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Abstract

The geological storage of carbon dioxide (CO,) is expected to be an important component of future
global carbon emission mitigation, but there is a need to understand the impacts of a CO, leak on the
marine environment and to develop monitoring protocols for leakage detection. In the present
study, sediment cores were exposed to CO,-acidified seawater at one of five pH levels (8.0, 7.5, 7.0,
6.5 and 6.0) for 10 weeks. A bloom of Spirulina sp. and diatoms appeared on sediment surface
exposed to pH 7.0 and 7.5 seawater. Quantitative PCR measurements of the abundance of 16S rRNA
also indicated an increase to the abundance of microbial 16S rRNA within the pH 7.0 and 7.5
treatments after 10 weeks incubation. More detailed analysis of the microbial communities from the
pH 7.0, 7.5 and 8.0 treatments confirmed an increase in the relative abundance of Spirulina sp. and
Navicula sp. sequences, with changes to the relative abundance of major archaeal and bacterial
groups also detected within the pH 7.0 treatment. A decreased flux of silicate from the sediment at
this pH was also detected. Monitoring for blooms of microphytobenthos may prove useful as an

indicator of CO, leakage within i coastal areas.

Introduction

Increasing political, social and environmental pressure to alleviate future impacts from global
warming and ocean acidification has led many countries to commit to reducing their carbon
emissions. One potential mitigation strategy is Carbon Capture and Storage (CCS). This involves the
capturing of waste CO, from large industries such as coal and natural gas fired power plants,
transporting it to a storage site and depositing it underground in geological formations such as
depleted oil and gas fields, unmineable coal seams or deep saline formations. CCS technology has
the potential to reduce CO, emissions from fossil fuel power stations by 80-90% (Holloway, 2007)
and the Intergovernmental Panel on Climate Change (IPCC) recognises that effective CCS could play a
substantial role in mitigation, potentially reducing CO, emissions overall by 21 — 45 % by 2050 (Metz
et al, 2005). The development and deployment of technology required for CO, capture, transport
and storage are making the application of CCS to reduce CO, emissions more feasible. Industrial-
scale CCS projects are now in operation in Algeria, Norway, Canada and the USA, with many more
demonstration and pilot scale ventures in construction globally. The majority of these are on-shore,
storing CO, within deep saline formations, coal seams and gas fields (Global CCS Insitute, 2012).
However, many potential projects are considering off-shore storage, including schemes in Australia,
Korea, China, and Italy with several projects aiming to store CO, in deep saline formations or

abandoned oil and gas fields in the North Sea, including the Netherlands ROAD project, Norways's
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Mongstad project and the pilot-level projects in the UK (Global CCS Institute, 2012). Currently, at the
Sleipner site in the North Sea, CO, from produced gas is directly captured and stored in a subsea
aquifer and the Norwegian project Snghvit, a petroleum production plant in the Barents Sea, is

currently capturing CO, at their on-shore site and storing off-shore.

Although leakage from storage sites is considered to be unlikely, leakage back up the injection pipe
is considered to be a greater risk. If CO, leakage did occur from geological storage or pipeline failure,
it has the potential to create considerable localised reductions in seawater pH (Blackford et al. 2008;
2009; 2014). Elevated levels of CO, can be detrimental to some marine microbes that rely on
carbonate structures (Langer et al. 2009; Beaufort et al. 2011), and can also impact microbially-
driven biogeochemical nutrient cycling (Hutchins et al. 2007; Fu et al. 2008; Beman et al. 2011;
Kitidis et al., 2011). However, only a small number of studies have considered microbial communities
and processes within sediments (Ishida et al. 2005; Havelsrud et al. 2012; Havelsrud et al. 2013;
Ishida et al. 2013; Tait et al., 2013; Tait et al. 2015; Yanagawa et al. 2013; Kerfahi et al. 2014). These
studies have reported decreases in microbial diversity (Yanagawa et al. 2013; Kerfahi et al. 2014; Tait
et al. 2015), increases to the abundance of bacteria and archaea (Ishida et al. 2005; Ishida et al.
2013), and also possible changes to the degradation of organic matter and biogeochemical cycling of
nutrients, including enhanced methane production and sulphate reduction (Ishida et al. 2013;

Yanagawa et al. 2013).

Due to their rapid response to environmental changes, a change to microbial activity or community
composition could provide an indication of increased pCO, or lowered pH. A recent CO, release
experiment that occurred in the field in Ardmucknish Bay (Oban, Scotland) highlighted the possibility
of using microbes and microbial activity as an indicator of CO, leaks (Tait et al. 2015). In this
instance, a borehole was drilled from shore through the bedrock and into unconsolidated sediments
at a location 350 m offshore, and CO, gas supplied through a stainless steel pipeline with a gas
diffuser welded to the end (11 m below the seabed, which was in turn 12 m below mean sea-level)
(Taylor et al. 2015a). A total of 4.2 tonnes of CO, were injected into the overlying unconsolidated
sediments, but the majority of CO, injected via the sub-seabed pipe was retained within the
sediments. Only ~15 % of the total CO, injected was estimated to have been emitted from the
seabed in a gaseous phase (Blackford et al. 2014). Bubbles of CO, were clearly visible entering the
water column and these dissolved rapidly, with measurements of pCO, in bottom water at the
injection site ranging from 380 to 1500 patm, depending on injection rate and tidal state

(Atamanchuck et al. 2014) and pH measurements within the surface sediments dropped by 0.85 pH
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units (Taylor et al. 2015b). Benthic microbes were shown to respond rapidly to the sub-seabed
release of CO,: increases in the abundance of microbial 165 rRNA g sediment, used as a proxy for
microbial activity, could be detected within the area of active bubble leakage after 14 days of CO,
release (Tait et al. 2015). There was also evidence that the high CO, plume in the water column was
advected to a distance of 25 m due to tidal circulation (Atamanchuk et al. 2015), and changes to the
abundance of 16S rRNA were also detected at this distance, suggesting that microbes may be highly
sensitive to a sub-seabed CO, leak. Terminal Restriction Fragment Length Polymorphism (T-RFLP)
analysis of the active bacterial community also indicated a rapid shift in composition within areas
impacted by the CO, release (Blackford et al. 2014). Also evident was a decrease in the abundance
of microbial 16S rRNA genes at the leak epicentre during the initial recovery phase that coincided
with the highest measurements of DIC within the sediment, but may also be related to the release of

potentially toxic metals at this time point (Lichtschalg et al. 2014).

The controlled CO, release experiment in Ardmucknish Bay clearly showed that detection of changes
to pH or CO, may be challenging. Despite the high levels of CO, released during the later stages of
CO, release at the QICS site, pH actually increased as the rise in DIC was buffered by the dissolution
of sediment calcium carbonate (Blackford et al. 2014). Different strategies for monitoring potential
CO, leaks are, therefore, required. The QICS study identified possible microbial indicators for CO,
leakage within coastal environments; this included an increase in the activity of Cyanobacteria and
micro-algae, or microphytobenthos during the highest CO, release period. Microphytobenthos can
be found in the photic zone of marine environments and are composed of microalgae,
predominantly Baccillariophyceae, but Chlorophyceae and Dinophyceae can also be present, and
bacteria including Cyanobacteria, heterotrophic bacteria, chemolithotrophic bacteria, anoxygenic
phototrophs and sulphate-reducing bacteria (Paterson & Hagerthey, 2001; Hubas et al. 2011). These
microbes accumulate at the sediment surface and exhibit high rates of photosynthesis, contributing
up to 50% of estuarine primary production (Underwood and Kromkamp, 1999), and fuelling much of

the secondary production within these ecosystems (Middleburg et al, 2000).

In the present study, fifty cores containing carbonate rich gravel collected from the Eddystone reef
in the Western English Channel (50° 11.55 N, 04° 17.0 W) during September 2010 were incubated
using seawater adjusted to five different CO, concentrations by bubbling with pure CO,, the flow of
which was monitored via an electronic feedback system. Twenty five sediment cores were incubated
for a period of 2 weeks and the remainder for 10 weeks. The aim of the experiment was to examine

the impact of a CO, leak on meio- and macrofauna residing within the sediments. However, during
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the course of the experiment, a pink microphytobenthos mat appeared on top of the cores exposed
to seawater adjusted to pH 7.0 and 7.5, providing the opportunity to identify key microbial species
responding to elevated CO, levels. Surface sediment samples were taken for microbial analyses, the
Cyanobacteria and micro-algae resident within the mat were identified, and the abundance of
Cyanobacteria and micro-algae within the different pH treatments compared at two and ten weeks.
This was followed by a detailed analysis of the microbial community present at week ten in cores
receiving ambient pH seawater, and seawater adjusted to pH 7.0 and 7.5. After a two and ten week
incubation period, measurements were made of the flux of nutrients from the sediment to the water

column.

Materials and Methods

Mesocosm set-up

Carbonate rich gravel was collected on the 15™ September 2010 from the Eddystone reef in the
Western English Channel (50° 11.55 N, 04° 17.0 W). Sediment was collected using a 0.1 m* boxcorer
and used to fill 50 clear Perspex cores (19 cm diameter, 40 cm deep) to a depth of 30 cm and topped
off with seawater (10 cm depth) to prevent desiccation and minimise temperature change. Cores
were transferred to the seawater acidification facility located in the mesocosm of the Plymouth
Marine Laboratory (PML), UK. Once at PML the cores were continuously supplied with natural
seawater collected from the Eddystone reef site (temperature =11 °C, salinity = 34) at a rate of 15
mL min™ for a period of 6 days to allow both the fauna and biogeochemical profiles within the cores

to recover.

The Ardmucknish Bay experiments indicated the CO, was emitted from the sediment as gas bubbles
that rapidly dissolved, reducing the pH in the sediment/water boundary layer (Taylor et al. 2015b).
Within this experiment, the 50 cores were randomly allocated to 1 of 5 pH treatment levels (8.0
[control], 7.5, 7.0, 6.5 and 6.0) and supplied with unfiltered seawater from one of five header tanks
at a rate of approximately 15 mL min™. Seawater for the header tanks was collected from the
Western English Channel Observatory long term monitoring site L4 (50° 15.00' N, 4° 13.02' W). The
seawater in each of the pH 7.5, 7.0, 6.5 and 6.0 header tanks was maintained at the desired pH by
bubbling with pure CO,, following the methodology of Widdicombe and Needham (2007). No
additional CO, was added to the pH 8.0 tank. The temperature within the mesocosm was
maintained at 11 °C, with a light: dark cycle of 16 h: 8 h. The water within each of the reservoir tanks

and sediment cores was monitored three times per week for temperature, salinity (WTW LF187
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1

2

3 149 combination temperature and salinity probe), and pH (Metrohm, 826 pH mobile with a Metrohm

4

5 150 glass electrode, calibrated to NBS). Water samples were taken once a week to determine total

? 151 alkalinity (TA) and nutrient concentrations. Nutrients were analysed with an autoanalyser (Brann &

8 152 Luebbe Ltd., AAlll) using standard methods (Brewer & Riley, 1965; Grasshoff, 1976; Kirkwood, 1989;

30 153 Mantoura & Woodward, 1983; Zhang & Chi, 2002). Alkalinity was measured by poisoning 100 mL

11 154  water samples with HgCl, according to Dickson et al. (2007) then analysing via potentiometric

12

13 155 titration using an Alkalinity Titrator (Apollo SciTech Model AS-ALK2) and using Batch 100 certified

1; 156 reference materials from Andrew Dickson. Using pH, TA, temperature, salinity, phosphate and

16 157 silicate, the other carbonate parameters (dissolved inorganic carbon (DIC), pCO,, calcite and

17

18 158  aragonite saturation stateszete:) were calculated using the CO2SYS programme (Pierrot et al. 2006)
using constants from Mehrbach et al. refitted by Dickson and Millero and the 4

19 159 [ from Mehrbach et al. (1973) refitted by Dick d Millero (1987) and the KSO

20

21 160  dissociation constant from Dickson (1990).

22

23 161

24 162  Two weeks after the start of the exposure (5th — 6th October 2011), five cores from each pH

25

26 163  treatment (25 cores in total) were randomly selected and sampled for measurements of sediment

g; 164 nutrient flux, microbial abundance and community structure (described below) and then

29 165  destructively sampled for meiofauna and macrofauna analysis (to be reported elsewhere). The

30

31 166 remaining 25 cores were allowed to run for an additional 8 weeks before being similarly sampled

32 167  (29th —30th November 2011).

33

34 168

35 . .

36 169  Sediment nutrient flux

37 170 From each core, water samples were taken from the overlying 10 cm of water to determine the rate

38

39 171  of sediment flux for five nutrient species (nitrate, nitrite, ammonium, silicate and phosphate). Over

32 172  two consecutive days, three 50mL water samples were drawn from each core, filtered through a

42 173  47mm ¢ GF/F filter into an acid washed Nalgene bottle and immediately frozen. In addition to these

43

a4 174 “core water” samples, five “inflow water” samples were taken from each of the five header tanks.

45 175  These samples were also filtered and then frozen and analysed as described above for nutrient

46

a7 176 monitoring. Sediment fluxes were calculated using the equation:

48 Ci—C

49 177 = (£2)-Q (Eq. 1)

50 2

51 178 where F, is the flux of nutrient x (umol m 2h1), G is the mean concentration of nutrient x in the

52 179 inflow water (UM), G, is the mean concentration of nutrient x in the water above the sediment in the

53

54 180  experiment cores (uM), Q is the rate of water flow through the core (Lh™) and A is the area of the

22 181  core (m?) (Widdicombe and Needham, 2007).

57 182

58

59

60 6
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Identification of Cyanobacteria and micro-algae community within the pink microphytobenthos mat
During week 6, small sections of the pink microphytobenthos mat were removed from the surface of
the pH 7.0 and 7.5 cores at=week= with a sterile scalpel and washed gently with filter-sterilised pH
7.0 or pH 7.5 seawater to remove sediment material. A light microscope (Reichert Jung Polyvar) and
an Optronics Magna Fire SP camera was used to image small sections of the material. DNA was
extracted from six small sections (0.2g) of the pink mat using the PowerBiofilm™ DNA Isolation Kit
(MoBio Laboratories) according to the manufacturer’s instructions. To taxonomically identify the
cyanobacteria and algae present within the pink mat, PCR amplification of 16S rRNA gene fragments
was performed using the PCR primer pair CYA-359F (5" GGGGAATYTTCCGCAATGGG-3’) and CYA-
781R (5’-GACTACWGGGGTATCTAATCCCW-3’), which are specific for Cyanobacteria and micro-algae
chloroplast (Nibel et al., 1997), using the PCR conditions described in Tait et al. (2015). This was
done in triplicate for each of the six DNA extractions and the PCR products cloned and transformed
using the pGEM-T Easy Vector System Il cloning kit (Promega) according to the manufacturer’s
instructions. Clone libraries were also made from DNA extracts of the day 0 samples to determine
the initial composition of the microphytobenthos community. Sequences were clustered into
Operational Taxonomic Units (OTUs) based on 97 % sequence similarity using Uclust (using the
QIIME (Quantitative Insights into Molecular Ecology ) pipeline; Caporaso et al. 2010). To assign
taxonomy to each OTU, a representative sequence from each OTU cluster was chosen, the
representative sequences aligned using PYNAST, and taxonomy assigned by comparison with the

Greengenes (version Feb 2011) (Pruesse et al. 2007) and the NCBI databases.

RNA extraction from sediments

After 2 and 10 weeks incubation, 8 small sediment samples (approx. 0.5 g each) were taken from
across the sediment surface (top 0.5 cm) in order to determine the composition of the active
microbial community. The eight samples from each core were combined and homogenised, placed
into 50 mL Falcon tubes, mixed with a sterile spatula and immediately frozen (-80 °C). This was
compared to samples taken in a similar manner at the start of the experiment (day 0). RNA was
extracted from 2 g of sediment using the MoBio RNA Powersoil Total RNA Isolation Kit (MoBio

Laboratories) according to the manufacturer’s instructions.

cDNA synthesis and RT-qPCR

The RNA was reverse transcribed using the QuantiTect Reverse Transcription Kit (Qiagen) with 1 pL
of RNA and the supplied random primers. An ABI 7000 sequence detection system (Applied
Biosystems, Foster City, USA) and QuantiFast SYBR Green PCR Kit (Qiagen) was used for all gPCR

ScholarOne Support 1-434/964-4100
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measurements. For each sediment sample, 1 puL of cDNA was used to determine the abundance of
cyanobacterial 16S rRNA using CYA359F and CYA781R and bacterial 16S rRNA using Bact1369F
(CGGTGAATACGTTCYCGG) and Prok1492R (GGWTACCTTGTTACGACTT) (Suzuki et al. 2000) following
the methodology described in Tait et al. (2015). The 20 pL reaction mixture contained 10 pl of
Master Mix and 300 nM of each primer, and PCR conditions were 5 min at 95 °C followed by 40
cycles of 95 °Cfor 15s, 52 °C for 30 s and 72 °C for 45 s. Standard curves were produced from cDNA
following prior in vitro transcription of cloned sequences using the Ampliscribe T7 Flash kit
(Epicentre) following methodologies described by Smith et al. (2006). 16S rRNA abundance was
quantified via comparison to standard curves using the ABI Prism 7000 detection software.
Automatic analysis settings were used to determine the threshold cycle (CT) values and baselines
settings. The no-template controls were below the threshold in all experiments. For each standard
curve, the slope, y intercept, co-efficient of determination (r?) and the efficiency of amplification was
determined as follows: Cyanobacteria/chloroplast 165 rRNA: r* = 0.993, y intercept = 36.48, F = 94.5
%; bacterial 16S rRNA r = 0.997, y intercept = 35.05, £ =96.3 %.

16S rRNA 454 pyrosequencing and analysis

An opportunity arose to have a small number of the sediment core samples analysed using 16S rRNA
tagged 454 pyrosequencing. Twelve cDNA samples (see above) were chosen: 4 replicate cores from
the pH 8.0, pH 7.5 and pH 7.0 treatments. These pH treatments were selected because of the
presence of the pink mat, but also because the data would also be useful for studies of the impact of
ocean acidification on sediment microbial communities. Possible changes to both bacterial and
archaeal community composition was examined. For bacteria, cDNA was amplified with the V4-V5
region of 16S rRNA using the PCR primers 518F (equal quantities of CCAGCAGCCGCGGTAAN and
CCAGCAGCTGCGGTAAN) and 926R (equal quantities of CCGTCAATTCNTTTRAGT,
CCGTCAATTCTTTTGAGT and CCGTCAATTTCTTTGAGT) (Huse et al. 2010). For archaea, the PCR
primers Parch519F (CAGCCGCCGCGGTAA) and ARC915R (GTGCTCCCCCGCCAATTCCT) (Coolen et al.
2004) were used. The 30 pl-volume reaction mixtures contained 1 pl of cDNA, 5X PCR buffer
(Promega), 2.5 mM MgCl,, 0.1 mM dNTPs, 1.5 U of GoTaq Hot Start DNA polymerase (Promega) and
0.6 uM of forward and reverse primers. PCRs were initially denatured for 3 mins at 94 °C, followed
by 20 cycles of 94 °C for 30 secs; primer annealing at 57 °C for 45 secs, and elongation at 72 °C for 60
secs. A final elongation step was performed at 72 °C for 5 min. A final 5 cycles were performed in a
subsequent PCR reaction containing 1 puL PCR product and primer sets modified with an 8 bp
multiplexing identifier (MID) adaptor used for barcode tagging, thereby allowing for post-sequencing

separation of the samples, using the above PCR conditions. Each sediment sample was amplified in
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triplicate, the triplicates pooled, cleaned using the Agencourt AMPure XP Purification System
(Beckman Coulter, Bromley, UK) and the concentration of each product calculated using the
PicoGreen assay (Invitrogen) against standard DNA curves with r* > 0.99. DNA libraries were
prepared for sequencing using the Roche emPCR Method Manual — Lib-L MV and the Roche
Sequencing Method Manual for the GS FLX Titanium Series. Picotitre plates were used with an 8 lane
gasket. Data was processed using QIIME (Caporaso et al. 2010). Sequences were first de-multiplexed,
denoised and chimeras removed using Ampliconnoise (Quince et al. 2011), and clustered at 97 %
sequence similarity using Uclust. Representative sequences were PYNAST aligned and taxonomy
assigned using the Silva database version 108 (Pruesse et al. 2007). This assigned 87.7 % of bacterial
sequences and 87.2 % archaeal sequences to Order level. Sequence data is available at the EMBL

database (accession number ERP002371).

A total of 109582 high quality sequences were obtained for the 12 sediment cores examined,
ranging from 5237 to 15424 per sample with an average read length across all samples of 375 bp
(Supplementary Table 1). The ratio of archaeal:bacterial sequences obtained from each core was
similar to the values obtained from the qPCR (Supplementary Table 1), and so the archaeal and
bacterial data-sets were combined, OTUs picked at 97% sequence similarity and the data set

randomly sub-sampled so each sample contained the same number of sequences (5237).

Statistics

For gPCR data (Figure 3), all error bars are standard deviation (n = 5). Two-way ANOVA was used to
test for differences in the quantity of 16S rRNA copy numbers followed by post-hoc tests to identify
pH treatments with significantly different abundances. For the 16S rRNA tagged 454 pyrosequencing
data set the Qiime pipeline and Primer vs 6.1 multivariate analysis software (Clarke and Gorley,
2006) were used to calculate alpha diversity for each clone library. Resemblances between samples
were generated using the Bray-Curtis coefficient, calculated using both the abundance and the
presence and absence of OTUs. Non-metric multidimensional scaling (MDS) was applied to assess
the grouping structure of samples and their corresponding pH treatment. An analysis of similarity

(ANOSIM) was used to determine the effect of pH on community composition.

Results

Measurements of environmental parameters

ScholarOne Support 1-434/964-4100



Page 11 of 32

©CoO~NOUTA,WNPE

284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317

FEMS Microbiology Ecology

pH remained relatively stable throughout the 10 weeks, with a maximum standard deviation of 0.3
pH (across cores) found at the lower pH conditions (Table 1). Temperature and salinity remained
constant varying by an average of 0.6 2C and 0.47, respectively (Table 1). Total alkalinity was more
variable between the cores, resulting in relatively high standard deviations for each treatment,
however, there was no significant differences between treatments. The low pH and high alkalinity
values resulted in high carbon conditions (see pCO, and DIC values in Table 1), and the saturation
state for aragonite was near or below 1 in all cores below pH 7.5 (Table 1). Also shown are nutrient

concentrations: there were no differences between treatments for each nutrient measured.

pH impact on the flux of silicate from the sediment to the water column

Although there was a shift in the flux of dissolved inorganic nitrogen (DIN) through the course of the
experiment, going from a source at week 2 to a sink at week 10 (results not shown), with the
exception of silicate (Figure 1), there was no significant relationship between pH and the flux of
nutrients (ammonia, nitrate, nitrite or phosphate) measured over a 24 h period after 2 and 10 weeks
incubation (results not shown). There was a positive flux for silicate at week 2 and week 10. pH had
no impact on silicate flux at week 2 (one-way ANOVA F = 0.12; p = 0.972) (results not shown), but
there was a significant decrease in the flux of silicate from the sediment to the water column in the
pH 7.0 and 7.5 treatments when compared to the other treatments (one-way ANOVAF=3.24;p=
0.033) (Figure 1).

Identification of the composition of the microphytobenthos mat

The pink-pigmented mat appeared in cores receiving seawater adjusted to pH 7.0 and 7.5 after five
weeks incubation, peaked at eight weeks (Figure 2A), but was still visible in small patches after ten
weeks in the cores exposed to pH 7.0 seawater. No pink colouration was evident on sediment cores
receiving ambient pH seawater (Figure 2B), or cores receiving seawater adjusted to pH 6.0 and 6.5.
Examination under a microscope revealed the presence of a community mainly comprising pink
filamentous Cyanobacteria and diatoms (Figure 2C). From the microscope analysis, the same
community appeared to be present within all samples analysed from both pH 7.0 and pH 7.5 cores.
Analysis of sequence data obtained from clone libraries of PCR-amplified Cyanobacteria and
chloroplast 16S rRNA gene sequences revealed the Cyanobacteria to be Spirulina sp., and diatoms of
the Orders Naviculales (OTUs 1) and Bacillariales (OTUs 2 and 3) (Figure 2D). No other
cyanobacterium other than Spirulina was detected in the clone library. OTU 1, most closely related
to a Navicula sp., was the most abundant diatom detected (50% of sequences). Although OTUs 1, 2

and 3 could be detected in samples taken on day 0, no Spirulina sp. sequences were detected,

10
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suggesting that this particular species may have colonised the shell gravel from the seawater

overlying the sediment cores in the mesocosm.

pH impacts on the abundance of 16S rRNA

The activity of Cyanobacteria and micro-algae within the different treatments was compared using
gPCR. Measurements with PCR primers specific for Cyanobacteria and chloroplast 16S rRNA revealed
both significant changes with pH treatment and when the week 2 and week 10 measurements were
compared, but differences in the pH response at week 2 and weeks 10 were also evident (Figure 3A).
At week 2, Cyanobacteria 16S rRNA abundance increased in the pH 6.5, 7.0 and 7.5 treatments, but
the abundance in the pH 6.0 was not significantly different to the value in the control sediments. At
week 10, increases in 16S rRNA abundance were evident only in the pH 7.0 and 7.5 treatments and
was equivalent to an 295% and 690% increase in abundance of cyanobacterial 16S rRNA,
respectively, when compared to the pH 8.0 treatments. This is indicative of a substantial increase in
the activity of Cyanobacteria and micro-algae within the pH 7.0 and pH 7.5 treatments. Similar

profiles were evident for measurements of bacterial 16S rRNA (Figure 3B).

Detailed comparison of the microbial community structure within the pH 7.0, pH 7.5 and pH 8.0
treatments

Although the number of OTUs and measures of species richness (Figure 4A) did not differ between
pH treatments, there was a significant drop for measurements of Shannon diversity (Figure 4B) and
Pielou eveness (Figure 4C) within the pH 7.0 treatments (one-way ANOVAF=7.39; p=0.013 and F =
8.24; p = 0.009, respectively). This suggests that although the same OTUs were present in all
treatments, the low pH cores may have become numerically dominated by a small subset of OTUs.
To compare community composition within the different sediment cores, resemblence matrices
were generated using the Bray-Curtis coefficient, calculated using both the abundance and also the
presence/absence of OTUs. Bray-Curtis abundance matrices indicated significant differences
between pH treatments (ANOSIM R = 0.274; p = 0.035), whereas the resemblance matrices
generated using the presence/absence data sets indicated no differences between treatments
(ANOSIM R = 0.009; p = 0.143), confirming that the changes in community structure were driven by
changes in the relative abundances of OTUs rather than by the presence or absence of different
OTUs in each of the pH treatments. Multidimensional scaling ordination analysis revealed
considerable overlap between the structure of the microbial communities from the pH 8.0 and pH
7.5 treatments, but that the pH 7.0-treated cores differed (Figure 5A). Post-hoc tests confirmed the

pH 7.0 treatments were significantly different to the pH 8.0 and pH 7.5 cores (comparisons of pH 7.0
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and 7.5 R=0.354, p =0.029; pH 7.0 and pH 8.0 R =0.521, p = 0.029; pH 7.5 and pH 8.0 R=-0.094, p =
0.657). Together, this suggests that there were key changes to the relative abundance of dominant
OTUs within the pH 7.0-treated cores, and that there may have been phylogenetic structure to these

changes.

When the OTUs were grouped at Class-level taxonomy, nine Classes were seen to have abundances
greater than 2 % within the data-set (in order of most abundant: Chloroplasts, Subsection Il of the
Cyanobacteria, Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, Marine Group |
(Thaumarchaeota), the Planctomycete Classes OM190 and Planctomycetia and the
Gemmatimonadetes). Of these nine, five showed significant increases or decreases within the pH 7.0
cores (Figure 5B). The relative abundance of chloroplast and Cyanobacteria Sub-section Il sequences
more than doubled at pH 7.0 when compared to the pH 8.0 and pH 7.5 treatments. In contrast, the
Alphaproteobacteria, Planctomycetes Class OM190 and the Thaumarchaeota Marine Group | all
decreased with decreasing pH (Figure 5B). When these differences were examined in more detail,
the changes to the relative abundance of the Classes Chloroplast, Subsection Ill and Marine Group |
were mainly due to changes in the relative abundance of single OTUs (Figure 5C). For Subsection Ill,
the relative abundance of an OTU most closely related to Spirulina sp. and within the Chloroplasts,
an unidentified diatom (OTU #5248), closely related to OTU 1 (Navicula sp.) identified in Figure 2D,
both increased in abundance within the pH 7.0 treatments. An uncultured Nitrosopumilus (OTU
#7731) was mostly responsible for the decreases in relative abundance seen for the Marine Group |
Class. These OTUs were first, second and fourth most abundant OTUs within the entire data-set. The
third most abundant, OTU #4558, very similar to the diatom most closely related to Psammodictyon
panduriforme (OTU 3) identified in Figure 2D, did not differ with pH (results not shown). The fifth
most abundant OTU belonged to the Rhodospirillales. Although the relative abundance of this
particular OTU did not differ between pH treatments (Figure 5C), the changes to the
Alphaproteobacteria could be traced to a decrease in the relative abundance of members of the
family Rhodospirrillaceae. There were significant decreases in the relative abundance of this family
in both the pH 7.0 and 7.5 treatments when compared to the pH 8.0 cores (one-way ANOVA F =
9.43; p = 0.006).

Discussion
This mesocosm study clearly demonstrated that a CO,-induced decrease in the pH of seawater to
either 7.5 or 7.0 resulted in a transient bloom of benthic Cyanobacteria and diatoms, predominantly

consisting of the cyanobacterium Spirulina sp. and diatom species (Figures 2 and 5). Although the
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bloom appeared visually to have begun to die back by week 10 of the experiment, gPCR
measurements of 165 rRNA specific for Cyanobacteria (Figure 3) and detailed analysis of the
community composition indicated increased abundance of the Spirulina sp. and a diatom most
closely related to Navicula sp. within the pH 7.0 treatments (Figures 5c). Also evident were changes
to the composition of the active bacterial and archaeal community, including decreases to the
relative abundance of Rhodospirillales, Planctomycetes Class OM190 and Thaumarchaeota (Figure
5). A decrease in the flux of silicate from the sediment to the water column under these pH
conditions was also evident (Figure 1), perhaps indicating increased uptake of silicate by diatoms to
support growth and reproduction, or due to the increased adsorption of silicate onto hydrated metal
oxides. This is known to occur within sediments under the oxic conditions brought about by the

activity of microphytobenthos (Hartikainen et al. 1996).

Although the diatom species could be detected within pre-exposure sediments, it is possible that the
Spirulina sp. was introduced from the overlying seawater used to feed the sediment cores within
different concentrations of CO,. The composition of microphytobenthos has been shown to vary
with sediment type. Although they are predominantly composed of diatoms, previous studies have
recorded high incidences of Cyanobacteria on coarse grain sediments (Waterman et al. 1999), and
Franks and Stolz (2009) showed that newly colonised sands were mainly comprised of Oscillatoria
sp. and Spirulina sp., indicating that this species readily colonised coarse grain sediments such as
those used within this experiment. Experiments designed to trial the efficiency of Spirulina sp. for
CO, sequestration have also shown this cyanobacterium to increase biomass and CO, fixation rates
within photobioreactors receiving 6 % CO, (de Rosa et al. 2011), suggesting that members of this

Genus are well-equipped to thrive under elevated CO, conditions.

Studies of the impact of elevated CO, on Cyanobacteria within biofilm communities have shown
members of the Chroococcales to increase in abundance (Russell et al. 2013; Taylor et al. 2014), and
enhance inorganic uptake and growth for a number of phytoplankton groups, including the
Cyanobacteria Trichodesmium (Hutchins et al. 2007; Levitan et al. 2007; Lomas et al. 2012) and
diatoms (e.g. Tortell et al. 2008; Trimborn et al. 2009; Sun et al. 2011). Both the Spirulina sp. and
Navicula sp. increased in abundance within the pH 7.0 and 7.5 treatments, and these were
presumably responding to an increase in pCO, concentration. However, the relative abundance of
the OTU most closely related to Psammodictyon panduriforme did not differ between the pH
treatments (Figure 5). This difference may be, in part, related to the carbon concentrating

mechanisms (CCMs) used by marine Cyanobacteria and micro-algae. Due to the inefficiencies of the
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key carbon fixing enzyme, RubisCO (ribulose-1,5-bisphosphate carboxylase/oxygenase), many
phytoplankton species, including diatoms and Cyanobacteria have evolved CCMs to elevate
intracellular concentrations of CO,, but at an energy cost (reviewed by Reinfelder, 2011). It has been
suggested that phytoplankton that rely on diffusive entry of CO, or those that are able to suppress
their CCMs may have a selective advantage under elevated CO, conditions (Raven, 1991). Laboratory
studies have indicated that many diatoms possess relatively efficient CCMs that are strongly
regulated by CO, concentration (Burkhardt et al. 2001; Rost et al. 2003; Trimborn et al. 2009;
Hopkinson et al. 2011). However, diatoms utilise a high diversity of methods to acquire carbon
(Reinfelder et al. 2011), and so species specific responses to elevated levels of CO, may be detected
(Kim et al. 2006; Trimborn et al. 2009; Torstensson et al. 2012). Our results are similar to the
response of the pelagic mesocosm of Kim et al. (2006) where an increase in the specific growth rate
of Skeletonema costatum was observed at 750 patm CO,, but there was no effect on the growth rate

of Nitzschia spp.

Alternatively, the lack of response of the Psammodictyon sp. may have been due to pH changes
brought about by the decrease in pH rather than an increase in CO, concentration. Several diatom
taxa have a statistically significant relationship with pH, and this has been exploited in the use of
diatom community composition as an ecological indicator for monitoring environmental change in
lakes, and to reconstruct past lake-water pH (Birks et al. 1990). In a review of literature published on
the effects of pH on marine phytoplankton growth under laboratory conditions, some species were
able to grow at a wide range of pH, whereas others had growth rates that varied greatly over a 0.5 to
1.0 pH unit change: pH can inhibit growth regardless of CO, concentration for some phytoplankton

species (Hinga 2002).

The presence of microphytobenthos has been shown to increase the lability of sediment organic
matter and as a result, increase bacterial abundance (Hardison et al. 2013). This would be expected
to alter the activity of archaea and bacteria within the sediment surface. Within this study, we have
shown that in conjunction to the increase to the Spirulina sp. and Navicula sp., there was a
corresponding decrease in the relative abundance of 16S rRNA sequences most closely related to the
Alphaproteobacteria (which could be traced to a decrease in the Family Rhodospirrillaceae), the
Planctomycete Class OM190 and the Thaumarchaeota Marine Group | (Figure 5c). The decrease to
the Thaumarchaetoa was mainly due to the decrease in the relative abundance of a single
Nitrosopumilus sp. (Figure 5). These archaea are known aerobic ammonia oxidisers, converting

ammonia to nitrite. However, it is known that pH treatment had no impact on ammonia oxidising
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within this mesocosm experiment: Kitidis et al. (2011) reported no differences to ammonia oxidising
rates between pH treatments. However, ammonia oxidising bacteria may also have been present:
the relative contribution of bacteria and archaea to nitrification within these sediments is not
known. While some archaeal ammonia oxidisers can tolerate a wide range of oxygen levels, others
appear to be more suited to low-oxygen environments (Erguder et al. 2009). It may be possible that
the archaeal ammonium oxidisers present within the sediments within this study preferred lowered
oxygen concentrations and were sensitive to the presumably high levels of oxygen produced by the
photosynthetic activities of the dominant Cyanobacteria and diatom species. The Rhodospirrillaceae
contain the purple non-sulphur bacteria, common inhabitants of microphytobenthos mats. This
group of bacteria are anaerobic anoxygenic phototrophs, typically using hydrogen as a reducing
agent during photosynthesis (Hubas et al. 2011). The purple non-sulphur bacteria migrate away from
oxygen (Hubas et al. 2011), and it is also possible that the high levels of oxygen presumably
produced by the photosynthetic activity of Cyanobacteria and diatoms within the biofilm resulted in
a decrease in this group. Members of the OM190 have been detected in a variety of marine
environments, and are commonly found associated with algae (Rappe et al., 1997; Bengston &
Ovreas, 2010). But as no cultured representative of this deeply branching group currently exists,
there is very little knowledge on the function of this group within marine ecosystems. Interestingly,
the relative abundance of the class Planctomycetacia was shown to increase with increasing pCO,
concentration in a previous benthic mesocosm studying the impact of elevated pCO, on Arctic
sediment microbial communities (Tait et al. 2013). More information is required on the function of
the members of the Planctomycetes within marine sediments to understand the impact of elevated
CO, on this group, and the possible consequences for the biogeochemical cycling on nutrients within

marine sediments.

The microphytobenthos bloom was most evident in the pH 7.0 and 7.5 cores after 6 weeks, peaked
at 8 weeks but had declined by week 10, being only visible in small patches in the pH 7.0 cores. The
dense layer of diatoms and Cyanobacteria at the sediment surface may have depleted essential
nutrients, causing a crash in the microphytobenthos population. Alternatively, an increase in grazing
by meiofauna may have resulted in the decrease in microphytobenthos. Microphytobenthos are an
important food source for meiofauna in intertidal environments (Miller et al., 1996). Although
acidification did not change meiofauna abundance in the pH 7.0 or 7.5 treatments when compared
to the pH 8.0 controls (Jeroen Ingels, personal communication), a number of studies have now

shown that many invertebrates cope with elevated CO, by use of energetically expensive
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physiological processes (Findlay et al. 2010; Stumpp et al. 2012) and as a result may consume more

food per individual (Thomsen et al. 2013).

There was a significant increase in the abundance of cyanobacterial 16S rRNA within the pH 6.5
cores at week 2, but at week 10 the abundance of cyanobacterial 16S rRNA within both the pH 6.0
and 6.5 treatments did not differ to the pH 8.0 cores (Figure 3). Although there was a shift in the flux
of DIN through the course of the experiment, going from a source at week 2 to a sink at week 10,
there were no significant differences between pH treatments for both DIN and dissolved inorganic
phosphate fluxes. The levels of nutrients measured within the seawater above the cores also
indicated that there were no differences to the nutrient concentrations with pH (Table 1), and so it is
unlikely that the pH 6.0 and 6.5 cores were nutrient limited. Again, this may have been due to
increased grazing by meiobenthos under the high CO, conditions. Alternatively, it is conceivable that
the CO,-induced low pH directly impacted the growth of microphytobenthos bloom within the pH
6.0 and 6.5 treatments. Although both Spirulina sp. and diatoms are capable of growing at a range of
pH, including < pH 6.0 for certain species in laboratory cultures (Ramanan et al. 2010; Hinga, 2002)
within our mesocosm, it is possible that a decrease in pH to values as low as pH 6.0 and 6.5 may
have indirectly impacted the microbial activity. For example, during the CO, release experiment in
Ardmucknish Bay, there was increased dissolution of minerals, including several toxic species
(Lichtschlag et al. manuscript under review) and this was thought to have caused a decrease in the
abundance of microbial 16S rRNA genes (Tait et al. 2015). For the diatom species, silicon

biomineralisation may also be problematic within low pH environments (Hervé et al. 2012).

There is a need to understand the impacts of a CO, leak on the surrounding environment. In
addition, the European Commission (EC) directive (2009/31/EC) on geological storage of CO,
requires the establishment of a framework for the detection of CO, seep. An increased
understanding of the possible scenarios triggered by CO, leaks could lead to low-cost strategies for
monitoring CO,. The QICS project concluded that the use of autonomous underwater vehicles
equipped with a range of sensors, including both chemical and acoustic (for gas bubbles) would be a
useful monitoring strategy (Blackford et al, 2014). Monitoring for blooms of microphytobenthos may
also prove to be a low-cost, additional indicator of a CO, leak from injection pipeline failure in
coastal areas. Along with direct observation, this could be monitored via chlorophyll pigment
analysis of surface sediments. However, it is essential that these approaches are applied in
conjunction with detailed, seasonal, baseline studies of potential CO, storage sites to determine

natural variability in both the biology, but also natural variability in CO, levels. In addition, continued
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comparisons to a nearby reference site of similar sediment characteristic and water depth would
also be essential to untangle natural, temporal (both seasonal and diurnal) changes to the

microphytobenthos community from those caused by CO, leakage.

Conclusions

The current study has demonstrated a clear impact to the microbial community, specifically an
increase to primary producers, creating a visible bloom of Spirulina and diatom species. However
although two diatom species dominated the surface sediment microbial communities, only one
species, most closely related to a Navicula sp. also increased in abundance within the pH 7.0
treatments. More studies are required to understand the underlying mechanisms in the response of
benthic Cyanobacteria and micro-algae to elevated levels of CO,, including the possible role of
carbon concentrating mechanisms and differences in sensitivities to pH. The microphytobenthos
bloom did not occur within the pH 6.0 or 6.5 treatments and again more study is required to
understand why this s occurred. Possibilities include increased grazing by meiobenthos, the release
of toxic metals, as indicated by the Ardmucknish Bay field experiment (Licthschlag et al. manuscript
under review), impacts to silicon biomineralisation or combinations of all of these factors. The
abundance of photosynthetic microbes could prove to be an effective biological indicator for the
detection and monitoring of CO, leaks within specific locations, such as pipelines within coastal

areas.
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Table 1: Environmental conditions in the cores averaged over the 10 week experimental period,

values are means (* 95 % confidence intervals). pH, temperature (2C), salinity and total alkalinity (TA,

pmol kg?) were measured and used to calculate pCO, (patm), dissolved inorganic carbon (DIC, umol

kg™), and saturation states for calcite (Qc) and aragonite (Qa). Also shown are average water nutrient

concentrations (UM) calculated from measurements taken throughout the 10 week incubation

period.
target pH 8.0 7.5 7.0 6.5 6.0
pH 7.98 (£0.021) 7.47 (+0.043) 7.11(+0.032) 6.69 (£0.032) 6.14 (+0.030)
Temperature (°C)  10.8 (+0.08) 11.0(+0.12) 11.1(+0.14) 10.8(+0.07)  10.6 (+0.09)
Salinity 33.8(£0.10) 33.7(+0.08) 33.7(+0.07) 33.8(+0.08)  33.7(£0.07)
TA (umol kg™ 2561 (+ 50) 2512 (£ 49) 2531 (£ 53) 2572 (£ 39) 2594 (+ 83)
pCO, (natm) 711 (+25) 2382 (£190) 5627 (+309) 15157 (+924) 54396 (+ 1902)
DIC (umol kg™ 2441 (+ 40) 2564 (+35) 2748 (+38) 3214 (+ 30) 4937 (£ 52)
Qc 2.52(£0.16) 0.84(+0.10) 0.37(+0.04) 0.14(x0.02) 0.04 (£ 0.01)
Qn 1.6 (£0.11) 0.53(£0.07) 0.24(+0.02) 0.09(+0.01) 0.03 (£ 0.01)
Ammonia 0.85(+0.33) 0.75(+0.27) 0.55(+0.13) 0.70(+0.4)  0.85(+0.21)
Nitrate 6.15(+1.01) 6.51(+1.18) 6.93(+0.94) 5.96(£0.97)  6.33(£0.93)
Nitrite 0.14 (+0.018) 0.14 (+0.021) 0.13 (+0.019) 0.10(+0.013) 0.15 (+0.027)
Phosphate 0.55(+x0.09) 0.64(+0.16) 0.63(+0.12) 0.68(+0.11) 0.69 (£ 0.11)
Silicate 5.25(+0.41  5.20(+0.54) 5.13(£0.38) 5.38(+0.44) 5.27 (+0.42)
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Comparison of sediment surface of cores incubated at pH 7.0 (A) and pH 8.0 (B). A pink mat of
microphytobenthos mat can be clearly seen in the cores exposed to pH 7.0. Bar is 3 cm. (C) Microscope
image of microphytobenthos mat showing the presence of pink cyanobacterial filaments and diatoms. Bar is
100 um. (D) Phylogenetic tree of Cyanobacterial and Chloroplast 16S rRNA OTU data derived from clone
libraries of segments of the pink microphytobenthos mat calculated using MEGA 5 (Tamura et al., 2007).
OTUs were identified at 97% nucleotide similarity. The number of sequences found within each OTU is
indicated in brackets. The tree topology is based on maximum likelihood and bootstrap analysis was
performed with 1000 replications (MEGA 5). Reference sequences and their accession numbers are also

shown
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Supplementary Table 1: Comparison of sequence data from each core and CO, treatment. Shown
are the number of sequences per sample post-processing, the number of OTUs (clustered at 97%
sequence similarity) and the ratio of bacterial:archaeal sequences in the data-set. This is compared
to the ratio of bacteria:archaea obtained by RT gPCR of 16S rRNA. Due to the variability amongst the
numbers of sequences obtained for each sample, all cores were sub-sampled to the lowest value,

5237 (obtained for core no. 28). Also shown (in bold) are totals calculated from combined sequence

FEMS Microbiology Ecology

data from each CO, treatment.

RE-SAMPLED DATA
(5237 sequences per

RAW DATA core) - 97% similarity
Ratio Ratio Ratio

Archaeal: | Archaea: Archaeal:

Core No. No. Bacterial Bacteria No. Bacterial

pH Number | sequences OTUs sequences qPCR OTUs sequences
8 26 7490 3482 0.05 0.04 1916 0.05
27 7002 2794 0.11 0.11 1686 0.11
28 5237 2664 0.07 0.08 1861 0.07
29 8843 4629 0.12 0.18 2118 0.13
TOTAL 28572 13406 0.09 0.10 5630 0.09
7.5 31 9869 4205 0.03 0.03 1963 0.03
32 10292 4025 0.04 0.09 1789 0.05
33 10109 5143 0.07 0.09 2307 0.07
35 11535 6257 0.04 0.07 2288 0.04
TOTAL 41805 19403 0.05 0.07 6442 0.05
7 37 10712 4594 0.01 0.04 2052 0.01
38 6870 2312 0.10 0.08 1395 0.10
39 6199 1943 0.03 0.05 1335 0.03
40 15424 4425 0.01 0.04 1485 0.01
TOTAL 39205 13162 0.04 0.05 4931 0.04

ScholarOne Support 1-434/964-4100

Page 32 of 32



