi, Deferribacteres, Gemmatimona-
detes, Nitrospirae, Planctomycetes, and Verrucomicrobia
all correlated positively with NO; + NO3 (r = 0.49 to
0.82, p < 0.05). Groups that correlated negatively included
Bacteroidetes, Parcubacteria (OD1), Omnitrophica (OP3),
Firmicutes, Lenthisphaerae, and Spirochaetae (r = -0.44
to —-0.63, p < 0.05). Several of these phyla also positively
correlated with PO;~ (data shown in Additional file 8:
Table S3) except Proteobacteria that negatively corre-
lated (r = —0.66, p < 0.01). Correlations with SO7~ were
all negative and included the phyla of Actinobacteria,
Latescibacteria (WS3), and Candidate division TA06
(r = -0.50 to 0.68, p < 0.05).

The Sulfurimonas-like OTUs in the water phase had a
significant positive correlation with PO;~ (p < 0.01;
r = 0.75) while these OTUs in the water phase and sedi-
ments had a weak negative correlation to NO; + NO3
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(p < 0.05; r = -0.28 and -0.55, respectively; Additional
file 8: Table S3).

Metagenomic analysis of metabolic potential in the
sediments
Sequence assembly approaches of anoxic-to-oxic,
intermediate-to-oxic, and oxic-to-anoxic sediment sam-
ples yielded on average 50,750 DNA coding sequences
of which 6874 were annotated against the UniprotKB/
Swiss-Prot database, giving ~14% of known and ~86%
hypothetical genes. Similar values have been reported
previously in global marine metagenomic sequencing of
deep water [57]. Metagenomic gene counts have previ-
ously been observed to be a useful tool to estimate the im-
portance of chemical processes in the environment [58].
The annotation against the KEGG database of metage-
nomic functional genes, also present in the metatran-
scriptome (see below), revealed nitrification (ammonia
oxidation) presence in the oxic-to-anoxic, intermediate-
to-oxic, and anoxic-to-oxic sediment (counts per million
reads (CPM): 53 + 29, 30 + 8, and 198 + 92, respectively,
n = 2 for each treatment, SD = 1; Additional file 9:
Data S2). Genes suggested to code for dissimilatory ni-
trate reduction were present in all samples (CPM
81 + 47, 89 + 70, and 137 + 47) while sequences identi-
fied as assimilatory nitrate reduction genes were low in
all samples (CPM 4 + 6, 10 + 14, and 68 + 78). Genes
for nitrogen fixation were only found in the anoxic-to-
oxic sediment (CPM 0 + 0, 0 = 0, and 56 * 79). In
addition, sequences for genes attributed to dissimila-
tory sulfate reduction were more abundant in the
anoxic-to-oxic sediment (CPM 242 + 88, 226 + 77, and
542 + 11), while the amount of sequences for genes at-
tributed to assimilatory sulfate reduction was highest
in the intermediate-to-oxic sediment (CPM 263 * 94,
809 + 163, and 502 + 148). Sequences for genes attributed
to thiosulfate oxidation (coding for the Sox complex) was
present in low abundance in all sediments (CPM 12 + 6,
5+ 7,28 + 32). Methane oxidation genes from formalde-
hyde assimilation were present in all treatments with the
most sequences in the anoxic-to-oxic sediment (CPM
65 + 12,101 + 31, and 228 + 144).

Metatranscriptomics of metabolic functions in the
sediments

The de novo assembly of RNA sequences yielded
204,997 transcripts of which 57,386 could be annotated
against the UniprotKB/Swiss-Prot (Additional file 9:
Data S2) and PFAM reference databases (the two data-
bases gave similar findings and therefore, only results
from the UniprotKB/Swiss-Prot are presented hereafter).
In the oxic sediments (oxic control: 4938 + 0 and oxic-
to-anoxic: 6272 + 176 genes), fewer genes were
expressed than in the intermediate-to-oxic/to-anoxic
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(7771 + 375 and 7643 * 303 genes, respectively) and
anoxic control/to-oxic sediments (7859 + 414 and
8274 + 319 genes, respectively; Additional file 9: Data
S2). RNA transcripts with significantly different FPKM
counts according to edgeR analysis are presented in
Additional file 9: Data S2 (UniprotKB/Swiss-Prot).

Several of the most abundant known genes in the
RNA transcripts were associated with inorganic sulfur
transformations indicating activity of oxic and anoxic
sulfur cycling in the different treatments (Fig. 4). RNA
transcripts annotated for aerobic sulfide oxidation to sul-
fate were higher in the anoxic-to-oxic and intermediate-
to-oxic cores compared to the anoxic controls or
intermediate cores turned anoxic. These included genes
for oxidizing sulfide to sulfur, such as sulfide:quinone
oxidoreductase (sgqr), sulfide dehydrogenase (fccB), and
dissimilatory sulfite reductase (dsrA) that can act in re-
verse [59]. Spearman correlations of genes and chemistry
data showed a significant negative correlation between
sqr and sulfate concentration (r = 0.68, p < 0.05;
Additional file 10: Table S4). In addition, heterodisulfide
reductase (hdrA), used in both methanogenesis [60] and
zero-valent sulfur oxidation [61], were present in all
cores from the different treatments (Additional file 9:
Data S2). Finally, RNA transcripts for sulfate adenylyl-
transferase (sat) that is suggested to be used in reverse
to oxidize sulfite to sulfate [62] were also present in all
cores from all treatments (Additional file 9: Data S2). In
the UniprotKB/Swiss-Prot database, these RNA tran-
scripts (Additional file 11: Data S3) were ascribed to
Acidithiobacillus/Aquifex (sqr) and Gammaproteobac-
teria (fccB and dsrA). On the species level, fccB and dsrA
were ascribed to the sulfide oxidizer Allochromatium
vinosum (the Chromatiaceae family was present in the
16S rRNA gene data).

In the anoxic control, RNA transcripts annotated as
sulfite reductase (dsvA) acting in anaerobic dissimilatory
sulfate reduction were higher (FPKM 128 and 192 FPKM
for each anoxic control replicate) compared to all other
treatments that had FPKM values below 80. These tran-
scripts were ascribed to the genus Desulfovibrio (e.g.,
species Desulfovibrio vulgaris) that was also present in
the 16S rRNA gene dataset (Additional file 6: Data S1).
Finally, tetrathionate reductase RNA transcript (¢trB) en-
coding anaerobic reduction of tetrathionate (S,0%) to
thiosulfate (S,037) [63] was higher in anoxic-to-oxic
(156 to 198 FPKM) and intermediate-to-oxic (217 to
382 FPKM) compared to the anoxic control and
intermediate-to-anoxic that had FPKM values below 60
and 110, respectively.

RNA transcripts coding for organic sulfur compound
cycling by anaerobic dimethyl sulfoxide (DMSO) reduc-
tase (dmsA) that converts DMSO to dimethyl sulfide
(DMS) were higher in the anoxic-to-oxic (1640 to
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1993 FPKM) and intermediate-to-oxic treatments (2060
to 2795 FPKM) compared to the anoxic control and
intermediate-to-anoxic with FPKM values below 400
and 1250 FPKM, respectively. In addition, transcript
counts for the reverse process of anaerobic DMS oxida-
tion back to DMSO by dimethyl sulfide dehydrogenase
(ddhAB) were also higher under the same conditions
(Additional file 9: Data S2). The genes ttrB, dmsA, and
ddhAB all had a positive significant correlation with sul-
fate concentrations (r = 0.72-0.78, p < 0.05; Additional
file 10: Table S4). The RNA transcripts for dmsA were
affiliated with the class Halobacteria belonging to the
Euryarchaeota phylum, while those for ddhAB were af-
filiated with the Alphaproteobacteria family Rhodobac-
terales (Additional file 11: Data S3). Both of these
lineages were present in the 16S rRNA gene dataset
(Additional file 6: Data S1).

RNA transcripts for genes mediating methane oxida-
tion (pmoAlA2 and pmoBIB2 encoding methane
monooxygenase) were higher in anoxic-to-oxic (2232
to 3542 FPKM) compared to the anoxic control
(<220 FPKM) as well as in the oxic control (720 for
pmoA1A2, and 564 for pmoB1B2; n = 1) compared to
the oxic-to-anoxic treatment that had FPKM values
below 40 (Fig. 4). In contrast, RNA transcripts for
genes coding for methane oxidation were not higher
in the intermediate-to-oxic treatments (Additional file
9: Data S2). RNA transcripts for pmoAIA2 and
pmoBIB2 had a significant positive correlation with
redox potential (i.e., high redox had more of these
RNA transcripts; » = 0.83, p < 0.01; Additional file 10:
Table S4) and were ascribed to the Gammaproteobac-
teria reference organism Methylococcus capsulatus
(Additional file 11: Data S3) that was present in the
16S rRNA gene dataset (Additional file 6: Data S1).
RNA transcripts coding for methanogenesis (acsA,
mtaB, and mtbC2C3) were higher in the anoxic con-
trol (168 to 821 FPKM) compared to the anoxic-to-
oxic sediment (13 to 194 FPKM). Also, mtaB and
mtbC2C3 had more RNA transcripts attributed in the
intermediate-to-anoxic cores (33 to 206 FPKM) when
compared intermediate-to-oxic (2 to 72 FPKM; Fig. 4).
The acsA RNA transcripts were affiliated with a wide
diversity of bacteria including, e.g., Alpha-, Beta-, Ep-
silon-, and Gammaproteobacteria (Additional file 11:
Data S3). RNA transcripts for mtaB affiliated with the
archaeal class Methanomicrobia and Alphaproteobac-
teria class Rickettsiales, while mtbC2C3 affiliated only
with Methanomicrobia (Additional file 11: Data S3);
both of these classes were present in the 16S rRNA
gene dataset (Additional file 6: Data S1). RNA tran-
scripts encoding hdrA used during anaerobic meth-
anogenesis [64] were present in all cores for all
treatments.
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Fig. 4 RNA transcripts of major metabolic processes in the sediments. Selected functional groups of RNA transcripts from the sediment after incubation
in darkness for 21 days (RNA transcripts that were 2100 FPKM in one of the treatments are shown). Functional groups were chosen based on statistical
significance from edgeR analysis of the studied chemistry and 16S rRNA gene data. a Anoxic-to-oxic (n = 2, two left bars for each gene) and anoxic
control (n = 2, two right bars for each gene). b Intermediate-to-oxic (n = 2, left bars) and intermediate-to-anoxic (n = 2, right bars). ¢ Oxic-to-anoxic

(n = 2, left bars) and oxic control (n = 1, right bar). Stars denote a fold change of at least 1.5 for the average of the two replicates compared to each
replicate of the other shown treatment. All values show TMM normalized FPKM units. The colors denote relative abundance (% relative to column height)
of taxonomic groups for the annotated RNA transcripts (i.e, derived from top hit organism in the UniprotkB/Swiss-Prot database)

RNA transcripts coding for nitrate reductase (narH) at lower amounts in the other treatments (Fig. 4). RNA
were higher in the oxic-to-anoxic cores (1250 to transcripts attributed to narH also correlated positively
394 FPKM) compared the oxic control (1436 FPKM). In  with NO; + NO3 (r = 0.68, p < 0.05; Additional file 10:
addition, RNA transcripts coding for narH were found Table S4). These RNA transcripts were mainly affiliated
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with halophilic denitrifying archaeal species belonging to
the class Halobacteria (closest available affiliation in
UniProt KB: Haloferax mediterranei; Additional file 11:
Data S3). Halobacteria were also present in the 16S
rRNA gene data (Additional file 6: Data S1) and phylo-
genetic analysis, with reference sequences of Marine
group I, II, III, IV, and Haloferax species, indicated that
the OTUs aligned with the order Halobacteriales and
the ‘Deep Sea Hydrothermal Vent Group 6’ (DHVEG-6;
Additional file 12: Figure S4). These Halobacteria in the
sediment might thrive in micro-niches or contain low-
saline species as has been reported previously in sulfur
and sulfide rich conditions [65].

In general, there was a low level of RNA transcripts
coding for the general stress response in all treatments
(Fig. 4). One exception was for the HSP70 family (hspA)
that had higher RNA transcripts in the oxic-to-anoxic
cores (538 to 778 FPKM) compared to the oxic control
(46 FPKM). A second exception was for HSP90 family
genes (hspC2/4—1/4-2) that had more RNA transcripts at-
tributed in the oxic-to-anoxic cores (1216 to 1682 FPKM)
compared to the oxic control (205 FPKM). The taxonomic
affiliations of RNA transcripts coding for general stress
were diverse and also included eukaryotes such as
Amoebozoa. In addition, the chaperones dnaK and htpG
were assigned to Sulfurimonas and Sulfurovum spp.
(Additional file 11: Data S3) that tended to be higher in
treatments turned oxic or the oxic control cores.

Discussion

In this study, we investigated changes in the microbial
community composition and metabolic function in long-
term oxic and anoxic sediments plus intermediate
sediments from a Baltic Sea coastal bay. The tightly clus-
tered microbial communities in the oxic sediment field
sample, control cores, and oxic-to-anoxic incubations
were likely due to long time exposure to oxygen selecting
for obligate aerobes (PCA, Fig. 2). In contrast, microbial
communities in the anoxic-to-oxic sediment incubations
were slightly less clustered, potentially as facultative anaer-
obes could adapt to increased oxygen concentrations. The
intermediate sediment communities were most wide-
spread compared to other locations, with populations of
generalists adapted to the changing oxygen concentration.
This suggested that historical oxygen concentrations
will affect the microbial response to shifts in oxygen
concentrations.

Reduction of sulfate to H,S by sulfate-reducing bac-
teria is prevalent in Baltic Sea sediments including an-
oxic sediment rich in labile organic matter [66] and the
generated sulfide can be re-oxidized to sulfate in aerobic
conditions [67]. Recent molecular phylogenetic and
genetic analyses show that many genes coding for sulfur
cycling processes occur in anoxic environments. For
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example, a metagenomic investigation of the waters in
the oxygen-minimum zone outside the northern Chilean
coast found that genes for both sulfate reduction and
sulfide oxidation were present in the anoxic water [68].
Furthermore, with the use of isotope-labeled sulfate and
oxygen, cryptic sulfur cycling was observed in anoxic salt
march sediments. The results indicate microbial reduc-
tion of sulfate to H,S followed by microbial re-oxidation
of H,S into intermediary sulfur species and eventually
sulfate [69]. Consistent with this data, the anoxic sedi-
ment turned oxic compared to cores kept or turned an-
oxic had increased sulfate in the pore-water (Fig. 1);
more RNA transcript numbers for inorganic sulfur oxi-
dation genes (Fig. 4) [62, 70]; and an increase in Sulfuro-
vum-like OTUs (Fig. 3) that contain genes attributed to
sulfide oxidation to sulfate [71, 72] suggesting they car-
ried out sulfur oxidation. Considering that sulfur cycling
RNA transcripts could not be directly linked to Sulfuro-
vum and instead transcripts attributed to chaperones
dnaK and htpG were linked to this genus (Additional
file 11: Data S3), it is possible that the sulfur cycling ac-
tivity by Sulfurovum had declined after 21 days of incu-
bation. Also consistent with these findings was that
compared to the field data Sulfurimonas-like popula-
tions increased in cores maintained anoxic, while nega-
tively correlating with the NO; + NOj3 concentration
(Additional file 8: Table S3) suggesting they oxidized
sulfide coupled to nitrate reduction. However, RNA
transcripts coding for nitrate reductase (narH) mainly
aligned with Euryarchaeota. It is possible that a pre-
cise taxonomic affiliation cannot be determined for
this conserved gene, and it can only be concluded
that the microbial community utilized NOj3 as a ter-
minal electron acceptor under anaerobic conditions
[73]. Taken together, the RNA transcripts coding for sulfur
oxidation and reduction reactions and the low concentra-
tions of zero-valent sulfur and reduced sulfur compounds
throughout the incubations (Additional file 3: Table S2)
suggested that a cryptic cycling of sulfur and sulfur com-
pounds occurred in the sediment. Furthermore, we ob-
served genes used in anaerobic metabolism in the 1 cm
sediment slices turned oxic. This indicated that changes in
oxygen conditions in the sediment surface oxic layer
(reaching ~1.5 mm) affected anaerobic microbial metabol-
ism in the underlying anoxic layer.

As described above, the sulfur cycling related 16S
rRNA gene amplicons, mRNA transcripts, and chemistry
data in conjunction with qualitative observations that
the sediment surface turned brown and had a lowered
sulfide odor strongly supported that Sulfurovum-like
populations were favored in the surface of anoxic-to-
oxic incubations. This is consistent with the description
of this genus that grows via sulfur compound oxidation
with the reduction of oxygen or nitrate [74]. These
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populations would potentially act as a H,S oxidation
barrier between the oxygenated sediment surface and
the deeper anoxic H,S rich sediment and would acceler-
ate removal of H,S.

Most methane oxidation occurs in the sediment sur-
face and limits the amount of this potent greenhouse gas
to escape from the water column [75]. RNA transcripts
coding for methane oxidation were highest in the
anoxic-to-oxic and oxic control (Fig. 4). This was likely
explained by oxygen reaching anoxic layers below the
sediment surface that triggered transcription of these
genes. The RNA transcripts encoding pmoAB and 16S
rRNA data suggested methane oxidation in the anoxic-
to-oxic and oxic control was mediated by Methylococcales,
a microorganism that typically grows in the upper layers
of marine sediment [76]. In contrast, methanotrophy-
related RNA transcripts were lower in the intermediate-
to-oxic sediment compared to the intermediate-to-anoxic.
Thus, stored methane had potentially been metabolized
during episodic oxygenation events or alternatively, the
methanogenic archaea were inhibited during these oxy-
genation episodes. Irrespective of the precise mechanism,
intermediate zones with fluctuating oxygen concentrations
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may not produce the greenhouse gas methane while an
anoxic-to-oxic shift resulted in increased methanotrophy
that would consume the methane and halt its escape to
the atmosphere. Thus, gene expression analysis indicated
an intricate balance between production and consumption
of methane in intermittently and permanently anoxic
sediments.

It has previously been shown that degradation of experi-
mentally added organic matter to sediments is slower
under anoxic compared to oxic conditions [22, 23]. In
addition, Hulthe G, Hulth S, and Hall POJ [77] found
that old, buried organic matter was more rapidly oxi-
dized upon re-oxygenation of anoxic sediments com-
pared to fresh organic matter in the sediment surface
(which was degraded at similar rates both aerobically
and anaerobically). A statistically significant decrease in
organic matter was observed when the anoxic sediment
was turned oxic, but not in the initially anoxic intermedi-
ate sediment upon oxygenation (Table 1). Considering
that more organic matter is preserved in low oxygen zones
[21], here we have shown that the preserved organic mat-
ter in the long-term studied anoxic zone was degraded
upon oxygenation. In contrast, this was not the case for

Field sites, initial state Oxic

Intermediate

Anoxic

A

Brown sediment

Black sediment (anoxic)

dsrA
Desulfarculaceae

Brown sediment

Black sediment (anoxic)

weight carbon substrates

Fig. 5 Conceptual model of the bay during transitions in oxygen concentration. The model shows major changes/findings from the 16S rRNA
gene, mMRNA transcripts, and chemistry data after 21 days of incubation. The sulfur cycle is shown in orange, methane as light blue, and nitrogen
as green. a denotes initial conditions turned/maintained anoxic, while b denotes initial conditions turned/maintained oxic. LMWC low molecular

. Decreased
: organic matter
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the intermediate area subjected to episodic variations in
oxygen concentration where the stored organic matter
would likely have been periodically depleted.

Conclusions

In conclusion, we show for the first time the large
changes in microbial populations and genes suggested to
code for metabolic processes inflicted by shifts in oxygen
levels in coastal oxic, intermediate, and anoxic zones
(Fig. 5). In a coastal anoxia dead zone remediation sce-
nario, oxygenation of the sediment surface was followed
by an increase in bacterial populations affiliated with the
genus Sulfurovum and RNA transcripts attributed to sul-
fur cycling (such as oxidation of toxic H,S) that would
potentially prevent H,S from ascending into the water
column. Additionally, a decrease in methane release was
indicated by higher amounts of RNA transcripts attribu-
ted to methane oxidation. This was also indicated by
lower amounts of RNA transcripts for methanogenesis
when compared to the anoxic controls. Oxygenation of
anoxic sediment would therefore likely limit the release
of this greenhouse gas to the atmosphere. These findings
have important implications in the context of proposed
remediation strategies for coastal dead zones, such as
those found in the Baltic Sea. These strategies include
mixing the water column using pump stations, circulating
oxygenated water to the sea bottom [78, 79]. One such
study was conducted in a fjord on the west coast of
Sweden where the re-oxygenated bottom zone showed a
decrease in phosphate [80] that would help hypoxic and
anoxic coastal zones to recover from eutrophication [81].
Addition of oxygen in conjunction with microbial removal
of H,S would help macro-organism communities to re-
establish in the surface sediment and benthic zone that
was supported by increased hatching of zooplankton eggs
in a similar experiment [29]. Additionally, re-oxygenation
of the anoxic sediment surface resulted in decreased
stored organic matter (Table 1) and it was estimated that
it would take approximately 73 days for the anoxic sedi-
ment to reach the level of organic matter in the long-term
oxic field sediment (without further addition of organic
matter from the water column that would likely be oxi-
dized first). These ~2.5 months may be a crucial time ne-
cessary for restoration of coastal dead zones and would
potentially require continuous re-oxygenation. Based on
the results found in this study, we suggest that remedi-
ation efforts of dead zones effectively depend on the mi-
crobial community response and that these responses will
vary locally/regionally depending on anoxia history.
Furthermore, it was shown that re-oxygenation efforts to
remediate dead zones could ultimately be facilitated by in
situ microbial molecular mechanisms involved in removal
of toxic H,S and the potent greenhouse gas methane.
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Additional file 1: Text S1. Detailed methodology of field sampling and
the sub-sampling procedure. (DOCX 271 kb)

Additional file 2: Table S1. A full list of reads for the various sequencing
programs including before and after merging reads, quality trimming and
bioinformatic statistics on the assemblies constructed from the metagenomes
and de-novo assembled metatranscriptoms. (DOCX 62 kb)

Additional file 3: Table S2. Chemistry data from the water phase and
the sediment collected in the field, during, and at the end of the incubation
experiment. All values are averages of triplicates (SD = 1) except oxic and
anoxic controls (n = 2), water and sediment oxic-to-anoxic, and sediment
anoxic-to-oxic (both n = 2). All chemistry data in the sediment was mea-
sured using the pore-water except organic matter which was measured
using the loss on ignition method. (XLSX 16 kb)

Additional file 4: Figure S1. Rarefraction curves of counts and OTUs
for each treatment in the water phase and sediment (counts were
subsampled to lowest sample size). Each curve denotes a biological
replicate. (PDF 104 kb)

Additional file 5: Figure S2. Phylogenetic tree showing OTUs derived
from the 16S rRNA gene analysis. Included OTUs had a relative abundance
higher than 1% in one or more samples derived from the top 1-cm sediment
surface sliced in the field and at the end of the incubation experiment.
Sequences downloaded from NCBI GenBank have been marked with a
dashed line in the heat map. The tree was rooted with a marine Actinomycete
(NCBI accession: AJ866956.1). (PDF 456 kb)

Additional file 6: Data S1. All OTUs and a separate list for the top 10
abundant, annotated against the SILVA database. All values are reported
as relative abundances, with triplicates (SD = 1) except water and sediment
oxic-to-anoxic and sediment anoxic-to-oxic (both n = 2). The second sheet
shows the taxonomy results based on extracted 16S and 185 rRNA gene
sequences from the sediment metagenome dataset. (XLSX 1447 kb)

Additional file 7: Figure S3. 165 rRNA gene sequence data of annotated
OTUs in the sediment of an additional oxygen transition experiment. Ten
sediment cores from the anoxic site were sampled on the 15 May 2014.
During 26 days of incubation, 5 cores were maintained anoxic while the
other 5 cores were turned oxic using similar methodology as describe in
the main article. The Proteobacteria have been divided into classes, and the
Epsilonproteobacteria has been divided into two genus Sulfurimonas and
Sulfurovum, and other Epsilonproteobacteria. (PDF 151 kb)

Additional file 8: Table S3. Pearson correlations of chemistry data and
relative abundance of annotated phyla, classes, orders, and the genera
Sulfurimonas and Sulfurovum in the water phase and the sediment. The
orange shading denotes statistically significant p values at <0.01 (**) and
<0.05 (*). The last table shows Spearman correlations of selected genes
derived from statistically significant RNA transcripts (as shown in Fig. 4)
and sediment chemistry data after 21 days of incubation. (DOCX 159 kb)

Additional file 9: Data S2. The list shows all results (FPKM), with a
following separate list of the significant results, from the UniprotkB/Swiss-
Prot database annotation of the de novo metatranscriptomic assemblies
(n = 2, for each treatment except oxic control: n = 1), SD = 1. The second
sheet shows the results from annotation of functional genes derived
from the metagenome. (XLSX 2747 kb)

Additional file 10: Table S4. Spearman correlations of statistically
significant genes from edgeR (as seen in Fig. 4) derived from the
extracted sediment RNA and sediment chemistry measurements after
21 days of incubation. (DOCX 50 kb)

Additional file 11: Data S3. Reference organisms from the UniProtKB/
Swiss-Prot database tied to the annotation of chosen ‘RNA transcript-
related genes'’ (top five hits are shown). (XLSX 114 kb)

Additional file 12: Figure S4. Phylogenetic unrooted maximum-
likelihood tree (bootstrapped 100 times) showing archaeal OTUs derived
from the 16S rRNA gene analysis compared to reference sequences
downloaded from NCBI GenBank that are colored red. The scale bar
represents nucleotide substitutions per site (ie, substitutions divided by

sequence length). (PDF 244 kb)
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