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Abstract 

 It has been established that ocean acidification will adversely affect calcifying 

organisms but little is known about its effects on bacterioplankton and the 

biogeochemical processes which they catalyse.  In this thesis, the impact these changes 

may have on microbialy driven processes is assessed through a mesocosm experiment 

conducted in a Norwegian fjord near Bergen in May 2006.  Three mesocosms were 

bubbled with CO2(g) to simulate the predicted future conditions of rising atmospheric 

CO2 concentrations (~760ppm, pH ~7.8), while another three were treated as controls 

and bubbled with ambient air to represent present day conditions (~380ppm, pH ~8.15).  

The mesocosms were amended with nitrate and phosphate [16:1] to stimulate a 

phytoplankton bloom and scientific measurements and analyses were conducted over a 

23 day period.  At the peak of the phytoplankton bloom chlorophyll-a concentration was 

~34% higher under ambient CO2 conditions compared to the high CO2.  This was 

reflected in the flow cytometry results which showed a significant decrease of 

coccolithophorid and picoeukaryote cell numbers in the high CO2 treatment.   Analysis 

of 16S rRNA gene clone libraries supported by qPCR data revealed that elevated CO2 

resulted in a sharp decline in Roseobacter-like bacteria from the Alphaproteobacteria 

which are significant consumers of the algal osmolyte dimethylsulphoniopropionate 

(DMSP).  Stable isotope probing using 
13

C labelled sodium bicarbonate revealed that the 

assimilation of dissolved inorganic carbon by Roseobacter-like bacteria is more 

prevalent than previously thought making them major contributors to global CO2 

fixation.  Furthermore, metagenomic analysis of the ambient and high CO2 libraries 

revealed a significant decrease in genes coding for DMSP demethylase in the high CO2 

metagenome.  This gene is responsible for the catabolism of DMSP resulting in the 

eventual release of methanethiol, a source of reduced sulfur for marine bacteria.  

However, DMSP degradation may proceed down an alternate route known as the lyase 

pathway resulting in the release of the climatically active gas dimethylsulfide (DMS).  In 

conclusion, the findings of this study strongly suggest that the subsequent decline in 

Roseobacter species will shift the balance in the degradation of DMSP in favour of the 

alternate lyase pathway resulting in increased production of DMS and a decrease in the 

concentration of methanethiol.  It is believed that the consequent loss of fixed sulfur will 

affect ocean productivity and that global climate patterns may change due to the 

scattering of solar radiation by increased atmospheric sulfur. 



1. Introduction 

1 

 

1. Introduction 

  



1. Introduction 

2 

 

1.1 Ocean acidification 

Ocean acidification is a term used to describe the direct consequence of 

increasing levels of atmospheric carbon dioxide (CO2) altering the chemistry of the 

oceans.  According to the National Oceanic and Atmospheric Administration (NOAA) 

atmospheric CO2 levels have risen from 280 ppm in the 1700s to the current 

concentration of 398.0 ppm (February 2014).  This increase is governed by two major 

anthropogenic forcing factors, the burning of fossil fuel for industrial processes and 

changes in farming practices such as land clearance for livestock (Raupach et al., 2007).  

Atmospheric CO2 levels are now at their highest for at least the past 650,000 years when 

they were between 180 to 300 ppm (Siegenthaler et al., 2005, IPCC, 2007).  This 

increase is now having a profound impact on global temperature as CO2 retains infrared 

heat that would normally be radiated back into space and as a consequence the planet is 

getting warmer.  According to the NASA Earth Observatory the global average surface 

temperature rose 0.6 to 0.9 °C between 1906 and 2005 (Riebeek, 2010) while climate 

model projections predict a further rise in global temperature of between 1.8 to 4.0 °C by 

the end of 2100 (IPCC, 2007). 

Approximately one-third of the anthropogenic carbon emissions released have 

been absorbed by the oceans (Sabine et al., 2004) which is expected to rise to ~90% by 

the end of the millennium (Archer et al., 1998, Kleypas et al., 2006).  Currently, the 

oceans are absorbing around 22 million metric tons of CO2 per day (Feely et al., 2008) 

which has decreased seawater pH by 0.1 units since the industrial revolution (Feely et al., 

2004; Sabine et al., 2004, Orr et al., 2005).  However, since the units on the pH scale are 

logarithmic this equates to a 33% increase in hydrogen ion (H
+
) concentration which is 

expected to increase as ocean acidification models predict a further decrease in pH of 

0.3–0.4 pH units by the end of the century (Houghton et al., 2001). 

1.2 Climate models 

In 1992 the Intergovernmental Panel on Climate Change (IPCC) devised six 

emission scenarios (IS92a to f) based on assumptions regarding population growth, 
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social and economic development, land use, energy use and technological advances 

(Houghton et al., 1992).  IS92a and IS92b are middle of the range scenarios using a 

combination of fossil fuel and renewable energy resources with no new emission polices 

being implemented.   IS92c and IS92d are best case scenarios with the high cost of gas 

and oil promoting investment in renewable energy.  IS92e and IS92f are worse case 

scenarios with high population and plentiful fossil fuel availability leading to less 

investment in renewable energy.  Of the proposed emission scenarios, IS92a has been 

widely accepted as a plausible framework in order to assess future uncertainties 

regarding greenhouse gas emission.  Under the IS92a scenario, the population rises to 

11.3 billion by 2100 with economic growth averaging 2.3% annually between 1990 and 

2100.  A mixture of conventional and renewable energy sources are used with CO2 from 

burning fossil fuels increasing from 7.4 Gt in 1990 to 20.3 Gt in 2100, increasing 

atmospheric CO2 concentration from 354 ppm to 723 ppm (Figure 1.1). 

The IS92a scenario has been used in numerous climate model studies and is often 

referred to as the "business-as- usual" scenario.  A recommendation by the 1994 IPCC 

evaluation of the usefulness of the IS92 scenarios stated that, “due to the high degree of 

uncertainty regarding future climate change, analysts should use the full range of IS92 

emissions as input to climate models rather than a single scenario”.  The review 

concluded that the mere fact of IS92a being an intermediate or central CO2 emissions 

scenario at the global level does not equate it with being the most likely scenario.   

In 2000, the IPCC released a new set of scenarios in its third assessment report 

(Special Report on Emissions Scenarios - SRES) to analyse how driving forces could 

influence future emission outcomes and assess associated uncertainties (IPCC, 2000).  

Initially, four storylines (A1, A2, B1 and B2) were created which combined two sets of 

opposing tendencies: one set varying between strong economic values and strong 

environmental values, the other set between increasing globalization and increasing 

regionalization (IPCC, 2000).  From these storylines, 40 equally valid scenarios were 

developed of which six were chosen to represent the uncertainties of future greenhouse 
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gas emissions.  The six scenario groups (A1FI, A1B, A1T, A2, B1, B2) encompass 

demographic change, social and economic development and technological advances.   

 

 

Figure 1.1 Projected CO2 emissions for the IS92a “business as usual” scenario 

 

The A1 scenarios depict a future world of rapid economic growth, a global 

population which peaks in the middle of the century to 9 billion then declines thereafter 

and the introduction of new efficient technologies.  The A1 subgroups can be 

distinguished by their technological emphasis: fossil fuel intensive (A2F1), non-fossil 

energy sources (A1T) and a balance emphasis across all energy sources (A1B).   

The A2 scenario describes a heterologous world of independently operating 

nations with an underlying theme of self-reliance and local identity.  Populations are 
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continuously increasing reaching 15 billion by 2100.  Economic development is 

regionally orientated and technological changes are more fragmented and slower than 

other scenarios. 

The B1 scenario assumes continuing globalization and economic growth with the 

population rising to 9 billion by 2050 and then gradually declining. This world is more 

integrated and ecologically astute with emphasis on global solutions to economic, social, 

and environmental sustainability.   

The B2 scenario shows a world with a continuously increasing global population 

reaching 10.5 billion by 2100.  This emphasis of this scenario is based on local and 

regional development rather than global solutions to economic, social and environmental 

stability. Technological changes are more diverse than A1 and B1 scenarios though they 

are less rapid and more fragmented.    

Based on the Integrated Science Assessment Model (ISAM) (Jain et al., 1994) the 

projected 2100 atmospheric CO2 levels for the emission scenarios range from 549 ppm 

(B1) to 970 ppm (A1FI) (Figure 1.2).  This will greatly influence the global mean 

temperature which is predicted to increase in all scenarios ranging from 1.9 °C to 3.3 °C 

leading to a rise in sea level of between 55 – 70 cm (Strengers et al., 2004). 

The IPCC fifth assessment report dealing with the physical basis of climate 

change was released in September 2013 (Stocker et al., 2013).  To ensure accuracy the 

report was subjected to three rounds of reviews by academic and governmental reviewers 

worldwide in order to establish an objective and balanced assessment.  The report stated 

that each of the last three decades had been progressively warmer than preceding decades 

since observations began in 1850.  Human activities can account for all the observed 

warming (with a 95% certainty) and there is no evidence of a significant contribution 

from natural sources.  As a consequence, sea level rise will proceed at a faster rate than 

what has been observed during the past 40 years with global sea rise from 2081 – 2100 

being between 26 cm (low estimate) and 82cm (high estimate) depending on greenhouse 

emissions. 
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Figure 1.2 Predicted increase in atmospheric CO2 concentration of six SRES scenarios using the 

ISAM carbon cycle model. 

 

1.3 Carbon dioxide (CO2) 

Carbon dioxide is a colourless, odourless, non-flammable liquid gas which is 

heavier than air and soluble in water.  The primary source of CO2 is from volcanic 

emissions, mid-ocean ridges and degassing of unerupted magma beneath volcanoes.  

Global estimates of annual volcanic CO2 output have been calculated at 0.26 Gt with 

minimum and maximum global estimates of 0.18 – 0.44 Gt per annum (Marty and 

Tolstikhin, 1998).  This is a relatively modest output in comparison to the CO2 emissions 

of light vehicles (3.0 Gt per year) and cement production (1.4 Gt per year) (Gerlach, 

2011).  In fact, volcanic CO2 emissions are comparable to two dozen 1000 mega-watt 

coal-fired power stations which is approximately 2% of the world’s coal-fired electricity 

generating capacity (Gerlach, 2011). 
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1.3.1 The carbon cycle  

The carbon cycle is a sequence of events where atmospheric CO2 exchanges 

rapidly with terrestrial systems and the oceans.  In terrestrial ecosystems, plants use 

water and sunlight to assimilate CO2 and convert it into organic carbon in a process 

known as photosynthesis.  Carbon compounds are then transferred through the food 

chain to heterotrophic organisms via the consumption of plant biomass.  Carbon (in the 

form of CO2) is then returned to the atmosphere via respiration pathways of autotrophic 

and heterotrophic organisms or by the burning of organic matter such as forest fires and 

land clearance.   Alternatively, it can be stored in the soil until it is returned to the 

atmosphere via soil respiration, washed into rivers and oceans or until it is available as 

fossil fuel for future combustion.  Terrestrial carbon storage primarily occurs in forests 

with the sum of carbon living in terrestrial biomass and soils being three times greater 

than the CO2 in the atmosphere (Dean and Gorham, 1998).   

After the lithosphere, the oceans contain the greatest amount of carbon in the 

world sequestering 20 – 35% of anthropogenic CO2 (Khatiwala et al., 2009).  

Atmospheric CO2 continuously exchanges with oceanic CO2 in order to reach a state of 

equilibrium between the atmosphere and surface waters.  Consequently it is the oceans 

which determine atmospheric CO2 concentration, not vice versa (Falkowski et al., 2000).  

However, the buffering capacity of the ocean is not finite as the availability of carbonate 

ions (CO3
2-

) will eventually limit how much bicarbonate (HCO3
-
) can be formed thereby 

decreasing the ability of the surface oceans to absorb CO2 (Egleston et al., 2010).  The 

majority of anthropogenic CO2 is found in the upper ocean with approximately 30% 

found at depths shallower than 200 m and almost 50% at depths above 400 m (Sabine et 

al., 2004).  CO2 is more soluble in cold saline waters with the North Atlantic being a 

particularly strong sink region accounting for more than 40% of the global ocean CO2 

uptake (Takahashi et al., 2002).  In winter, these cold waters which are heavily enriched 

with dissolved organic carbon (DIC) sink to the ocean depths and flow southwards across 

the equator where they eventually enter the Antarctic circumpolar current.  Here they 

mix with other deep water masses and move northwards filling the deep waters into the 
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Pacific and Indian oceans (Schmittner et al., 2013).  This mechanism of physical mixing 

known as the solubility pump is balanced when the waters from the ocean interior are 

brought back to the warm surface waters, decades to several hundred years later 

(Falkowski et al., 2000). 

In contrast, phytoplankton assimilate CO2 or HCO3
-
 via photosynthesis in order to 

promote the synthesis of organic compounds (equation 1.1).  This mechanism known as 

the biological pump reduces the partial pressure of CO2 in surface waters thereby 

promoting the absorption of atmospheric CO2. 

6CO2 + 6H2O + light energy ⟶ C6H12O6 + 6O2 [1.1]     

After cell death the fixed CO2 sinks into the interior of the ocean or is released as 

particulate organic carbon (POC) where the majority is oxidized through heterotrophic 

respiration and recirculated to the surface as DIC.  The remaining organic carbon sinks to 

abyssal depths (4,000 – 6,000 m) and a small fraction reaches the deep ocean sediments 

where it can be buried for millennia (Solomon et al., 2007).  The biological pump is 

responsible for reducing the current atmospheric CO2 concentration by 150 – 200 ppm as 

it exports approximately 11 – 18 Gt of organic carbon per year from surface water to the 

ocean interior (Falkowski et al., 2000). 

Phytoplankton also influence the carbon cycle by precipitating inorganic carbon 

as calcium carbonate (CaCO3) for the formation of calcareous skeletons (calcification).  

This leads to a reduction in surface ocean DIC relative to the deep ocean and as a 

consequence is known as the carbonate cycle.  There are two main forms of calcium 

carbonate which can be differentiated by their mineral structure and different solubility 

properties.  Planktonic foraminifera and coccolithophores secrete shells made of calcite, 

whereas pteropods form shells made of aragonite which is ~50% more soluble in 

seawater than calcite (Mucci, 1983).  Marine biogenic calcification is closely coupled to 

photosynthesis and respiration with CaCO3 production being mostly limited to the upper 

photic zone (Brownlee and Taylor, 2002).  Photosynthetic assimilation of CO2 enhances 

calcification by shifting the carbonate equilibrium towards carbonate and increasing pH, 
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thereby increasing the saturation state of CaCO3 (Gao et al., 1993).  Conversely, 

respiration acts in the opposite manner decreasing ocean pH and the saturation state of 

CaCO3 thereby hampering the calcification process (De Beer and Larkum, 2001).  

Calcification is a major oceanic process through which carbon is stored in the open 

ocean, shallow seas and in sediments (Frankignoulle et al., 1995).  In the precipitation 

reaction the sum total of DIC is reduced but the remaining carbon is repartitioned 

resulting in CO2(aq) thereby increasing pCO2 in the surface ocean (Ridgwell and Zeebe, 

2005)   For each mol of CaCO3 precipitated, 0.6 mol of CO2 is produced (equation 1.2) 

reducing seawater total alkalinity (TA) by two equivalents (Gattuso et al., 1995). 

Ca
2+ 

+ 2HCO3
- ⟶ 

CaCO3 + CO2 + H2O [1.2] 

Conversely, the dissolution of CaCO3 during rock weathering results in decreasing pCO2 

in the surface ocean (equation 1.3). 

CO2 + H2O + CaCO3 ⟶ Ca
2+ 

+ 2HCO3
-
  [1.3] 

Although the formation and burial of CaCO3 provides a net sink for carbon, it is the 

balance between calcification and photosynthesis that determines whether calcifying 

organisms act as a sink (absorbing CO2) or as a source of CO2 to the atmosphere (Barker 

et al., 2003).  Calcifying organisms play an import ecological role in marine ecosystems 

which is evident from the vast calcite deposits found in geological records (Van de Waal 

et al., 2013).  The majority of CaCO3 production is carried out by pelagic foraminifera 

and coccolithophores though coccolith calcite dominates the CaCO3 in sediments as it 

dissolves less rapidly than foraminifera calcite (Broecker and Clark, 2009).   

1.3.2 Greenhouse effect of CO2 

CO2 is only one of several greenhouse gases in our atmosphere which include 

methane, ozone, nitrous oxide, halocarbons and water vapour.  The primary effect of 

greenhouse gases is increased absorption of thermal radiation from the earth’s surface 

thereby increasing the air temperature of the troposphere.  Radiative forcing is a measure 
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of the influence a factor has in altering the balance of incoming and outgoing energy in 

the earth’s atmosphere expressed in watts per square meter (W/m
2
).  The largest 

contribution of total radiative forcing caused by greenhouses gasses (excluding water 

vapour) is CO2 which in 2011 was 1.68 W/m
2
 (Figure 1.3).  It was stated in the IPCC 

summary report for policy makers (Stocker et al., 2013) that: 

“Warming of the climate system is unequivocal and since the 1950s, many of the 

observed changes are unprecedented over decades to millennia.  The atmosphere and 

ocean have warmed, the amounts of snow and ice have diminished, sea level has risen, 

and the concentration of greenhouse gases have increased”.   

Currently, the total level of radiative forcing is 2.3 W/m
2 

which taking into 

account the surface area of the earth (5.0x10
14

 m
2
) gives a total warming effect of 

approximately 1150 terawatts – more than 76 times the worlds average rate of energy 

consumption which is currently about 15 terawatts.     
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Figure 1.3 Radiative forcing estimates in 2011 relative to 1750 for the main drivers of climate 

change. Values are global average radiative forcing (RF14), partitioned according to the emitted 

compounds or processes that result in a combination of drivers. The best estimates of the net 

radiative forcing are shown as black diamonds with corresponding uncertainty intervals; the 

numerical values are provided on the right of the figure, together with the confidence level in the 

net forcing (VH – very high, H – high, M – medium, L – low, VL – very low). Figure obtained 

from IPCC (2013) Summary for Policymakers. 

 

1.4 Impact of anthropogenic CO2 on seawater carbonate chemistry 

The inorganic carbon system is the most important chemical equilibria in the 

ocean as it is largely responsible for regulating the pH of seawater (Fabry et al., 2008).  

Dissolved inorganic carbon is present in seawater in three forms; aqueous carbon 

dioxide, (CO2(aq)) bicarbonate ions (HCO3
-
) and carbonate ions (CO3

2-
) all of which can 

interchange rapidly with each other to maintain chemical equilibrium (Johnson, 1982).  

When CO2 dissolves in seawater, carbonic acid (H2CO3) is formed (equation 1.4).  

H2CO3 immediately dissociates releasing bicarbonate (HCO3
-
) and a proton (H

+
) 
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(equation 1.5).  Conversely, HCO3
- 
can dissociate to carbonate ions and a proton (H

+
) 

(equation 1.6).   Both equations (1.5 and 1.6) have produced protons thereby reducing 

ocean pH.  In an attempt to balance the equilibrium between HCO3
-
 and CO3

2- 
the excess 

H
+
 is neutralized by interacting with carbonate ion to form another bicarbonate (equation 

1.7). 

CO2(aq) + H2O ⇄ H2CO3(aq) [1.4] 

            H2CO3 ⇄ HCO3
- 
+ H

+
 [1.5] 

 HCO3
- ⇄ CO3

2- 
+ H

+
 [1.6] 

 CO3
2 
+ H

+ ⇄ HCO3
-
 [1.7] 

Due to the natural buffering capacity of the ocean, absorption of CO2 does not always 

result in the production of H
+
 and a decrease in pH as CO2 can be neutralized by reacting 

with CO3
2- 

resulting in the production of 2HCO3
- 
(equation

 
1.8).   

 CO2(aq) + CaCO3
 
+H2O

 ⇄  
2HCO3

-
+ Ca

2+
 [1.8] 

The buffering capacity of the ocean is therefore dependent on the concentration 

of CO3
2- 

and can be progressively reduced as more CO2 is added to the system and CO3
2- 

 

is consumed (Barker and Ridgwell, 2012).  Due to the influx of anthropogenic CO2 the 

carbonate system is rapidly changing leading to an increase of carbonic acid and 

bicarbonate ion concentration while decreasing the pH and carbonate ion concentration 

(Zeebe and Wolf-Gladrow, 2001).  Currently, (pH 8.07) 91% of ocean DIC is in the form 

of bicarbonate ions, 8% is carbonate ions and 1% is carbonic acid.  However, as more 

CO2 is absorbed ocean pH will decrease further and the balance between the three DIC 

species will change (Figure 1.4).  As a consequence, a decrease in ocean pH predicted by 

the SRES A2 scenario (pH 7.65 by 2100) would result in a 300% increase in carbonic 

acid concentration, a 9% increase in bicarbonate ion concentration and a 56% decrease in 

carbonate (Caldeira and Wickett, 2005, Royal Society, 2005).  
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Figure 1.4 Bjerrum plot depicting the inter-relationship of relative proportions of carbonate 

species and pH.  The shaded region indicates the narrow variation of pH observed at the present 

due to regional and seasonal factors Royal society (2005).  

1.4.1 Impact of anthropogenic CO2 on calcification 

Calcium carbonate (CaCO3) is a fundamental building block for numerous marine 

organisms which are critical for maintaining the biological diversity of the oceans.  

Organisms on higher trophic levels (including humans) rely on marine calcifiers for 

nutrition, shelter and their contribution in numerous biogeochemical cycles.  For 

example, calcareous phytoplankton and zooplankton form the basis of the food chain for 

numerous commercial fish species and play crucial roles in carbon and sulfur cycles.  

Bivalve mollusks such as oysters, mussels, scallops and clams are economically 

important with the global harvest of shellfish estimated at 10 – 13 billion USD and 

representing 13 – 16% of total global seafood consumption (Parker et al., 2013).  Coral 

reefs which secrete copious amounts of calcium carbonate are among the most diverse 

and productive of marine ecosystems proving feeding grounds and nursery areas for 

marine species.  Furthermore, they protect coastal regions by acting as natural 

breakwaters which dissipate wave energy and prevent coastal erosion.  
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However, calcium carbonate can also dissolve in seawater if the concentration of 

carbonate and calcium ions is below a critical level known as the saturation state.  The 

saturation state of seawater in respect to calcite (ΩCalc) and aragonite (ΩArag) can be 

defined as the product of the concentrations of dissolved calcium and carbonate ions in 

seawater divided by their product at equilibrium (equation 1.9).  

 

Where KCalc and KArag (mol
2
 Kg

-2
) are the apparent stoichiometric solubility 

products of calcite and aragonite in seawater.  In the ocean Ca
2+ 

is only weakly affected 

by the precipitation and dissolution of carbonate minerals and does not vary by more 

than 1.5%.  Therefore, the degree of saturation of seawater in respect to calcite and 

aragonite is determined by variations in ratio of CO3
2- 

from their respective 

stoichiometric solubility product (Feely et al., 2004).  Marine organisms that produce 

CaCO3 inhabit regions above the calcite saturation horizon, where CaCO3 can exist in 

solid form. In regions where ΩCalc or ΩArag is > 1 seawater is supersaturated and the 

formation of shell is favoured.  However if seawater is undersaturated (Ω < 1) it is 

corrosive and calcium carbonate will dissolve. It is therefore highly probable that ocean 

acidification will decrease the saturation state of CaCO3 and raise the saturation horizon 

closer to the surface.  Acidification events are already appearing with seasonal upwells of 

undersaturated seawater with respect to aragonite (Ω < 1) along the California coastline 

at pH 7.75 (Feely et al., 2008). 

Natural variability in ocean pH is also observed due to the changes in biological 

activities such as calcium carbonate precipitation and dissolution, nutrient utilization, 

respiration and photosynthesis (Schulz and Riebesell, 2013).  Changes in seawater pH 

may also seasonal, differing from region to region with the highest variability being 

observed in low buffered eutrophic regions such as the Baltic Sea (Thomsen et al., 2010). 
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The degree of severity that ocean acidification will have on calcification will 

depend largely on the form of mineral precipitated.  It is expected, at least in the short 

term that calcitic plankton such as coccolithophorids and foraminifera will fare better as 

calcite undersaturation is predicted to lag behind that of aragonite by 50 – 100 years (Orr 

et al., 2005).  In fact, several research studies have reported that certain coccolithophores 

species fare better under elevated CO2 conditions with increased calcification and net 

primary production (Iglesias-Rodriguez et al., 2008; Shi et al., 2009, Fukuda et al., 

2014). 

 Pteropods, the major planktonic producers of aragonite are found in high 

densities in polar and sub Polar Regions.  Although they constitute only 6.5% of the total 

abundance density of grazers in the Southern Ocean, aragonite production constitutes 

12% of the total carbon flux worldwide (Berner and Honjo, 1981).  Pteropods are also 

important prey for larger zooplankton with some marine gastropods (e.g. Clione) preying 

exclusively on them.  Fish, squid and birds also consume pteropods and they are a major 

food source for juvenile salmon (Hunt et al., 2008; Karnovsky et al., 2008, Mackas and 

Galbraith, 2011). 

Laboratory experiments investigating the effects of ocean acidification in 

pteropods found they precipitate lower rates of CaCO3, (Comeau et al., 2010) exhibit 

shell malformation (Comeau et al., 2010) and shell dissolution (Orr et al., 2005) at 

reduced pH.  However, similar results have recently been observed when analyzing 

freshly caught specimens from the Southern Ocean (Bednarsek et al., 2012).  The region 

sampled had a shallow aragonite saturation horizon (ΩArag≈1 at a depth of 200 m) due 

to upwelling of undersaturated deep waters combining with the upper mixed surface 

layer.  Analysis of pteropod morphology revealed that juvenile specimens showed severe 

levels of dissolution over their entire shells, indicating that the periostracum (outer layer 

of the shell) provided little or no protection (Figure 1.5).  Scanning electron microscopy 

(SEM) revealed that the amount of dissolution was comparable to a laboratory 

experiment in which pteropods were subjected to an 8 day incubation in aragonite 

saturation levels of 0.94 – 1.12.  The researchers concluded that the detrimental effects 
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on calcification were partially due to oceanic absorption of anthropogenic CO2 which is 

already impacting marine species long before aragonite undersaturation levels are 

reached (Bednarsek et al., 2012). 

 

 

Figure 1.5 SEM images of juvenile pteropod L. helicina antarctica showing; intact organism 

without any shell dissolution, (A) dissolution and fragmentation of entire shell (B) dissolution of 

crossed-lamellar matrix (C).  Periostracum has been removed from images B and C in order to 

show different levels of dissolution.  Bednarsek et al (2012).  

Although pteropods do not necessarily die as a direct result of their shells 

dissolving, it does increase their vulnerability to predation and infection which may 

reduce their numbers significantly (Comeau et al., 2010).  Therefore, the actual 

consequences of ocean acidification is that it will most likely alter the structure and 

productivity of primary and secondary planktonic producers which in turn affects the 

productivity of all other organisms in higher trophic levels.  Biogeochemical cycles may 

also be compromised as pteropods play an important role in the carbonate cycle by 

balancing alkalinity budgets (Betzer et al., 1984) and by their contribution to the vertical 

carbon flux (Francois et al., 2002).  Key processes in the sulfur cycle are conducted by 

calcareous marine phytoplankton as they assimilate sulfate from seawater and reduce it 

to a form that can be easily assimilated by other microorganisms at a less energetic cost 

(Kiene et al., 1999; Simó, 2001, Malin, 2006).  They also provide an important link 

between oceanic and atmospheric sulfur cycles through the release of dimethylsulfide 

(Lovelock et al., 1972). 
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1.4.2 Other biological responses to ocean acidification 

Primary production essentially supports all life in the ocean by converting 

inorganic carbon to organic carbon via photosynthesis.  In the ocean, photosynthesis is 

mostly conducted by free-living phytoplankton such as coccolithophores, diatoms, 

dinoflagellates and cyanobacteria that inhabit the euphotic zone (Falkowski et al., 1998).  

At the current surface ocean (pH ~8.07), CO2 accounts for less than 1% in pelagic waters 

and it has been suggested that its supply can limit photosynthetic carbon fixation (Raven, 

1993, Riebesell et al., 1993).  Furthermore, RuBisCO the key enzyme in carbon fixation 

has a low affinity for CO2 and therefore its uptake is inefficient when concentrations are 

low.  However, some phytoplankton species can alternately assimilate HCO3
- 
and convert 

it to CO2(aq) via the enzyme carbonic anhydrase (Kaplan and Reinhold, 1999).  In 

addition to carbonic anhydrase, numerous phytoplankton species possess carbon 

concentrating mechanisms (CCMs) which increase intracellular CO2 concentrations to 

support photosynthetic carbon fixation (Nimer and Merrett, 1996; Iglesias-Rodriguez et 

al., 1998, Giordano et al., 2005).  Naturally, these mechanisms come at an energetic cost 

to the organism and therefore elevated CO2 could be beneficial to some phytoplankton 

species as it would reduce the metabolic cost of acquiring inorganic carbon and increase 

carbon fixation (Rost et al., 2003; Riebesell, 2004, Engel et al., 2005).  It has been 

speculated that elevated CO2 concentrations will have negligible effects on 

phytoplankton species which possess CCMs (McMinn, 2011, Brussaard et al., 2013).  

However, at high CO2 concentrations CCMs do not function correctly and they are 

expected to be down regulated when external CO2 levels reach the required saturation 

state of RuBisCO (Chen and Gao, 2003; Rost et al., 2003, Wu et al., 2008, Hopkinson et 

al., 2010).  Numerous studies have been conducted to ascertain if elevated CO2 increases 

primary production or growth, though the results have been controversial with the 

majority being conducted in the laboratory and therefore not accurately reflecting the 

natural environment (Wu et al., 2008).  Some investigations have shown positive 

responses to elevated CO2 (Riebesell et al., 1993; Hein and Sand-Jensen, 1997, 

Schippers et al., 2004, Wu et al., 2010) while others have shown negative or neutral 

responses (Fu et al., 2007; Feng et al., 2008, Gao et al., 2012, Rokitta and Rost, 2012).   
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Although it is generally accepted that increased CO2 can stimulate growth in some 

phytoplankton species it seems to be very species specific, dependent on the cells 

capability to actively assimilate HCO3
-
 or CO2 or the differing efficiencies in CCMs 

(Rost et al., 2008, Wu et al., 2008). 

Hypercapnia is a condition where body fluid pH rapidly decreases due to excess 

carbon dioxide in the blood.  As the oceans absorb more CO2 it diffuses across biological 

membranes and equilibrates in intra and extracellular spaces dissolving in bodily fluids 

to form H
+
 and HCO3

- 
thereby decreasing internal pH.  Marine organisms employ several 

mechanisms to regulate their internal pH: passive buffering of intra and extracellular 

compartments, active proton transport and metabolic production and consumption of 

protons (Michaelidis et al., 2005).  However, taxa with low buffering capacity that are 

less adept at controlling intracellular pH under elevated CO2 conditions are likely to be 

more susceptible to extinction from hypercapnia (Knoll et al., 2007, Kiessling and 

Simpson, 2011).  Organisms with high metabolic lifestyles such as teleost fish and 

cephalopods are expected to be better equipped to cope with future ocean acidification as 

they possess more efficient acid-base regulation systems than invertebrates (Perry and 

Gilmour, 2006; Gutowska et al., 2008, Widdicombe and Spicer, 2008, Melzner et al., 

2009).  However, recent studies have found that elevated CO2 can affect larval survival 

and growth in the estuarine fish Menidia beryllina (Baumann et al., 2012) and produce 

severe tissue damage in larval Atlantic cod (Frommel et al., 2012).  Further effects 

include, diminished olfactory (Munday et al., 2009, Dixson et al., 2010) and auditory 

ability, (Simpson et al., 2011) increased embryonic abnormalities, egg loss, visual 

hypersensitivity (Forsgren et al., 2013) and enhanced otolith growth in larval white sea 

bass (Checkley et al., 2009).  In conclusion, it can be said that any organism exposed to 

pH values higher than which they evolved will require more energy for internal pH 

regulation thereby reducing energy available for maintenance, growth and reproduction 

(Williamson et al., 2013). 

Ocean acidification is not a singular consequence of anthropogenic CO2 and it is 

the synergistic effects of other environmental factors which will place multiple stressors 
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on organic physiologies and biogeochemical cycles.  The majority of anthropogenic CO2 

has been absorbed by the ocean changing the carbonate system and decreasing seawater 

pH.  Most of the energy flux from greenhouse gases is absorbed by the ocean causing 

warming which results in stratification of the upper ocean and changes in ocean mixing 

and ventilation (Plattner et al., 2002).  Consequently, this will reduce the oxygen and 

nutrient supply to the euphotic layer inducing nutrient stress on phytoplankton species 

(Bopp et al., 2001; Keeling et al., 2010, Helm et al., 2011).  Investigating a single 

consequence of elevated CO2 is inadequate as biological differences may differ with 

additional stressors (Kroeker et al., 2010).  Therefore a more combined approach is 

required which focuses on the consequences of elevated CO2 in response to the collective 

stressors of warming, acidification, deoxygenation and reduced primary productivity. 

1.5 Other biological responses to ocean acidification 

In the documentary “An inconvenient” truth, Al Gore states that the correlation 

between earth's average global temperature and the concentration of carbon dioxide in 

the atmosphere irrefutably demonstrates that carbon dioxide drives global warming.  This 

statement however caused controversy with climate change skeptics who rebuked Gores 

statement as during the late Ordovician period CO2 concentrations were higher during 

periods of glaciation (Chapter 3 section 3.1).  However, carbon dioxide is not the only 

driver of climate change and there are numerous other internal and external forcing 

mechanisms. 

1.5.1 Internal forcing mechanisms 

Volcanic eruptions inject large quantities of fragmented mantle material into the 

upper atmosphere.  The volcanic pollutants are primarily gases such as CO2, H2O, N2 

SO2 and H2S which affect the energy balance of the atmosphere by reflecting incoming 

solar radiation back into space.  Studies investigating the volcanic eruption of Mount 

Pinatubo in the Philippines in 1991 found that global warming was delayed for several 

years after the eruption do to the cooling effects of the aerosols (Robock, 2002).  

Furthermore, a statistical association between volcanic activity and global temperatures 
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has been established which found evidence of high volcanic activity occurring within the 

period known as the little ice age and low volcanic activity during the medieval warm 

period (Hammer et al., 1980). 

The ocean is a major driver of the climate as it redistributes heat around the 

planet through a process known as thermohaline circulation (Figure 1.6).  Originating in 

the North Atlantic, wind driven cooling evaporates the warm surface seawater of the 

Gulf Stream increasing salinity (and density) causing it sink to the deep ocean.  The 

dense seawater then becomes part of the North Atlantic Deep Water (NADW) where it 

flows southward towards Antarctica joining the Antarctic Circumpolar Current.  The 

mixed currents flow past South Africa and Australia and then head northwards to the 

Pacific where they become warmer and fresher.  The waters then flow up through the 

South Atlantic towards the tropics and return back to the North Atlantic.  It is the 

transport of heat into the North Atlantic that moderate’s climate in North-western Europe 

and keeps the regions around Iceland and Southern Greenland free of sea ice (Vellinga 

and Wood, 2002).  However, temperature changes due to global warming are predicted 

to affect wind patterns and intensities altering ocean currents and upwellings (Pierce et 

al., 2006, D’Orgeville and Peltier, 2009).   Oceanographers have already identified five 

hotspots worldwide in which strengthening winds have driven ocean currents beyond 

their normal boundaries (Wu et al., 2012).  Global warming has also been attributed to 

wind oscillations accompanied by a southward shift in the jet stream which delayed 

seasonal upwelling winds by a month.  As a consequence, numerous anomalies were 

observed in marine ecosystems of Northern California with decreases in chlorophyll-a 

and nutrients of 50% and 30% respectively, a reduction in mussels and barnacles of 83% 

and 66% respectively and increased near shore surface water temperatures 2°C warmer 

than normal (Barth et al., 2007). 
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Figure 1.6 Schematic of global oceanic thermohaline circulation. Blue lines are deep cold-water 

flow while red lines are warmer surface flow IPCC (2001). 

The earth’s surface consists of a number of plates which are in constant motion 

due to the internal dynamics of the earth.  Plate tectonics is the interaction between these 

plates which involves both horizontal and vertical motions of the earth’s crust.   There 

are basically three types of interactions; divergence, where two plates separate and new 

lithospheric crust is created by molten rock, subduction where two plates converge and 

the denser plate moves under the other into the mantle and where two plates slide past 

each other without divergence or subduction.  The consequence of plate tectonics is that 

distribution of the land masses is continually changing which has an important effect on 

the spatial heterogeneity of the Earth’s energy balance via differences in the albedos 

(reflectivity) and thermal properties (DeConto, 2009).  The arrangement of the continents 

can significantly alter ocean circulation which regulates the climate through latitudinal 

heat transport and impacts atmospheric CO2 via primary productivity and the biological 

pump.  Climate can also be influenced by the elevation of continents and the formation 

of mountains as atmospheric temperature decreases with height by 6.5°C per kilometre 

(Petty, 2008).  Consequently, high elevations can dramatically influence the climate 
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system as snow and ice tend to accumulate in these regions increasing surface albedo and 

cooling.  

1.5.2 External forcing mechanisms 

Milankovitch cycles are periodic orbital variations of the earth which influence 

the amount of energy received by the sun.  Milankovitch, a Serbian mathematician 

theorized that these orbital variations determined climatic patterns and were crucial 

factors in the initiation of ice ages (Milankovitch, 1941).  The three orbital forcing 

mechanisms of Milankovitch cycles are eccentricity, obliquity and precession.  

Eccentricity, describes the path of the earth around the sun which oscillates between 

circular and nearly circular with two periodicities of approximately 96,000 and 413,000 

years (Berger, 1976).  Obliquity, describes the tilt of the earth relative to the plane of its 

orbit which ranges from 22.1° to 24.5° with a periodicity of 41,000 years.  Currently, the 

axis of rotation for the earth is tilted at 23.5° in respect to its orbital plane around the sun.  

Precession describes the motion of the Earth's axis of rotation which does not point 

towards a fixed direction in the sky through time. This is due to the Earth’s equatorial 

bulge (by the gravitation pull of the sun and moon) causing the axis to gyrate like the 

spinning of a wobbling top, with a periodicity of 19,000–23,000 years (Campisano, 

2012).  Based on these oscillations, Milankovitch predicted that ice ages would peak 

every 100,000 and 41,000 years, with additional “blips” every 19,000 to 23,000 years.  

This association has been partly verified by long term proxy temperature data though the 

seminal work of Hays et al (1976) who found a correlation between changes in the 

Earth’s orbital geometry and the succession of Quaternary ice ages (Hays et al., 1976).  

However, there is strong evidence to suggest that additional feedback mechanisms are 

also required as orbital forcing mechanisms alone cannot account for the observed 

climatic variations over the past 2 million years (Hoyle, 1981, Berger, 2012). 

1.6 Mass extinctions and climate change 

In the last 3.5 billion years approximately 4 billion species have evolved on the 

earth of which 99% are now extinct (Novacek, 2001).  All mass extinctions are 
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ultimately caused by changes in the climate, either by rapid global cooling, rapid global 

warming or rapid fluctuations of both warming and cooling (Twitchett, 2006).  Climate 

change influences abiotic and biotic factors effecting species distribution, habitat 

selection and species interactions.   

Abiotic factors are the non-living physical components of an ecosystem which 

influence physiological tolerances such as air/water temperature, water availability, 

nutrients, sea level, salinity and the amount of sea ice.  Conversely, biotic factors are the 

living components of an ecosystem and how they interact with each other as a result of 

food availability, competition and predation.  Climate change can severely alter abiotic 

factors which determine the biotic factors living in a particular habitat.  There is evidence 

to suggest that warming could alter the capacity of ecosystems to absorb CO2.  In 

terrestrial systems there is a strong correlation between temperature and increased soil 

respiration (Knorr et al., 2005; Arnone et al., 2008, Bond-Lamberty and Thomson, 2010, 

Flanagan, 2013) and it has been suggested as the oceans warm their ability to sequester 

CO2 will be reduced (Rivkin and Legendre, 2001; Del Giorgio and Duarte, 2002, López-

Urrutia et al., 2006).  Global warming has been shown to affect the metabolic balance 

between photosynthetic CO2 fixation and respiratory release of CO2 back into the 

ecosystem (Yvon-Durocher et al., 2010).  This was demonstrated using a combination of 

theoretical projections and mesocosm studies which simulated the global warming 

predictions for 2100 (IPCC, 2007).   The results revealed that ecosystem respiration 

increased at a faster rate than primary production in response to warming, reducing 

carbon sequestration by 13% (Yvon-Durocher et al., 2010). 

 The distribution of organisms is a sensitive indicator of climate change (Hughes, 

2000).  The dinoflagellate Ceratium trichoceros is known for its sensitivity to 

temperature in terms of biogeography (Dodge and Marshall, 1994).  Prior to 1970 this 

species was only found in the warmer waters off the south coast of the UK but due to 

increases in sea water temperature it has now been able to extend its range to the west of 

Scotland and parts of the North Sea (Hays et al., 2005).  In 1999 the Pacific diatom 

Neodenticula seminae was observed in the Labrador Sea for the first time in 800,000 
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years and has since recolonized the northern North Atlantic (Reid et al., 2007).  This was 

due to melting of Arctic sea ice which allowed the waters of North Pacific to flow into 

the North Atlantic (Reid et al., 2007).  At this stage it is unclear what impact (if any) the 

introduction of new phytoplankton species will have on the endemic planktonic 

community.   

Several mesocosm studies have revealed that phytoplankton biomass is 

negatively affected by increasing temperature (Müren et al., 2005; Sommer and 

Lengfellner, 2008, Lassen et al., 2010).   This has been corroborated by the examination 

of chlorophyll-a data spanning the period 1899-2008 which revealed a decline in global 

phytoplankton biomass estimated at 1% per year (Boyce et al., 2010).  The decline has 

been attributed to rising sea surface temperatures which promote stratification and 

changes in deep water circulation that limit nutrient fluxes into the euphotic zone.  

There have been five major mass extinction events on earth: at the end of the 

Ordovician, Devonian, Permian, Triassic and Cretaceous periods (Table 1.1).  There is 

no single common cause for these extinctions, although all are associated with evidence 

of climate change and temperature variations (Wignall, 2005, Twitchett, 2006).  Analysis 

of fossil records of the past 520 million years against estimates of low latitude sea 

surface temperature for the same period have revealed a correlation between temperature 

and global biodiversity (Mayhew et al., 2008).  The study found that four out of the five 

mass extinctions events are associated with rapid global warming (Figure 1.7).  The 

exception was the Ordovician extinction ~443 million years ago which has been linked to 

rapid global cooling caused by massive glaciation and a reduction in sea level (Sheehan, 

2001).  Although, a bolide impact is the accepted theory for the Cretaceous extinction 

which resulted in a nuclear winter lasting several months, (Alvarez et al., 1980, Pollack 

et al., 1983) CO2 levels increased to 2,300 ppm within 10,000 years of the impact which 

raised the global temperature by ≈7.5°C  (Beerling et al., 2002) (Chapter 3 section 3.1).   
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Table 1.1 Five mass extinction events and proposed causes adapted from Barnosky et al, (2011). 

 

There are indications that the collapse of primary production is a key proximate 

cause of extinction (Twitchett, 2006).  It has been proposed that several mass extinction 

events were the consequence of a collapse in marine primary productivity, such as the 

Permian, (Twitchett, 2001, Rampino and Caldeira, 2005) Triassic (Ward et al., 2001) and 

Cretaceous (Zachos et al., 1989).  The Permian event was the greatest mass extinction 

ever recorded in earth history with 96% of marine life and 70% of terrestrial life 

becoming extinct in approximately 60,000 years (Burgess et al., 2014).  Interestingly, all 

three mass extinctions (Permian, Triassic and Cretaceous) share common features, a 

short lived perturbation of the carbon cycle followed by a rise in atmospheric pCO2 and 

temperature, ocean acidification, anoxia and rapid extinction (10s of thousands of years)  

(Zachos et al., 2008; Schulte et al., 2010, Blackburn et al., 2013, Burgess et al., 2014). 
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If we lose the species that are currently on the critically endangered category we 

will propel the world to a state of mass extinction which has only been observed five 

times in the last 540 million years (Barnosky et al., 2011).  During the Permian 

extinction the oceans would have undergone dramatic acidification and temperature rises 

of 10°C in approximately 60,000 years representing a ~1°C increase per 6,000 years 

(Burgess et al., 2014).   In their 5
th

 assessment report, (AR5) the IPCC predict that by the 

end of the century the global temperature could rise by 1.7°C (best case scenario) to 

4.8°C (worst case scenario).  The oceans will continue to warm with the top 100 m 

expecting to rise by 0.3°C - 2°C by the end of the century.  Polar ice, snow cover and 

glaciers will continue to shrink increasing average sea level by 26 – 98 cm (Stocker et 

al., 2013).  Even the lowest estimates of ocean warming (~0.3°C per century) equate to a 

10°C rise in only 3,330 years which is 18 times faster than the temperature rise of the 

Permian extinction.  At this rate, many organisms may be unable to adapt quickly enough 

to the rapidly changing environment and will therefore become extinct.  The 

paleontological definition of mass extinction is the disappearance of over 75% of species 

in geological time of less than 2 million years (Barnosky et al., 2011).  The current 

projection for species level extinction due to climate change is 18% minimal range, 24% 

medium range and 35% maximum range by 2050 (Thomas et al., 2004). 
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Figure1.7 Positive association between extinction rate and temperature residuals across a time 

series. Closed circles and dashed lines represent temperature and open circles and continuous 

lines extinction rates.  Large coloured symbols represent periods of mass extinction in order of 

decreasing age.  Adapted from Mayhew et al (2008).  

1.7 Research Aims and objectives  

 There have been numerous studies investigating the sensitivity of 

phytoplankton species to ocean acidification but few concerning the effects of elevated 

CO2 on bacterial communities.  The 2005 Royal Society report on ocean acidification 

stated that “Although their physiology suggests that they will respond to increased CO2 

in the surface oceans and to decreased pH, there are few data available to demonstrate 

any responses” (Royal Society, 2005).  Bacteria associated with oceanic algal blooms are 

acknowledged to play important roles in carbon, nitrogen, and sulfur cycling and 

microbial dynamics seem to be coupled to the development of the phytoplankton bloom 

(González et al., 2000, Allgaier et al., 2008).  It is hypothesized that ammonia oxidising 

bacteria (AOB) will be particularly influenced by increased atmospheric CO2 due to the 

increase in ocean acidity and the decreased availability of ammonia which is pH 

dependent.  These bacteria play a key role in the nitrification process by converting 

ammonia (NH3) to nitrite (NO2
-
) and are therefore essential to all life in the oceans. 
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The aim of this study is to investigate the effects of CO2 driven ocean acidification on 

microbial composition and diversity by testing the following hypotheses: 

Hypothesis I: Marine bacterial diversity will change in response to seawater pH 

Hypothesis II: Decreasing seawater pH will alter biogeochemical cycling of 

carbon nitrogen and sulfur. 

These hypotheses will be tested by long term mesocosm studies using variable 

pH values maintained by the artificial introduction of CO2 ranging from 760 – 280 parts 

per million.  Molecular and metagenomic studies will be used to determine the 

differential effects of elevated CO2 on bacterial communities and the possible 

consequences on biogeochemical cycles.
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2.1 Experimental design 

The aim of this experiment was to simulate the environment of a high CO2 world 

as predicted by the “Business as usual” scenario IS92a of the IPCC (IPCC, 2001).  This 

was conducted in the context of ocean acidification which is likely to affect bacterial 

populations and marine biogeochemical cycles. To test the effect of increased 

atmospheric CO2 a field experiment was conducted at the Marine Biological Station of 

the University of Bergen, Norway (Raunefjorden, 60.27 N 5.22E).  This tidal fjord on the 

North Sea is influenced by the Baltic current making salinity variable. Water temperature 

during the experiment varied between 8 – 11
o
C due to the warm and sunny weather in 

the early part of May 2006.   

The experiment consisted of 6 polyethylene enclosures (ca. 12m 
3
) which were 

moored to a raft 200 m offshore from the field station. The bags were filled with 

unfiltered fjord water and amended with nutrients to stimulate a phytoplankton bloom.  

Seawater pCO2 was manipulated via aeration with CO2 enrichment or ambient air to 

achieve two different CO2 levels.  All the bags were covered with transparent hoods in 

order to maintain the CO2 balance and to allow the transmission of photosynthetically 

active radiation (PAR) at wavelengths utilized by phytoplankton.  CO2 was introduced 

into the system in two phases of the experiment: Phase 1 (pre-bloom) used to determine 

the response of phytoplankton to reduced pH and Phase 2 (post-bloom) investigated the 

bacterial response to increased CO2 following the phytoplankton bloom. 

The separation of DNA from putative chemoautotrophic bacteria was achieved by 

stable isotope probing (SIP).  Eight x 4 L high density polyethylene carboys (Nalge Nunc 

International, Denmark) were used as incubation vessels for the SIP experiments which 

were painted black to reduce the proliferation of phototrophic organisms. 

Sampling of the mesocosms took place daily at 9 am from the 6
th

 – 23
rd

 May 

(Day 1 – 18) 2006.  SIP experiments commenced on 13
th

 May (Day 8) when seawater 

was withdrawn from the mesocosms and placed into allocated dark incubation bottles.  

Sampling of the bottles was over a five day period on days 9, 10, 11 and 13 for phase 1 
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and days 16, 17 18 and 20 for phase 2.  The samples were taken at 3 pm in both phases of 

the experiment (Table 2.1). 

Table 2.1 Schematic representation of the Bergen mesocosm experiment showing sampling days 

and the 2 phases (pre/post bloom) of the experiment. 

 

2.1.1 pCO2, Total alkalinity and pH 

pCO2, total alkalinity (TA) and pH analyse were conducted by Dr D. Bakker, 

University of East Anglia (UEA). pCO2 was measured using a UEA built CO2 instrument 

with infrared detection (Wanninkhof and Thoning, 1993, Hopkins et al., 2009). TA was 

determined by potentiometric titration with a Vindta system (Versatile Instrument for the 

Determination of Total inorganic carbon and titration Alkalinity). Mesocosm pH was 

calculated from measured and extrapolated total alkalinity (TA) and pCO2 measurements 
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by Dr Dorothee Bakker, University of East Anglia, using the computer program 

CO2SYS (Lewis et al., 1998). 

2.1.2 DMSPp and DMS 

Particulate dimethylsulphoniopropionate (DMSPp) and dimethylsulfide (DMS) 

analysis was conducted by Dr F.E Hopkins from the University of East Anglia.  DMSPp 

was measured by headspace analysis on a Shimadzu GC-2020 with flame photometric 

detector.  DMS samples were analysed using a Shimadzu GC-14B with flame 

photometric detector (Hopkins et al., 2009). 

2.1.3 Analytical flow cytometry 

Flow cytometric counts of absolute concentrations of bacterioplankton, 

Synechococcus, Prochlorococcus, and algae were enumerated by Dr A.S Whiteley 

(Centre for Ecology and Hydrology (CEH) Oxford) using a Becton Dickinson FACSort 

flow cytometer equipped with an air-cooled blue light laser at 488 nm.   

2.1.4 Chlorophyll- a 

Chlorophyll-a concentrations were determined by Dr K. Crawfurd, University of 

Dundee using two methods.  Fluorometrically (performed on site) using a Turner 

fluorometer and high performance liquid chromatography (HPLC) analysis conducted at 

Plymouth Marine Laboratory (PML).  The acetone extractions gave complete datasets for 

each mesocosm whereas the HPLC data was less complete providing no data for 

mesocosms M3 and M4.  The HPLC data were uploaded into the Bergen database and 

was the dataset used in this study.  
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2.1.5 Primary production and nutrients 

Primary productivity of the phytoplankton community and nutrient 

concentrations were measured by Dr I. Joint of PML.  Primary productivity was 

determined by the assimilation of radioactive 
14

C sodium bicarbonate (NaH
14

CO3) into 

organic matter by phytoplankton and measured on a scintillation counter.  Dissolved 

nutrient concentrations were measured (nitrate, nitrite and phosphate) using colorimetric 

methods.  

Further details about the measurements and samples taken by other members of 

the Bergen mesocosm consortium may be obtained from Dr Ian Joint, Plymouth Marine 

Laboratory (I.Joint@pml.ac.uk). 

2.2 Experimental Set–up 

2.2.1 Mesocosms 

On 2
nd

 May 2006 six mesocosms (2 m diameter, 3.5 m deep and 0.5m above the 

surface) were filled with ~ 11,000 L of unfiltered water collected from the fjord at a 

depth of 2 m.  Throughout the duration of the experiment water inside each enclosure 

was circulated from a depth of 3m to the surface at a rate of 1000 L per day.  

To assess the effect of high CO2 in the future oceans, the mesocosms were 

divided into two treatments.  Mesocosms M1-M3 were designated high CO2 and were 

manipulated to simulate the possible climatic conditions of the year 2100 where 

predicted atmospheric CO2 is ~750 ppm and seawater pH 7.8.  Mesocosms M4-M6 were 

designated as ambient CO2 and maintained the conditions of the present day (380 ppm, 

pH 8.1.  On the 3
rd

 May water in mesocosms M1-M3 was aerated with air enriched with 

CO2 using flow meters to a target level of 760 ppm.  pH was constantly monitored 

throughout the process using a standard pH meter and electrode which was later verified 

by Dr D. Bakker (UEA) from the pCO2 and TA measurements.  After 3 days the aeration 

ceased when the high CO2 mesocosms reached CO2 concentrations of 744 ppm and pH 
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7.7.  The atmospheric concentration in the head space was maintained at its target level 

of 760 ppm by daily flushing with high CO2.  The present day mesocosms (M4-M6) 

were treated identically except they were aerated with ambient air. 

On the 6
th

 May (Day 1) after the first water samples were taken, nutrients were 

added to the mesocosms to stimulate the development of a phytoplankton bloom to a 

final concentration of 1.25 μmol l
-1

 phosphate and 16 μmol l
-1

 nitrate.  Mesocosms M2 

and M5 (high and ambient CO2 respectively) were treated with 
15

N-labelled nitrate in 

order to detect nitrogen fixation activity (University of Stirling). 

After the peak of the phytoplankton bloom the high CO2 mesocosms had returned 

to a near ambient state and therefore it was necessary to repeat the aeration process on 

day 10 (15
th

 May).  In this instance, only mesocosms M1, M2, M5 and M6 were aerated 

whereas M3 and M4 received no further treatment to establish the effects of the aeration 

process on the system.  Sampling commenced the following day and continued until the 

end of the mesocosm experiment on day 18 (23
rd

 May). 

2.2.2 SIP incubations 

Prior to the commencement of the experiment the dark incubation bottles were 

acid washed with 10% HCl for 3 hours and rinsed with filtered (0.2 µm) fjord water.    

Mesocosms M1, M3 (high CO2) and M4, M6 (ambient CO2) were each allocated two 

incubation bottles designated 
13

C and 
12

C to which were added 0.68 g of
 13

C labelled 

sodium-bicarbonate (99 atom%; Cambridge Isotope laboratories, MA)
 
at a final 

concentration of 2.02 mM, whereas controls (
12

C) received 0.68 g (2 mM ) of unlabelled
 

sodium bicarbonate (Figure2.1).   The incubation bottles were filled with seawater 

withdrawn from their allocated mesocosm on day 8 (13
th

 May) and suspended from a line 

in the fjord to incubate for 24hrs prior to sampling. 

This procedure was repeated for the phase 2 incubations when the bottles were re-

filled from the same mesocosms on day 15 (20
th

 May). 
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Figure 2.1 Schematic representations of the allocation of dark incubation bottles 

2.2.3 Sampling 

Seawater was withdrawn from each mesocosm via a 5 litre bucket attached to a 

nylon cord. Samples were transferred from the bucket to 25 litre containers which were 

immediately stored in a cold room at 4 ºC in the dark until required for further analysis. 

1 L of water was withdrawn from each dark incubation bottle at four time points 

over a 5 day period for each phase of the experiment.  After each bottle was sampled it 

was immediately reattached onto its line and suspended back into the fjord.  From the 1 L 

of seawater obtained, 20 ml was taken for flow cytometry and pH measurements.  Due to 

time restraints it was not possible to perform pH measurements in the same manner as 

the mesocosms.  Therefore, bottle pH was measured using a Mettler Toledo MP220 pH 

meter, calibrated with pH 4, 7 and 10 standards.  The remaining water was filtered 

through a 5 µm polycarbonate filter (Whatman) and then a 0.2 µm Sterivex filter 

(Millipore) which was then sealed at both ends with parafilm.  The filters were then 

immediately stored at - 80°C.   
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2.3 DNA extraction 

DNA was extracted using a method derived from (Somerville et al., 1989) and 

(Murray et al., 1998).  After completely thawing the Sterivex unit, 1.6 ml of SET lysis 

buffer (40 mM EDTA pH 8, 50 mM Tris-HCl pH 9, 0.75 M sucrose) and 180 µl of fresh 

lysozyme solution (10 mg/ml) were added via the inlet port using a 2.5-ml syringe with a 

25G x 5/8” needle. After sealing the ends of the unit using parafilm the contents were 

mixed by inversion and incubated in a Hybaid rotary oven (Thermo Scientific) for 30 

minutes at 37°C.   After the incubation period, 200 µl of 10% (m/v) sodium dodecyl 

sulfate (SDS) and 55 µl proteinase K (20 mg/ml) was added and the filter unit was 

incubated at 55°C for a further 2 hours.  The lysate was withdrawn from the Sterivex unit 

via the inlet port using a 5 ml syringe. To remove any residual DNA the unit was washed 

with 1 ml of SET lysis buffer and incubated for a further 15 minutes in the rotary oven at 

55
o
C.  The remaining wash buffer was removed and pooled with the initial lysate. 

Nucleic acid was purified from the lysate using the phenol:chloroform:isoamyl 

alcohol (25:24:1)  method in heavy 15 ml Phase lock tubes (Eppendorf, Hamburg, 

Germany) according to the manufacturer’s instructions.  This method increases the 

recovery of nucleic acid by trapping the organic and aqueous phases between the Phase 

Lock Gel (PLG).  The barrier is sufficiently durable that the upper aqueous phase 

(containing the nucleic acid) can be recovered by simply decanting into a new tube.  The 

method utilizes the density differences between the phases with the organic layer having 

higher density than the PLG and aqueous phase and the PLG having higher density than 

the aqueous phase.  Separation is achieved by mixing equal amounts of lysate with 

phenol:chloroform:isoamyl alcohol in  phase lock tube and centrifuge for 10 minutes at 

1500 g. 

Approximately 2 ml of aqueous phase from each PLG tube was decanted into a 

10-ml Oakridge tube. 5 µl of a 20 μg/μl
-1

 glycogen solution (Roche, Basel, Switzerland), 

0.5 volumes of 7.5 M ammonium acetate and two volumes of 95% (v/v) ice-cold ethanol 

were added to the tube to precipitate the DNA. Ethanol precipitation was carried out 

overnight at -20°C. Samples were centrifuged at 48 000 x g to pellet the nucleic acid, 
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washed twice with 80% (v/v) ethanol, air dried for 30 min at room temperature, and 

dissolved in 140 µl of sterile UV-treated molecular biology grade water (Sigma-Aldrich).  

Finally, one unit of RNase A (Qiagen) was added to the DNA preparation and incubated 

at room temperature for 30 minutes. 

 The concentration and quality of the DNA was assessed using a NanoDrop ND-

1000 spectrophotometer (NanoDrop Technologies). 

2.4. Polymerase chain reaction (PCR) 

PCR was conducted using a G-Storm GS1 thermal cycler (GRI, Essex, UK). 

Reactions were carried out in a 50 µl volume containing 1 µl of template DNA, 10 pmol 

each of the forward and reverse primers (Thermo Scientific, Germany), 2 units of 

Biotaq™ DNA polymerase (Bioline, London, UK), 1×NH4 buffer (670mM Tris-HCl pH 

8.8, 160mM (NH4)2SO4)
 
(Bioline, London, UK), 1.5 mM MgCl2 (Bioline, London, UK), 

10 nmol of each deoxyribonucleoside triphosphate and molecular biology grade water 

(Sigma-Aldrich).  A negative control which consisted of sterile water in place of 

template DNA was included in each PCR reaction (Erlich et al., 1991).  All samples 

were serially diluted in a ten–fold dilution series to determine the optimum sample 

concentration required for amplification. PCR was conducted using the cycling 

parameters in Table 2.2.
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Table 2.2 Summary of PCR conditions the primer pairs used in this study 
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2.4.1 PCR of bacterial and archaeal 16S rRNA gene fragments 

PCR amplification of bacterial 16S rRNA gene fragments was performed using 

primer pA (5′-AGAGTTTGATCCTGGCTCAG-3’) and pH (5’- 

AAGGAGGTGATCCAGCCGCA-3’) (Edwards et al., 1989).  A nested PCR approach 

was taken for samples which required DGGE analysis. The first round of amplification 

was conducted using the bacterial 16S rRNA primers pA/pH followed by the 

amplification of the variable V3 region using primer 2 (5’-ATTACCGCGGCTGCTGG-

3’) and primer 3 (5’-

CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACGGGAGG

CAGCAG-3’) (Muyzer et al., 1993).  Primer 3 contained a 40 bp GC clamp (underlined). 

Amplification of the V3 region was achieved using DyNAzyme™ II DNA polymerase 

(Finnzyme, Keilaranta,, Finland) due its high purity and the ability to amplify templates 

which are GC rich. This resulted in increased amplification and a clean negative control 

which was not consistently observed when Biotaq™ DNA polymerase was used for 

nested amplification using broad specificity primers.  

Betaproteobacterial ammonia-oxidizer 16S rRNA gene fragments were amplified 

using primer CTO189f (5’-GAGRAAAGYAGGGGATCG-3’) and CTO654r (5’- 

CTAGCYTTG TAGTTTCAAACGC-3’) (Kowalchuk et al., 1997). 

Archaeal 16S rRNA gene fragments were amplified using primer A20f, (5’-

TTCCGGTTGATCCYGCCRG-3’) and primer U1492r, (5’-

GGTTACCTTGTTACGACTT-3’) (DeLong, 1992). 

2.4.2 PCR analysis of bacterial and archaeal amoA genes 

Amplification of the bacterial ammonia monooxygenase α-subunit gene (amoA) 

was performed using primer amoA-1f (5’-GGGGTTTCTACTGGTGGT-3’) and primer 

amo-2r (5’-CCCCTCKGSAAAGCCTTCTTC-3’) (Rotthauwe et al., 1997).  
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The Archaeal amoA gene was amplified using primer amoA-23f (5′-

ATGGTCTGGCTWAGACG -3′) and primer amoA-616r (5′- 

GCCATCCATCTGTATGTCCA-3′) (Tourna et al., 2008) . 

2.4.3 qPCR analysis 

Abundance and dynamics of specific bacterial groups were determined by 

quantitative real time PCR (qPCR).  qPCR reactions comprised iQ Supermix (10 µl) (100 

mM KCl, 40 mM Tris-HCl, pH 8.4,  0.4 mM each DNTPs, 50 U/ml iTaq DNA 

polymerase,  6 mM MgCl2), PCR primers (1 µl of 10 pmoles µl
−1

 each), DNA template 

(3 µl), SYBR Green (0.2 µl per reaction of 100 × diluted from 10 000 × concentrate) and 

sterile water made up to a final volume of 20 µl. qPCR reactions were carried out in 

optical-grade 96-well plates with a iQ5 thermocycler (Bio-Rad) using the cycling 

conditions given in Table 2.3.  Optimal annealing temperatures were determined for 

primers designed to target Rhodobacteraceae, Flavobacteriaceae and total bacteria 

(Table 2.2) by performing a temperature gradient PCR with annealing temperatures in 

the range of 55°C to 70°C.  The universal bacterial primers contained 

deoxyinsosinetriphosphate (I) which is a nucleoside triphosphate that indiscriminately 

pairs with adenine, thymine, guanine or cytosine. Genes in experimental samples were 

quantified with reference to external standards.  Cloned target genes were used to prepare 

known amounts of standard to prepare standard curves.  The cloned genes were 

amplified using vector specific primers (pUCf/pUCr) and 4 x 45 µl PCR reactions were 

pooled and purified using a QIAquick PCR purification kit (Qiagen) to remove residual 

primers and dNTPs.  The amount of target DNA was quantified using NanoDrop ND-

1000 spectrophotometer (NanoDrop Technologies) and the concentration of genes in the 

standard was quantified on the basis of the molecular mass of the amplified DNA 

fragment and 10 fold serial dilutions were prepared to give a range of concentrations 

from 10
1
 to 10

8
 genes per microlitre.  Standard curves were generated by plotting the 

cycle threshold
 
(CT) values of qPCR reactions performed on 16S rRNA gene standards 

containing
 
10

8
 to 10

1
 genes per µl against the log starting quantity of 16S rRNA gene in 

the reaction. All samples were analysed in
 
duplicate. 
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Table 2.3 Primers used in quantitative PCR 

 

2.5 Design of PCR primers  

The PRIMROSE software package (Ashelford et al., 2002) was used to design 

16S rRNA gene primer
 
sets for 2 dominant families of bacteria (Rhodobacteraceae and   

Flavobacteriaceae) detected in 16S rRNA gene clone libraries. Primers were generated 

using the 16S rRNA sequences from the clone libraries and associated sequences 

obtained from the Ribosomal Database project II (http://rdp.cme.msu.edu/). All primer 

sets were designed using the default settings of the PRIMROSE program. The number of 

target and non-target matches of the primers was tested in silico using the Probe match 

function within the RDP-II database. 

2.6 Agarose gel electrophoresis 

All gels were prepared with 1 x TAE (40mM Tris Acetate, and 1.0mM EDTA, 

pH 8.3.) containing 1.6 µl ethidium bromide (10 mg/ml
-1

) in a 100 ml gel. Samples were 

loaded with 0.2 volume of loading buffer (8% [w/v] Ficol; 6M urea; 0.01% [w/v] 

bromophenol blue) and electrophoresed at a constant 100 volts for 1 hr. DNA molecular 

weight markers (HyperLadder II, Bioline, London, UK) were run on all gels to estimate 

the size of the PCR products obtained. Nucleic acids were visualized using a Fluor-S 

Multiimager (Bio-Rad, Hercules, CA, USA) at 320 nm.  

Primer Sequence Target 

RBf1 (5’-AGG GGG TTA GCG TTG TTC GG-3’) Rhodobacteraceae 

RBr2 (5’-ACC TCA GCG TCA GTA TCG AG-3’) Rhodobacteraceae 

FBf1 (5’-GAG GAA CCT TAC CAG GGC TT-3’) Flavobacteriaceae 

FBr2 (5’-AGGACGTAAGGGCCGTGATG-3’) Flavobacteriaceae 

U1048f (5’-GTG ITG CAI GGI IGT CGT CA-3’) Bacteria 

U1371r (5’-ACG TCI TCC ICI CCT TCC TC-3’) Bacteria 
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2.7 DGGE analysis 

DGGE analysis was conducted using the D-Gene denaturing gradient gel 

electrophoresis system (Bio-Rad Laboratories, Hercules, CA, USA). Polyacrylamide gels 

(10% w/v polyacrylamide; 0.75 mm thick; 16 x16 cm) were run in 1 x TAE buffer (40 

mM Tris-acetate, 1 mM EDTA, pH 8.3). A denaturant gradient ranging from 30% - 55% 

of urea and formamide (100% denaturant is 40% (v/v) formamide, 7M urea in 1 x TAE) 

was used. Approximately 20 µl of PCR product obtained using primers 2/3 (233bp) was 

loaded per well and the gels were run at 60 °C for 4.5 hrs at a constant 200 volts. Gels 

were stained for 30 min in SYBR green (Sigma, Poole, UK; diluted 1/1000 in 1 x TAE) 

and visualized using a Fluor-S Multiimager (Bio-Rad). 

2.8 Statistical analysis of DGGE gels 

DGGE images were analysed using Bionumerics version 3.5, (Applied Maths, 

Kortrijk, Belgium). Reference markers (PCR products amplified from cloned 16S rRNA 

genes) were used as a normalization standard to ensure gel-to-gel comparability. Band 

positions were detected automatically and the band assignments were checked manually 

to validate the results.  Quantitative comparison of the similarity between DGGE profiles 

was done using the Pearson correlation coefficient.  Similarities were displayed 

graphically as a dendrogram using the unweighted pair-group method with arithmetic 

mean (UPGMA) algorithm so that potential clustering patterns could be observed. 

2.9 Excision and Sequencing of DGGE bands 

Prominent bands from the DGGE gels were excised using sterile scalpel blades 

and resuspended in 30 μl of UV treated molecular biology grade water (Sigma-Aldrich). 

After an overnight incubation at 4 °C, 2 µl of the elutant was used as DNA template for 

PCR amplification with the original
 
primers using the reaction conditions outlined in 

Table 2.1.  5 µl from each PCR reaction was ran on a 0.7% w/v agarose gel to validate 

the PCT reaction.  The remaining PCR products were purified using ExoSAP-IT (GE 

Healthcare, Buckinghamshire, UK) following the recommended protocol of the 

manufacturer.  Between 40 and 50 ng of the PCR product
 
was used for sequencing (with 
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the corresponding forward
 
primer) using the BigDye Terminator v3.1 Cycle Sequencing 

Kit and an ABI Prism 3730xl DNA sequencer (Applied Biosystems). The resulting 

sequences were compared to the GenBank database using BLAST to identify the nearest 

neighbours. 

2.10 Cloning and Sequencing of gene fragments 

Two samples (1 high CO2, 1 ambient CO2) were characterised using cloning and 

sequence analysis.  A total of 8 clone libraries were constructed (4 libraries from each 

sample) using the following primer sets: Bacteria 16S rRNA (pA/pH), Archaeal 16S 

rRNA (A20/U1492r), Betaproteobacterial AOB 16S rRNA (CTO189f/654r) and 

Bacterial amoA (amo1f/2r). Prior to cloning all amplicons of the correct size were gel-

purified using a QIAquick gel extraction kit (Qiagen). Samples were cloned using a 

TOPO TA cloning kit with one shot TOP10 chemically competent E. coli cells 

(Invitrogen Corporation, Carlsbad, CA) according to the manufacturer’s instructions. The 

resulting transformed cells were aseptically plated on to fresh LB ampicillin plates and 

incubated overnight at 37ºC.  Individual colonies were randomly chosen and amplified 

by PCR using the vector-specific primers pUCf. (5'-GTT TTC CCA GTC ACG AC-3') 

and pUCr (5'-CAG GAA ACA GCT ATG AC-3'). Unwanted primers and dNTPs were 

removed from the amplified inserts with ExoSAP-IT (GE Healthcare, Buckinghamshire, 

UK). Sequencing with the pUC f primer was acheived using BigDye Terminator v3.1 

Cycle Sequencing Kit and an ABI Prism 3730 DNA sequencer (Applied Biosystems). 

Grouping of 16S rRNA gene clone library sequences was performed using the FastGroup 

program (Yu et al., 2006).  Clone sequences were compared to the GenBank database 

using BLASTN to identify the nearest neighbours. 

For a more rigorous analysis nearly full length 16S rRNA gene sequences were 

obtained from the Bacterial 16S rRNA gene libraries by sequencing each clone using 

four primers (Table 2.4). Only clones containing sequences which were present more 

than 3 times in each library were used to obtain full length sequences. The resulting 16S 

rRNA sequences were assembled using BioEdit version 7.0.8.0 (Hall, 1999) by aligning 

the sequences against the 16 rRNA gene of E. coli K12. 
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Table 2.4 Summary of sequencing primers 

Primer Seqeunce  Reference 

pD (5′-CAG CAG CCG CGG TAA TAC-3′) 

(Lane et al., 1985)  pD-reverse (5′-GTA TTA CCG CGG CTG CTG-3′) 

pE-reverse (5′-CCG TCA ATT CCT TTG AGT TT-3′) 

pH (5′-AAG GAG GTG ATC CAG CCG CA-3′) (Edwards et al., 1989) 

 

2.11 Phylogenetic analysis 

Phylogenetic analysis of full length bacterial 16S rRNA gene sequences was 

computed using Molecular Evolutionary Genetics Analysis version 4 (MEGA 4) 

(Tamura et al., 2007).  Sequences were aligned using the alignment editor of the program 

and alignments were manually corrected with gaps and ambiguously aligned regions 

excluded from further analyses.  Phylogenetic trees were constructed based on the 

neighbor-joining (NJ) method (Saitou and Nei, 1987) and the minimum evolution (ME) 

method (Rzhetsky and Nei, 1992).  Both these methods begin with input data in the form 

of a matrix specifying the distance between each pair of taxa, except that ME method 

further improves the initial NJ tree by post processing.  Subsequent analysis for 

robustness of the resulting NJ and ME trees was achieved using bootstrap analysis (500 

samplings from sequence data).  

2.12 Purification of 
13

C-DNA from SIP experiments 

13
C-DNA from stable isotope probing experiments was separated from 

12
C-DNA 

using CsCl density gradient centrifugation. Approximately 4 µg of genomic DNA from 

each sample incubated with H
13

CO3
- 
was added to gradient buffer (0.1 M Tris HCl pH 

8.0, 0.1 M KCI, 1 mM EDTA) to give a total volume of 1380 µl. This was mixed in a 15 

ml Falcon tube (Corning) with 5.5 ml of 7.163M caesium chloride (density 1.88 g/ml) to 

give a final density of 1.725 g/ml. The amount of gradient buffer/DNA mix to add to the 

CsCl solution was calculated using the following formula: 
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Specify the volume of the CsCl solution at 5.5 ml (volume of tube used in 

ultracentrifugation). The stock solution density is 1.88 g ml
-1 

and the final density should 

be 1.725 g ml
-1

.  

The solution was then added to a 6 ml Quick-Seal Polyallomer ultracentrifuge 

tube (Beckman Coulter Palo Alto, CA, USA) and sealed with a cordless tube topper 

ensuring that the tube was completely filled to eliminate air bubbles. The sealed tubes 

were placed in an NVT 65 rotor (Beckman Coulter) ensuring that they were balanced to 

within 0.02 g.  Centrifugation was conducted at 60,000 rpm (345,830 x g) under vacuum, 

with maximum acceleration and no braking at 20 °C for 35.40 hr using an Optima L-100 

XP ultracentrifuge (Beckman Coulter).  After centrifugation the gradients were 

fractionated into twenty eight 200-μL fractions by displacement using a Beckman 

fraction recovery system supplying molecular biology grade mineral oil to the top of the 

tube using a syringe pump (KD Scientific, MA, USA). Gradients and ultracentrifugation 

conditions were initially calibrated with 4 µg of DNA extracted from a pure culture of E. 

coli M165 grown in a minimal medium with 
13

C labelled glucose. The gradients were 

achieved as previously described except that 100 µl of ethidium bromide (10 mg/ml
-1

) 

was added in order to visualize the separation of the heavy and light bands. The tube was 

then used as a positive control in every centrifuge run to determine the success of the 

isopycnic separation prior to fractionation.  

To establish which fractions contained the 
13

C/
12

C DNA, 5 µl from each aliquot 

was run on a 0.7 % (w/v) agarose gel for 1 hr at 100 volts and visualized using a Fluor-S 

Multiimager (Bio-Rad, Hercules, CA, USA).Aliquots which tested positive for the 

presence of DNA were pooled together into 
13

C and 
12

C fractions. The resulting DNA 

from both fractions was precipitated with 20 µg glycogen and two volumes of 

polyethylene glycol (30% PEG 6000 and 1.6 M NaCl) and dissolved in 20 µl UV treated 
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molecular biology grade water (Sigma-Aldrich).  Separation and purification of 
13

C/
12

C 

was conducted in triplicate to test reproducibility. 

2.13 Whole-genome amplification of environmental DNA 

Whole genome amplification was carried out on selected samples to obtain 

microgram quantities of DNA from initial nanogram concentrations to provide sufficient 

DNA for pyrosequencing (Section 2.14).  Samples were subjected to multiple 

displacement amplification (MDA) using GenomiPhi V2 DNA amplification kit (GE 

Healthcare, Buckinghamshire, UK). Briefly 1 µl of DNA template (~10 ng) was mixed 

with 9 µl of GenomiPhi buffer solution which was incubated for 3 minutes at 95 ºC. 

After cooling the reaction on ice for 2 minutes the random hexamers and phi29 

polymerase were added (9 and 1 µl respectively) and the sample was incubated for a 

further 1.5 hours at 30 ºC followed by 10 minutes at 65 ºC to inactivate the phi29 

polymerase.  The resulting DNA was visualized by agarose gel electrophoresis using 

lambda EcoR1/HindIII markers (ABgene, surrey, UK) and purified using DNeasy Blood 

& Tissue Kit (Qiagen). Quantification of the DNA was achieved using a NanaDrop ND-

1000 spectrophotometer (NanoDrop Technologies).   

2.14 454 Sequencing 

454 sequencing was employed to analyse the metagenomes of one of the high and 

one of the ambient CO2 samples which were judged to be representative based on the 

reproducibility of 16S rRNA gene-based DGGE analysis.  The two samples for analysis 

were first amplified using MDA in order to obtain the 6 – 8 µg of DNA required for this 

method.  Sequencing was carried out on 2 x 1/8 of a sequencing plate by the Advanced 

Genomic Facility, University of Liverpool using a 454 GS FLX sequencer (Branford, 

CT, USA).  The GS FLX instrument is capable of generating 100 million bp of sequence 

in approximately 250 bp reads in a 7.5 hour run.  Briefly, the DNA was mechanically 

sheared into smaller fragments and sequence specific A and B adaptors were ligated. The 

DNA was then captured on beads via the adaptor sequence and clonally amplified by 

emulsion PCR, generating millions of copies of template per bead.  The beads were then 
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loaded individually into wells on a picotiter plate along with other beads coated in 

enzymes required for pyrosequencing.  DNA nucleotides (dATP. dGTP, dCTP, dTTP) 

were then flowed sequentially over the plate and light signals released upon base 

incorporation which are detected by a CCD camera.  The presence of luminescence and 

its signal intensity determines the read.   

2.15 Analysis of metagenomic data 

Metabolic reconstruction and phylogenetic classification of the metagenomes was 

performed using the MG-RAST server (Meyer et al., 2008) which annotates 

metagenomes without the need of sequence assembly or phylogenetic markers.  The raw 

sequence data in fasta format were uploaded onto the server 

(http://metagenomics.nmpdr.org/) where each dataset was given a unique ID and 

duplicate sequences were removed.  The sequences were automatically screened for 

protein encoding genes using BLASTX (Altschul et al., 1997) against the SEED none-

redundant database (Overbeek et al., 2005) and against rRNA databases such as 

GREENGENES (DeSantis et al., 2006) and  the Ribosomal Database Project (RDP) 

(Cole et al., 2009) using BLASTN.  Phylogenetic and functional reconstructions are then 

derived from the data which is used to generate the metabolic potential of the sample.  

Rarefaction curve plots and alpha diversity are also calculated to determine species 

richness.  The curve plots the total number of distinct species annotations as a function of 

the number of sequences sampled, while alpha diversity is a single number which 

summarizes the distribution of species-level annotations in a sample.   

The results can be viewed via a web based interface which allows interrogation of 

datasets for comparative analysis studies against other metagenome datasets and fully 

annotated genomes within the database.    

In addition to MG-RAST the metagenome data were analysed using the 

Metagenome Analyzer (MEGAN) software (Huson et al., 2007).  MEGAN is a computer 

program which allows interactive analysis of large metagenomic datasets.  The programs 

main approach is to parse and analyse the results of a BLAST comparison using 
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BLASTN, BLASTX or BLASTP against the NCBI-NT, NCBI-NR or other genome 

specific databases. Therefore a pre-processing step is required where the sequences must 

be compared to a database and retrieved as BLAST-out files which can then imported 

into the MEGAN.  At start-up, MEGAN loads the complete NCBI taxonomy, currently 

containing 350,000 taxa, which can be interactively explored using the tree-navigation 

feature. This database is then compared to the sequence results in the BLAST-out file 

and a new interactive tree is produced containing the taxonomy of the new dataset from 

kingdom to species level. Physiological features associated with each read-assigned 

organism are also provided and COGs (Clusters of Orthologous Groups of proteins) are 

mapped and displayed in graphical format.  

2.16 Statistical analysis 

Mann – Whitney, ANOVA and Chi Square tests were carried out  using 

Minitab® (Minitab statistical software, release 15.1.0.0, State College, Pennsylvania) 

The statistical degree of significance
 
was set at a P value of <0.05. Statistical analysis of 

the community composition of ambient and high CO2 clone libraries was compared using 

webLIBSHUFF version 0.96 (Henriksen, 2004) (http://libshuff.mib.uga.edu).   

WebLIBSHUFF is a web based version of the Libshuff program (Singleton et al., 2001) 

which compares 16S rRNA gene clone libraries to determine if they differ significantly.  

ClustalW and DNADIST program available in the Bio Edit software package (Hall, 

1999) were utilised to construct a distance matrix that was used as an input in the 

webLIBSHUFF program.  WebLIBSHUFF compares libraries based on their coverage 

(the extent the library represents the total population –homologous coverage curve) and 

the number of sequences in one library that are not found in the second library 

(heterologous coverage). Heterologous coverage is calculated over a range of 

evolutionary distances (values ranging from 0.0 to 0.5 in increments of 0.01) to obtain a 

coverage curve. The difference between the ‘heterologous coverage’ curve and the 

homologous coverage curve is calculated using the Cramér-von Mises test (Pettitt, 1976).  

The Monte Carlo test then compares the libraries by shuffling sequences between them to 

determine if both libraries were likely sampled from the same population.
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3.1 Introduction 

The biology of this planet is the direct result of the chemistry of our oceans.  All 

life on earth evolved from single-celled microorganisms which lived in the primitive 

oceans some 3.8 billion years ago.  Consequently the marine ecosystem is an important 

reservoir of the Earth's biological diversity which plays an important role in our 

economic and cultural systems.  Covering approximately 71% of the Earth’s surface the 

oceans are responsible for regulating climate and play a vital role in numerous 

biogeochemical cycles such as carbon, nitrogen, sulfur and silicon. Most of Earth’s 

oxygen is produced by phytoplankton in the sea (Mitchell, 2010), and currents such as 

the North Atlantic drift exert a strong influence on the climate of the coastal regions of 

northwest Europe (Allaby and Garratt, 2002).  Phytoplankton are microscopic (0.4 to 200 

μm diameter) unicellular algae that drift in the upper sunlit layers of the ocean. They 

represent ~1% of the Earth’s photosynthetic biomass though are responsible for more 

than 45% of the planets annual primary production (Field et al., 1998).  Consequently 

they form the base of the marine food web on which, with the exception of hydrothermal 

vent communities, all marine life is dependent.  As phytoplankton represent the keystone 

of the food chain their abundance and proliferation has profound consequences on the 

fishing industry both in the commercial sector and in small scale/subsistence fishing 

communities where fish are essential for survival.  Worldwide, approximately 1 billion 

people are dependent on fish in their diet and they contribute up to 50% of total animal 

protein intake in many developing countries  such as Bangladesh, Cambodia, Equatorial 

Guinea, French Guiana, the Gambia, Ghana, Indonesia and Sierra Leone (Food and 

Agriculture Organization, 2008).  Furthermore, phytoplankton represent the single 

largest contributor to net oxygen production and play a vital role in regulating 

atmospheric CO2 by incorporating it into biomass.  This is especially significant today in 

the post industrial revolution era when the concentration of atmospheric CO 2 is 

increasing at an unprecedented rate as a direct result of burning fossil fuels and massive 

deforestation.  
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Global warming is one of the consequences of climate change caused by 

accumulation of greenhouse gases in the atmosphere that produce a positive radiative 

forcing by trapping long wave solar radiation.  Global warming and ocean acidification 

are a direct consequence of an increase in greenhouse gases such as carbon dioxide, 

methane, nitrous oxide and trifluoromethane.  Though carbon dioxide is considered a 

trace gas in the atmosphere (0.03%), based on its concentration, it is the major 

greenhouse gas in the atmosphere (excluding water vapour) with a current concentration 

of 386.3 ppm (Blasing and Smith, 2010).  In contrast, methane the second most abundant 

greenhouse gas is only 1.7 ppm though it is a more potent gas per unit than carbon 

dioxide (Khalil, 1999).  The total radiative forcing (extra heat energy) in the atmosphere 

since pre-industrial 1750 is 2.43 W/m
2
.  Of this total, methane contributes 20% of the 

radiative forcing with 0.48 W/m
2
 which proportionally (due to concentration) contributes 

more than carbon dioxide at 1.66 W/m
2 

(Forster et al., 2007).  Since 1751 approximately 

337 billion tons of carbon have been released into the atmosphere primarily from the 

burning of fossil fuels and cement production (Boden et al., 2010).  As a direct result of 

these emissions the average global temperature has increased by 0.7 °C in the past 100 

years with a global average sea level rise of 1.8 mm per year over the period 1993 to 

2003 (IPCC, 2007).   

The uptake of CO2 by the ocean is a direct response to rising atmospheric CO2 

concentration in which the partial pressure of CO2 is equilibrated across the air-water 

interface.  In essence, the ocean directly mediates against climate change by sequestering 

anthropogenic CO2 thus reducing the effects of global warming (McNeil, 2006).  This 

results in what is known as ocean acidification, a process in which the carbonate 

chemistry of seawater is altered by the addition of CO2 resulting in an increase in 

hydrogen ion concentration and a decrease in pH.  Since the beginning of the industrial 

revolution the pH of the ocean has declined from 8.2 to 8.1 and this trend is expected to 

continue if CO2 emissions go unabated.   The term “ocean acidification” is therefore a 

misnomer and in reality the oceans are becoming less alkaline rather than becoming 

acidic per se.  The phrase was coined by the atmospheric scientist Ken Caldeira in a 2003 
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Nature paper to add impact to his research (Caldeira and Wickett, 2003) since then it has 

been adopted by climate scientists as it adds gravitas to a very real and serious threat.  

In the oceans, dissolved inorganic carbon (DIC) exists in 3 forms and their 

proportions are reflected in the pH of the seawater.  These forms are (I) aqueous CO2 and 

carbonic acid (H2CO3), (II) Bicarbonate (HCO3
–
) and (III) Carbonate ion (CO3

2-
)  Under 

current ocean conditions (pH 8.1) approximately 90% of the inorganic carbon is 

bicarbonate, 9% is carbonate ion, and only 1% is dissolved CO2 (Millero et al., 2002). In 

seawater dissolved CO2 (aq) combines with H2O producing carbonic acid.  Both CO2 (aq) 

and carbonic acid exist in equilibrium in water however carbonic acid is weak and can 

quickly dissociate resulting in the production of bicarbonate
 
and hydrogen ions (H

+
) 

which decreases the pH of the water making it slightly more acidic.  Bicarbonate can also 

dissociate to carbonate and H
+
 but this is dependent on pH, the more alkaline the solute 

the greater the dissociation.    

Carbonate system - aqueous speciation: 

CO2 (aq) + H2O <=> H2CO3  (Carbonic acid)  

H2CO3 <=> HCO3
–
 + H

+
  (Bicarbonate) 

HCO3
–
 <=> CO3

–2 
+ H

+
  (Carbonate ion) 

The carbonate buffer system allows the ocean to adjust to the addition of CO2 

without large scale change in pH.  As seawater becomes more acidic (due to increased 

CO2) the system counters by altering the proportions of bicarbonate and carbonate thus 

reducing the amount of H
+ 

and stabilizing the pH.  However, the concentrations of CO2 

and carbonate are inversely related, increasing one reduces the concentration of the other. 

Therefore increased CO2 decreases the relative concentration of carbonate which in turn 

impairs the process of calcification, with important implications for calcifying marine 

organisms. 
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It is anticipated that over the next century atmospheric CO2 concentrations will 

continue to decrease ocean pH and the concentration of carbonate ions, that marine 

calcifying organisms require to build their skeletons and shells, will decrease.  Currently 

the calcium carbonate of such organisms does not dissolve due to the fact that the oceans 

are supersaturated with calcium (Ca
2+

) and carbonate ions.  It is anticipated however that 

the decrease in carbonate ions will eventually reach a point where the rate of calcium 

carbonate erosion exceeds production.  This would have a detrimental effect on reef 

building organisms as they deposit calcium carbonate in the form of aragonite which is 

the easiest form of calcium carbonate to dissolve when carbonate concentrations 

decrease. 

Sceptics of climate change have pointed out that there have been periods in 

Earth’s history when CO2 levels were considerably higher than today while at the same 

time there was widespread glaciation (McClintock, 2009).  There is unequivocal 

evidence for a period of glaciation during the late Ordovician (Royer, 2006) with CO2 

data close to this period suggesting high CO2 concentrations ~5600 ppm (Yapp and 

Poths, 1992, Yapp and Poths, 1996).  However, it is unclear exactly what the CO2 levels 

were at the time of the event as the single proxy record spans a period of almost 7 million 

years which includes a known global warming event.  Furthermore, solar output was 

around 4% lower than current values and as a consequence the CO2 threshold for 

initiating glaciation would be higher (Royer, 2006).  The CO2-ice threshold for the 

present-day Earth is 500 ppm but global climate models have predicted a CO2-ice 

threshold for the late Ordovician of 2240 and 3920 ppm (Poussart et al., 1999, Herrmann 

et al., 2003).  Paradoxically, there were periods when CO2 was considerably lower than it 

is today and yet the climate was actually warmer than the present.  The Medieval Warm 

Period (~800-1300 AD) was one such event which was marked by an increase in 

temperature (1.2–1.4°C) and rainfall (+10%) in pre-industrial Europe (Lamb, 1965). 

Research conducted by Trouet (Trouet et al., 2009) has found a positive North Atlantic 

Oscillation (NAO) mode during the medieval climate anomaly.   The NAO is a large 

scale seesaw in atmospheric mass between the subtropical high and the polar low.  A 

Positive NAO results in warm and wet winters in Europe and cold and dry winters in 
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northern Canada and Greenland whereas a negative NAO brings cold air to Europe and 

milder winter temperatures to Canada and Greenland.   

CO2 is not the only driver of climate and there are numerous climate forcing 

mechanisms which influence the energy balance of the planet.  Climate forcing is an 

imposed perturbation of the Earth’s energy balance with space,  (Hansen et al., 1998) and 

as a consequence the climate is “forced” to change.  Forces which influence climate 

change can be broken down into extraterrestrial and terrestrial with the terrestrial forces 

being further subdivided into natural and man-made.  The primary forcing mechanisms 

are as follows; orbital variation (Milankovitch cycles), plate tectonics, thermohaline 

circulation, volcanic activity and surface albedo (Chapter 1 section 1.5).   

The most significant extraterrestrial forcing event occurred 65 Mya resulting in a 

mass extinction of at least 46% of genera (Keller, 2005).  It has been hypothesised that 

the bolide impact at Chicxulub on the Yucatán Peninsula, Mexico resulted in the transfer 

of ~ 4,600 Gt of carbon into the atmosphere (Beerling et al., 2002).  This was followed 

by a dramatic rise in atmospheric CO2 concentration which rose from 350–540 ppm 

between the Late Cretaceous and the Early Tertiary to a pCO2 of 2,300 ppm within 

10,000 years of the impact, raising global temperatures by as much as 7.5 Celsius.  

Beerling and his team calculated the pCO2 using the inverse relationship between the 

stomatal index (SI) which is the proportion of epidermal cells that have stomatal pores in 

fossil leaves of gingkoes and ferns that grew around the time of the dinosaurs' demise.  

The number of stomatal pores reflects the atmospheric CO2 concentration, the fewer the 

pores, the higher the pCO2 level.  The equation was derived from both CO2 enrichment 

experiments and historical archives of gingko leaves collected over a 200 year period and 

calibrated using CO2 data between 1837 and 1964.  Beerling refuted the alternate 

hypothesis that the increase in CO2 was the result of massive volcanic activity in the 

Deccan traps of south west India by simulating volcanic CO2 emissions over a 2 million 

year period.  The results revealed no significant increase in atmospheric pCO2 because 

the input of volcanic CO2 was only a small fraction of the background production which 

could be easily absorbed by the ocean.  The rise of pCO2 to 2,300 ppm would have been 
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an additional stress to ecosystems already perturbed by the “impact winter” predicted by 

Alvarez (Alvarez et al., 1980) in which dust from the impact stayed in the atmosphere for 

several years blocking the sun and suppressing photosynthesis.  Consequently the mass 

extinction of marine and terrestrial organisms at the end of the Cretaceous-Tertiary 

period was not instantaneous and several species including the dinosaurs took several 

thousand years to become extinct.  It is estimated that approximately 90% of all marine 

calcareous nanoplankton became extinct resulting in a “Strangelove” ocean where ocean 

productivity was severely reduced for at least 0.5 Myr (Zachos et al., 1989).  There are 2 

pieces of evidence which substantiate the disturbance of the marine biosphere by this 

event.  First, the mass extinction of marine calcareous nanoplankton was reflected in a 

reduction of CaCO3 deposition at the Cretaceous-Tertiary Boundary (KTB) (Arthur et 

al., 1987) and second the negative δ
13

C value of planktonic carbonate at the KTB of 

approximately 2‰ compared to those below the boundary (Corfield, 1994; Kaiho et al., 

1999, Arens and Jahren, 2000, Maruoka et al., 2007).  Photosynthetic plankton 

preferentially assimilate the light isotope of carbon (
12

C) leaving the surrounding water 

enriched with the heavier 
13

C.  Therefore any carbonate precipitated from this water will 

be enriched in
13

C and will have a positive δ
13

C value.  Essentially, the more positive the 

δ
13

C, the greater the primary production while a negative δ
13

C can be interpreted as 

evidence for a reduction (or shutdown) of marine primary production (Hsu, 1980).   

Analysis of carbonate sediments can therefore provide a record of the changing 

primary productivity through time.  The Yucatan Peninsula is a sedimentary terrace of 

calcium carbonate (chalk) formed from the shells of coccolithophorid algae which were 

laid down in the early Cretaceous (Latin Creta meaning chalky) period.  The area also 

includes significant amounts of calcium sulfate which upon impact of the bolide caused 

the release of sulfur dioxide into the atmosphere.  It is hypothesized that the sulfur 

dioxide reacted in the atmosphere with water and oxygen to form sulfuric acid which 

rained down making the waters of the upper ocean corrosive to calcium carbonate shells 

(D'Hondt et al., 1994; D'Hondt et al., 1996, Pope et al., 1997, Pope et al., 1998).  This 

acidification event would have only lasted one or two years as the upper ocean would 

have eventually mixed with the waters from the ocean depths restoring the chemistry 
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equilibrium.  Consequently phytoplankton with shells constructed from silica survived 

the extinction event whereas it took 500,000 years before new species of calcium 

carbonate producing plankton evolved and  20 million years to recover to pre-extinction 

levels of species diversity (Caldeira, 2007, Riebesell, 2007).    

Nearly half of all the anthropogenic CO2 produced in last 200 years has been 

absorbed by the oceans resulting in a drop in pH of 0.1 units which equates to a 30% 

increase in the concentration of hydrogen ions (Royal Society, 2005) .  Currently the 

oceans are absorbing about one tonne of anthropogenic CO2 per year for each person on 

the planet (IPCC, 2001) further reducing pH.  It is hypothesised that today’s CO2 

emissions may be even more detrimental to ocean chemistry than the sulfuric acid rain 

which fell 65 million years ago (Caldeira, 2007).  Although these effects were probably 

more extreme the actual acidification event itself was only short lived lasting only a 

couple of years.  Unfortunately, the current level of ocean acidity is irreversible during 

our lifetime and it is anticipated that it will take tens of thousands of years for ocean 

chemistry to revert back to pre-industrial levels (Royal Society, 2005) until then the 

oceans are expected to become more acidic as carbon dioxide levels continue to rise.   

In this study I examined the impact of rising CO2/reduced pH on both 

phytoplankton and bacterioplankton and evaluated the possible consequences for marine 

ecosystems and processes.  To this end an 18 day perturbation experiment was conducted 

in a Norwegian fjord which simulated the pCO2 and pH conditions of the future high CO2 

world of 2100 as predicted by the IPCC (IPCC, 2001).   Bacteria and phytoplankton were 

enumerated daily throughout the experiment along with pCO2 and pH measurements in 

order to assess the effects of elevated CO2 on the microbial populations.   Chlorophyll-a 

concentrations were measured to monitor the evolution of the phytoplankton bloom 

coupled with trace gas analysis (DMS, DMSP). Comparative analysis of the data from 

high and ambient CO2 treatments was then conducted to assess the effects of CO2-driven 

ocean acidification. The data provided the overall context for the detailed microbial 

community analyses that was conducted subsequently (Chapter 3 to Chapter 6). 
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3.2 Methods  

3.2.1 Mesocosm experiment 

The mesocosm experiment was conducted at the Espeland Marine Biological 

Station, Bergen, Norway in May 2006.  6 x 1100 L mesocosms were deployed 

approximately 200 m from the shore and filled with unfiltered seawater water pumped 

directly from the fjord.   The experiment was divided into 2 different treatments; 

mesocosms 1, 2 and 3 (M1-M3) were designated as high CO2 (~pH 7.8) while 

mesocosms 4, 5 and 6 (M4-M6) were designated as ambient CO2 (~pH 8.1).  This was 

achieved by aerating the mesocosm for 2 days with either CO2 or air and flushing the 

headspace thereafter.  Once the desired conditions had been attained nutrients in the form 

of phosphate and nitrate were added to all the mesocosms (initial concentrations: 1.25 

µmol l
-1

 phosphate; 16 µmol l
-1

 nitrate) in order to induce a phytoplankton bloom.  Due 

to phytoplankton growth reducing CO2 concentration to near ambient levels in the high 

CO2 mesocosms, the acidification process was repeated a second time on the evening of 

day 10 (15
th

 May).  In this instance only two mesocosms were bubbled overnight with 

CO2 (M1 & M2) and two with air (M5 & M6).  Mesocosms M3 and M4 were left 

untreated and used as a control experiment to ascertain if the bubbling process itself 

affected the ecology of the mesocosms.  Therefore the experiment had two phases; phase 

1 (pre-bloom) which ran from the 6 – 15
th

 May (Day 1 – Day 10) and phase 2 (post 

bloom) which ran from 16 – 23
rd

 May (Day 11 – Day 18).  

  Mesocosm water samples were taken daily at 9 am throughout phase 1 and 

phase 2 of the experiment with the exception of 17
th

 May when due to technical 

difficulties no samples were taken.  25 L of seawater was withdrawn from each 

mesocosm and filtered through GF/A filters to remove large eukaryotes and the filtrate 

was collected onto 0.2 m Durapore membranes for further molecular analysis.  

Approximately 20 ml was retained to enumerate absolute concentrations of 

phytoplankton and bacterioplankton using a Becton Dickinson FACSort flow cytometer. 

All flow cytometric analyses were conducted by Dr Andrew Whiteley, CEH Oxford.  pH 
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and pCO2 was also measured and the development of phytoplankton bloom was 

monitored by measuring the chlorophyll-a concentration.  pH and pCO2 were determined 

by Dr Dorothee Bakker (University of East Anglia) and chlorophyll-a was determined Dr 

K. Crawfurd, (University of Dundee).  

3.2.2 Bottle incubations 

In order to study the effects of elevated CO2 on chemoautotrophic bacteria 

seawater was sub sampled from mesocosms M1, M3, M4 and M6 and placed into 2 x 4L 

dark incubation bottles which were amended with either 0.68 grams of 
13

C sodium 

bicarbonate or 
12

C sodium bicarbonate. These were designated bottles B1, B3, B4 and B6 

with each designation having a 
13

C and 
12

C equivalent.  Every mesocosm was allocated 

its specific set of incubation bottles (i.e. Bottles B1
13

C/
12

C allocated to mesocosm M1).   

Bottle incubations were prepared for both phases of the experiment on day 8 (phase 1) 

and then again on day 15 (phase 2).  The bottles were incubated by suspending them in 

the fjord and sampling commenced after 24 hours. 

Dark incubation bottles were sampled daily at 3 pm on days 9, 10, 11 and 13 in 

phase 1 and days 16, 17, 18 and 20 in phase 2 of the experiment.  Approximately 1 L of 

seawater was withdrawn from each bottle of which 20 ml was used for flow cytometry 

and to measure pH.   

3.2.3. Statistical analysis 

To determine large scale treatment effects and identify samples for further 

molecular analysis statistical analyses was conducted on all data generated using the 

software package Minitab
®
 15.  Due to the small sample size of some of the datasets non-

parametric analyses was conducted using the Mann-Whitney U Test (Mann and Whitney, 

1947).   This test compares the medians of two groups to suggest whether both samples 

come from the same population or not which is advantageous in groups that may be 

skewed as the medians remain unaffected by outliers.  
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All data generated as part of the NERC Bergen mesocosm project were deposited 

in the Bergen mesocosm data repository and made available to all participants 

http://nebc.nerc.ac.uk/bergendb 

3.3 Results and discussion 

3.3.1 Effect of CO2 on pH in mesocosms and bottle incubations 

Data for 2 high CO2 (M1 & M2) and 2 ambient CO2 (M5 &M6) mesocosms are 

presented here as these treatments remained constant throughout the entire experiment.  

The dark incubation data presented were obtained from bottles B1 (
13

C/
12

C) and B6 

(
13

C/
12

C) which were prepared from seawater obtained from M1 and M6 respectively.  

No incubations were prepared from the remaining two mesocosms (M2 and M5) due to 

the fact they were amended with 
15

N labelled nitrate which may have interfered with the 

13
C labelling of the chemoautotrophic bacteria in the subsequent SIP analyses (Chapter 5, 

section 5.2).  

At the start of the experiment (day 0) the average pH of mesocosms M1-M3 was 

8.06.  However, due to the introduction of CO2 (750 µatm) the pH decreased and by day 

1 of the experiment it averaged pH 7.81±0.003.  In contrast, mesocosms M4-M6 

averaged pH 8.14 which was similar to the fjord (pH 8.19).  A steady increase in pH was 

observed in both treatments throughout phase 1 of the experiment due to the uptake of 

CO2 by the increasing phytoplankton biomass (Figure 3.1A).  Phase 2 of the experiment 

commenced on day 11 after the reintroduction of CO2 into M1, M2 and ambient air into 

M5, M6.  On this occasion, mesocosms M3 and M4 were left to equilibrate in order to 

ascertain if the bubbling had any effect on bacterial community composition.  

It has been argued that the relationship between atmospheric CO2 and ocean pH is 

unconvincing as a non-linear response is observed when plotting pH changes against 

atmospheric carbon dioxide partial pressure (Marsh, 2008, Doney et al., 2009).  

http://nebc.nerc.ac.uk/bergendb
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However, a linear relationship was clearly observed if the pCO2 data is transformed to a 

logarithmic scale so that both scales (pCO2 and pH) are consistent (Figure 3.1B).  

In the bottle incubations there were no significant differences in pH observed 

between the labelled and unlabelled treatments in the high and ambient incubation from 

both phases of the experiment (P > 0.05; Mann Whitney U Test; Figure 3.1C). However, 

significant difference were observed in pH between the ambient and high CO2 dark 

incubations in phase 1 (P=˂0.01; Mann Whitney U Test) and phase 2 (P=˂0.01; Mann 

Whitney U Test) of the experiment (Figure 3.1C). Furthermore, the pH in the incubations 

was considerably lower than in the mesocosms from which the bottles were prepared due 

to the exclusion of light which reduced the uptake of CO2 via photosynthesis.  
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Figure 3.1 pH of mesocosms M1-M3, (high CO2) M4 -M6 (ambient CO2) and the fjord for the 

entire duration of the experiment (A).  Negative linear correlation between the partial pressure of 

atmospheric CO2 and pH during phase 1 of the experiment (B).  pH values for 
13

C and 
12

C dark 

incubation bottles with B1 the high CO2 treatment and B6 the ambient CO2 treatment (C).  
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3.3.2 Bloom development 

The addition of phosphate and nitrate at the start of the experiment led to the 

development of a pronounced algal bloom in all the mesocosms which reached its peak 

around day 8.  Chlorophyll-a concentration (Figure 3.2) at its peak, was ~34% higher 

under ambient CO2 conditions (10.41 ± 1.14 µg/l
-1

 chlorophyll-a) compared to high CO2 

conditions (6.87 ± 3.33 µg/l
-1

 chlorophyll-a).  Chlorophyll-a concentration continued to 

decline throughout phase 2 but slowly increased due to a minor secondary bloom 

between days 15-18.  Statistically, there was no significant difference in chlorophyll-a 

concentration between the treatments at the peak of the bloom on day 8 (P=0.24; Mann 

Whitney U Test).  However, in the same study Hopkins (Hopkins et al., 2009) using the 

acetone extraction dataset found that chlorophyll-a concentrations were significantly 

lower under high CO2 conditions if data from the whole period between days 5 - 12 is 

considered (P=0.021; Two sample t test).   

A significant decrease in primary productivity of 27.3% was observed in the high 

CO2 mesocosms M1 and M2 compared to the ambient CO2 mesocosms M5, M6 between 

days 6 to 8 (P=0.03; Mann Whitney U Test).  During this period the daily average 

primary productivity was 599±36 mg C m
-2 

d
-1

 in the high CO2 treatments while in the 

ambient CO2 treatment it averaged 824±61 mg C m
-2 

d
-1

.  Primary productivity was 

calculated using the 
14

C technique which measures the assimilation of bicarbonate into 

organic matter (Joint and Pomroy, 1983). 

The development of the algal bloom coincided with the depletion of nutrients 

however early observations indicated that the rate of nutrient depletion was slower in the 

high CO2 treatment compared to that of the ambient CO2 treatment (Figure 3.3).  

However, the difference was not statistically significant in either nitrate (P= 0.60; Mann 

Whitney U Test) or phosphate (P= 0.79; Mann Whitney U Test) between the treatments.  

In the high CO2 treatment, the average depletion rate of nitrate (Figure 3.3A) was 0.076 

±0.05 µmol/l/hr, while in the ambient CO2 treatment the average depletion rate was 

0.072 ±0.01 µmol/l/hr.  Conversely, phosphate depletion rates were 0.0043 ±0.0037 
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µmol/l/hr in the high CO2 treatment and 0.0044 ±0.0014 µmol/l/hr in the ambient CO2 

treatment (Figure 3.3B).   

3.3.3 Bacterioplankton Dynamics 

No significant differences were observed in total bacterial abundance between the 

high and ambient CO2 mesocosms in phase 1 of the experiment (P=0.14).  Bacterial 

numbers slowly increased in both treatments during this phase peaking on day 6 in the 

high CO2 treatment with 4.80 ±0.02x10
6 

cells/ml and on day 9 in the ambient CO2 

treatment with 5.68 ±0.97x10
6 

cells/ml
 
after which they remained relatively steady until 

phase 2 of the experiment commenced on day 11 (Figure 3.4A).   

In phase 2 of the experiment bacterial numbers initially rose in both treatments 

reaching their peak on day 14 in the high CO2 mesocosms with 1.15 ±0.19x10
7 

cells/ml 

and on day 16 in ambient CO2 mesocosms with 1.04 ±0.09x10
7 

cells/ml.  After these 

peaks, cell numbers decreased rapidly in the high CO2 treatment to a final concentration 

of 1.72 ±0.49x10
6
  cells/ml whereas cell numbers in the ambient CO2 mesocosms 

decreased gradually to 8.10 ±2.8x10
6
 cells/ml (Figure 3.4A).  No statistical difference 

was observed in bacterial numbers at the beginning of phase 2 of the experiment 

(P=0.43; Mann-Whitney U test) however a significant difference was observed after day 

14 (P= 0.03) when bacterial cell numbers declined rapidly in the high CO2 mesocosms.   

Similar results were obtained from the dark incubation bottles (Figure 3.4B) with 

cell numbers indicating no significant difference between the treatments in phase 1 of the 

experiment (P=0.37) but a significant difference was observed between the high and 

ambient CO2 treatments in phase 2 of the experiment (P=<0.01).  It was also established 

that there was no significant difference in bacterial cell abundance between 
13

C and 
12

C-

bicarbonate amended incubation bottles within the same treatments (P = >0.1). 
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It was observed that in the dark incubations the bacterial cell counts in phase 2 of 

the experiment were considerably lower in the high CO2 treatment (Figure 3.4B).  The 

average bacterial cell count over the 5 day incubation period (
13

C and 
12

C) was 3.85 

±0.33 x 10
6 

cells/ml in the ambient CO2 treatment whereas in the high CO2 treatment it 

had decreased by 81.9% to 6.97 ±0.52 x 10
5
 cells/ml.  This is has been attributed to a 

decrease in primary production (lower phytoplankton biomass) in the high CO2 treatment 

during phase 1 of the experiment which is reflected in the chlorophyll-a concentrations 

(Figure 3.2.) during the peak of the bloom.  This can be further substantiated by the fact 

that in the high CO2 treatments at the peak of the bloom (~day 8) cell numbers of 

Synechococcus (Figure 3.7A), large picoeukaryotes (Figure 3.8A), cryptophytes (Figure 

3.9A), nanoeukaryotes (3.9B) and coccolithophores (Figure 3.10) were lower than that of 

the ambient CO2 treatments.   
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Figure 3.2 Temporal evolution of mean chlorophyll-a concentration (±s.e., n=2) of high CO2 

(M1&M2) and ambient CO2 (M5& M6) treatments indicating the development and eventual 

demise of the phytoplankton bloom in phase 1 of the experiment. 
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Figure 3.3 Temporal changes in nutrient availability of nitrate (A) and phosphate (B).  

Concentrations were derived from the mean average concentration (µmol/l) of M1, M2, M3 (high 

CO2 mesocosms) and M4, M5, M6 (ambient CO2 mesocosms) (±s.e., n=3).  
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Figure 3.4 Temporal variability of total bacterial abundance (± s.e., n=2) in mesocosms with high 

and ambient CO2 treatments in comparison to the fjord, (A). Variability of total bacterial 

abundance in the dark incubation bottles subject to high CO2 (B1) and ambient CO2 (B6) 

treatments (B).    
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Heterotrophic bacteria were also enumerated by flow cytometry represented by 

high nucleic acid (HNA) and low nucleic acid (LNA) bacterial cell counts.  Traditionally 

HNA cells have been regarded as dynamic members of the bacterial assemblage which 

are actively growing (Gasol et al., 1999) whereas LNA cell are regarded as inactive, dead 

or cell fragments (Lebaron et al., 2001).   These two groups can be discriminated by flow 

cytometry by differences in their side scatter (inner cell complexity) and fluorescence 

(emission wavelength).   However, using a combination of flow cytometry and the 

incorporation of labelled amino acids [
3
H] leucine and [

35
S] methionine  Zubkov et al 

(2001) discovered that bacterioplankton in the LNA group were just  as metabolically 

active as members in the HNA group.   Furthermore, the groups were phylogenetically 

identified by fluorescent in situ hybridization (FISH). The HNA- hs (high scatter) group 

was dominated by the Roseobacter clade of the Alphaproteobacteria with the 

Gammaproteobacteria representing ≤10% of the cells while the HNA-ls (low scatter) 

group was dominated by the Cytophaga-Flavobacterium cluster.  A higher phylogenetic 

characterization of the LNA group was not determined as only a weak signal in 

approximately 10 – 20% of the cells was observed for the SAR86 probe 

(Gammaproteobacteria).  It was determined that this was due to additional diversity 

within the sample which was not covered by the set of probes used in the FISH analysis 

(Zubkov et al., 2001).  However, the characterization of the LNA group was addressed 

several years later which revealed it was dominated by the SAR 11 clade (Mary et al., 

2006).  The only cultured representative of this group Pelagibacter ubique, strain 

HTCC1062 has the smallest genome (1,308,506 bp) of any cell known to replicate 

independently (Giovannoni et al., 2005).   Therefore even when this bacterium is 

replicating its nucleic acid content would still be significantly smaller than a member of 

the marine Roseobacter clade whose genomes vary from 3.5 – 5.3 Mb (Tang et al., 

2010).  

The mesocosm HNA and LNA bacterial cell counts (Figure 3.5A/B) showed a 

similar pattern to that of the total bacterial counts (Figure 3.4A).   Both indicated no 

significant treatment differences in cell numbers for phase 1 or the start of phase 2 of the 

experiment but differences were observed in the latter half of phase 2 when cell numbers 
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declined rapidly in the high CO2 treatments (P=0.031, HNA; P=<0.001, LNA).  The 

largest decrease was observed in the HNA group which declined from 4.32 ±0.92x 10
6 

to 

4.16 ±2.29x10
5 

cells/ml (-90.4%) between days 14 and 18 whereas the LNA decreased 

from 1.16 ±0.05x10
6
 to 4.0 ±0.1x10

5
 cells/ml (-65.5%) during the same period.   These 

results strongly suggest that both bacterial groups were affected, either directly or 

indirectly by the elevated CO2 treatment, though the effects were more pronounced in the 

HNA group.  It is uncertain if such decreases in cell numbers are permanent or just 

temporary changes in which the community is able to physiologically adapt in a 

relatively short time.   

In the dark incubation bottles no significant differences were observed in either 

HNA or LNA cell numbers from phase 1 of the experiment P=>0.5 (Figure 3.6A/B).  

However, a significant treatment response was observed in both HNA and LNA cell 

numbers in phase 2 of the experiment (P = < 0.01 for both HNA & LNA).  As there was 

little fluctuation in cell numbers within each treatment an average was obtained for each 

pair of incubation bottles (
13

C &
 12

C).  Over the 5 day incubation period the HNA 

bacteria averaged 2.68 ±0.25x10
6
 cells/ml in the ambient CO2 incubations and 4.31 

±0.23x10
5
 cells/ml in the high CO2 incubation whereas the LNA bacteria averaged 1.06 

±0.08x10
6
 cells/ml in the ambient CO2 incubation and 2.35 ±0.29x10

5
 cells/ml in the 

high CO2 incubation.  Cell numbers were lower in both the HNA and LNA bacteria in 

the high CO2 incubations by 83.9% and 77.8% respectively, consistent with the 

mesocosm data. 

The abundance of the cyanobacterium Synechococcus gradually increased during 

the entire experiment in both the ambient and high CO2 mesocosms (Figure 3.7A).  In the 

high CO2 treatment cell numbers rose from 1.73 ±0.006x10
3 

cells/ml on day 1 to 1.88 

±0.59x10
4
 cells/ml on day18 whereas cell numbers in the ambient CO2 treatments rose 

from 2.34 ±0.04x 10
3
 cells/ml on day 1 to 3.17 ±0.07x10

4 
cells/ml on day 18.  No 

significant differences were observed in cell numbers between the treatments (P = 0.21) 

in phase 1 of the experiment, however a difference was observed in phase 2 (P=0.002). 
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Synechococcus cell numbers gradually decreased in both treatments of the dark 

incubations (Figure 3.7B).   As light is essential for all obligate phototrophs the demise 

of Synechococcus and all phytoplankton species analysed in the dark bottle incubations 

was expected.  For this reason no statistical analysis was conducted on any 

phytoplankton species in the dark incubations as long as their numbers were declining.  

In this instance the mean cell concentration (
13

C &
12

C) on the first day of sampling (day 

9) was 1.59 ±0.34x10
4 

cells/ml decreasing to 1.02 ±0.07x10
4 

cells/ml in the ambient CO2 

incubations and 8.66 ±0.21x10 
3 

cells/ml decreasing to 4.42 ±0.71x10
3 

cells/ml in the 

high CO2 incubations. 
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Figure 3.5 Temporal variability in log mean (± s.e., n=2) of cell abundance for HNA (A) and 

LNA heterotrophic bacteria (B) in both treatments and the fjord during the entire duration of the 

experiment.  
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Figure 3.6 Concentration of HNA heterotrophic bacteria (A) and LNA heterotrophic bacteria (B) 

for the dark bottle incubations.   Bottles were filled from their allocated mesocosm (M1= B1) 24 

hours prior to the first sampling and incubated in the fjord to simulate mesocosm conditions. 
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Figure 3.7 Cell concentrations of the photosynthetic bacteria Synechococcus for the mesocosms 

and fjord for the entire duration of the experiment (A) and for the dark bottle incubations for 

phase 1 of the experiment (B).  Flow cytometry analysis was not conducted for photosynthetic 

organisms in the dark bottle incubations from phase 2 of the experiment.  
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3.4 Phytoplankton Dynamics 

The phytoplankton population in both treatments was dominated numerically by 

picoeukaryotes, whereas cryptophytes, prymnesiophytes (including coccolithophores) 

and other flagellates of uncertain taxonomic affiliations made the greatest contributions 

to phytoplankton biomass (Hopkins et al., 2009). 

3.4.1 Picoeukaryotes 

A substantial fraction of the picoplankton biomass consists of small unicellular 

photosynthetic algae, known collectively as picoeukaryotes.  They are found throughout 

the photic zone at concentrations between 10
2
 and 10

4 
cells/ml

 
and are of ecological 

importance as they can produce blooms which affect the whole ecosystem (Bricelj and 

Lonsdale, 1997, Massana et al., 2004).  Though they are subject to a high grazing 

mortality they can be responsible for ~75% of net carbon production in some coastal 

areas (Worden et al., 2004).  The class Prasinophyceae dominates the picoeukaryotes of 

which Micromonas pusilla has been described in several marine studies as the principal 

component of the picoplankton assemblage (Not et al., 2004; Zhu et al., 2005, Marie et 

al., 2006, Worden, 2006).  

For analysis of the Bergen mesocosm samples the flow cytometry data 

categorized picoeukaryotes into 2 size fractions (large and small), however these were 

not identified taxonomically.   

Under high CO2 conditions numbers of large picoeukaryotes were significantly 

lower than in the ambient CO2 treatments (P=0.019) throughout the entire experiment 

(Figure 3.8A).  Taken independently, significant differences were only observed in phase 

1 (P=0.049) of the experiment but not for phase 2 (P=0.16).  This discrepancy was due to 

the secondary bloom which commenced ~ day 15 (Figure 3.2) that resulted in both the 

high and ambient CO2 treatments having similar cell numbers during the final days of the 

experiment.   However, between days 11 to 15 in phase 2 the large picoeukaryotes were 
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significantly more abundant under ambient CO2 conditions (P=0.0013; Mann-Whitney U 

test). 

In the ambient CO2 treatment large picoeukaryotes reached their peak on day 10 

with 2.33 ±1.08x10
4
 cells/ml.  In contrast, cell number in the high CO2 treatment peaked 

the previous day (day 9) with 6.97 ±0.008x10
3 

cells/ml.  These results show that large 

picoeukaryote cell abundance in the high CO2 treatment was ~70% lower compared to 

the ambient CO2 which is significant when one considers that picoeukaryotes in general 

can be the main net primary producers of the phytoplankton  assemblage accounting for 

up to 32.05 ±1.31 µg C L
-1

 d
-1 

produced and 28.31 ±2.61 µg C L
-1 

d
-1

consumed in some 

marine systems (Worden et al., 2004).     

Small picoeukaryotes numerically dominated the photosynthetic eukaryotes 

examined during this study (Figure 3.8B).  Cell numbers rose quickly in the high CO2 

treatment peaking on day 7 with 4.65 ±0.93x10
4
 cells/ml while at the same time cell 

numbers in the ambient CO2 mesocosms were 52.3% lower with 2.22 ±0.35x10
4
 

cells/ml.  However a rapid decline in cell numbers was observed in the high CO2 

treatment after it peaked on day 7 while cell numbers in the ambient CO2 treatment 

continued to rise despite lower concentrations of nitrate and phosphate at this time (6.15 

±0.23 µmol/l and 0.24 ±0.04 µmol/l, high CO2 treatment) and (4.33 ±0.2 µmol/l and 0.20 

±0.008 µmol/l, ambient CO2 treatment).  In contrast, peak cell abundance in the ambient 

CO2 treatment was recorded on day 10 with 5.10 ±1.42x10
4 

cells/ml.  No statistical 

difference was observed between the treatments in phase 1of the experiment (P=0.086).   

However, statistical analysis of phase 2 of the experiment did reveal a significant 

difference between the treatments (P=≤0.01) which can be attributed to the rapid decline 

of cell numbers in the high CO2 treatment in contrast to the ambient CO2 treatment 

(Figure 3.8B). 
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Figure 3.8 Temporal variability in log mean (± s.e., n=2) of cell abundance for large 

picoeukaryotes (A) and Small picoeukaryotes in both treatments and the fjord (B.)   
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Meakin and Wyman (2011) as part of this Bergen mesocosm experiment, 

employed a combination of ribulose-bisphosphate carboxylase gene (rbcL) clone 

libraries and quantitative PCR to explore shifts in the picoeukaryote community in 

response to elevated CO2 (Meakin and Wyman, 2011).  In this instance they analysed 

two closely related species, Micromonas pusilla and Bathycoccus prasinos for the first 8 

days of the experiment and found that they responded very differently to the high CO2 

treatment.   Micromonas abundance was significantly higher under high CO2 treatment 

between days 0 – 3 (days 1 - 4 this study) reaching a ~23 fold increase by day 7 with 

1.55 ±0.76 x 10
5 

copies ml
-1

 in the high CO2 treatment compared to 6.88 ±3.08 x 10
3 

copies ml
-1

 in the ambient CO2 treatment.  Bathycoccus was found at similar numbers in 

both treatments but dominated the community under ambient conditions.   

These results seem contrary to the flow cytometry data for the same time period 

as Meakin and Wyman’s (2011) analysis (days 1 - 8) as the abundance of large 

picoeukaryotes was significantly higher in the ambient CO2 treatment in phase 1 of the 

experiment and no significant difference between the treatments was observed in the 

small picoeukaryotes during the same period.   While studying the growth rates of 

picoplankton in coastal systems Moran (Morán, 2007) found that the average length of a 

large picoeukaryote was 1.94 µm while a small picoeukaryote was ~1.31 µm.  The size 

of Bathycoccus prasinos is estimated to be ~1.5 – 2.5 µm (Eikrem and Throndsen, 1990) 

while Micromonas pusilla is 1 – 3 µm (Manton and Parke, 1960).  It is therefore 

reasonable to assume that Micromonas and Bathycoccus would be detected in both the 

large and small picoeukaryote cell fractions and taken independently the cytometry data 

would not necessarily reflect the results reported by Meakin and Wyman (2011).   

However, based on the average cell diameter of Micromonas (~1.5 µm) it is possible to 

speculate that the majority of this species would be present in the small picoeukaryote 

fraction whereas Bathycoccus with a larger average cell diameter (2.0 µm) would be 

present in the large picoeukaryote fraction. 

Analysis of small picoeukaryote cell numbers over the 8 day period described by 

Meakin and Wyman (2011)  revealed that cell numbers were actually higher in the high 
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CO2 treatment (Figure 3.8B) but statistically the significance was minimal (P=0.05; 

Mann Whitney U Test).  However, statistical analysis of days 1- 4 did reveal a significant 

difference (P=0.030; Mann Whitney U Test) in cell numbers between the treatments 

lending support to Meakin and Wyman (2011) observation that Micromonas-like rbcL 

concentrations consistently increased over a 4 day period in the high CO2 mesocosms.     

With the exception of the small picoeukaryotes, all the cytometric cell counts in 

this study have commenced (day 1) with similar cell numbers in both treatments.   This 

exception seems to strongly suggest that some picoeukaryotes are able to proliferate 

under elevated CO2 conditions.   M. pusilla has been shown to have a growth rate of 1.3 

diversions per day which occurs mainly during the dark period with approximately one 

doubling from dusk to dawn (DuRand et al., 2002).  If elevated CO2 increased the growth 

rate of M. pusilla over and above that reported by DuRand et al (2002) then it should be 

reflected in the day 1 cell counts as CO2 was introduced into the mesocosms two days 

prior to the commencement of sampling, providing adequate time for cell numbers to 

differentiate between the treatments.  It is therefore conceivable that M. pusilla was 

mostly confined to the small picoeukaroyotic fraction as this could account for the 

increase in cell numbers in the elevated CO2 treatment from days 1 - 7 thus supporting 

the findings of Meakin and Wyman (2011).   

3.4.2 Cryptophytes 

Cryptophytes are unicellular biflagellate cells, most of which are photosynthetic.  

They have a cell length of 3-50 µm and possess two types of light harvesting complexes 

containing phycobiliproteins or chlorophyll-a which permit photosynthesis to function 

with high efficiency under limited irradiance (Hammer et al., 2002).  Cryptophytes may 

form blooms, but are different from toxin-producing dinoflagellates or cyanobacteria as 

they are not known to cause harm (Pedrós-Alió et al., 1987). 

No significant differences were observed between cryptophyte cell numbers in 

the high and ambient CO2 treatments during phase 1 of the mesocosm experiment 
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(P=0.42) (Figure 3.9A).  Cell numbers gradually rose in both treatments peaking on day 

9 in the high CO2 mesocosms at 3.72 ±0.89x10
2
 cells/ml and on day 10 in the ambient 

CO2 mesocosms with 5.68 ±3.27x10
2 

cells/ml.  A significant difference between the 

treatments was observed in phase 2 of the experiment (P=0.04) due to cryptophyte cell 

numbers in in high CO2 treatment declining earlier than those of the ambient CO2 

treatment.     
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Figure 3.9 Temporal variability in log mean (± s.e., n=2) of cell abundance for cryptophytes (A) 

and nanoeukaryotes (B) in both treatments and the fjord.                                                             
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3.4.3 Nanoeukaryotes 

 Nanoeukaryotes (2 – 20 µm) are in general 10 times less abundant than 

picoeukaryotes in phytoplankton assemblages and are mainly associated with two main 

groups of algae, the Dinophyta and the Prymnesiophyta (Marie et al., 2010).   

Cell numbers in the high CO2 treatment were slightly lower than those of the 

ambient CO2 treatment throughout both phases of the experiment with the exception of 

the last 3 days of the secondary bloom (Figure 3.9B).  As a result, no significant 

difference between the treatments in either phase 1 or phase 2 of the experiment was 

observed (P>0.5). 

3.4.4 Coccolithophorids 

Coccolithophorids comprise a family of calcite-producing Prymnesiophytes that 

contribute a significant fraction of deep-sea oozes and chalks in the open ocean, 

contributing up to 80% of the total precipitated CaCO3 (Fabry, 1989).  There are 

approximately two hundred described species of coccolithophorids (Jordan and Green, 

1994) but only two, Emiliania huxleyi and Gephyrocapsa oceanica are known to produce 

seasonal blooms (Iglesias-Rodriguez et al., 2002).  

The abundance of coccolithophorids was significantly lower under high CO2 

conditions in both phases of the experiment (P=≤0.01) (Figure 3.10).  Cell numbers were 

consistently higher in the ambient CO2 treatment throughout the entire experiment 

peaking on day 9 with a mean of 2.99 ±0.18x10
3
 cells/ml.  Cell abundance in the high 

CO2 treatment also peaked on day 9 with 8.88 ±0.79x10
2
 cells/ml which is 70.3% less 

that its ambient CO2 counterpart.  However, the largest treatment difference was 

observed on day 10 when cell numbers in both treatments crashed due to nutrient 

depletion (Figure 3.3).   In this instance, cell abundance in the high CO2 treatment was 

82.1% lower than the ambient CO2 treatment with 2.79 ±0.65x10
2 

cells/ml compared to 

1.56 ±0.49x10
3 

cells/ml.  
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Figure 3.10 Temporal variability in log mean (± s.e., n=2) of cell abundance for 

Coccolithophorids in both treatments and the fjord. 

This was the only phytoplankton group analysed in which cell numbers in both 

treatments reached their peak cell densities at the same time.   In the other phytoplankton 

groups analysed maximum cell abundance was always achieved in the high CO2 

treatments 1 – 3 days prior to the ambient CO2 treatment. This lag pattern was reflected 

in the chlorophyll-a data that indicated the maximum chlorophyll-a concentration was 

reached on day 7 in the high CO2 treatment and day 8 in the ambient CO2 treatment.   

E. huxleyi is known to reach concentrations over 1.0x10
6 

cells/ml producing 

blooms up to 250,000 km
2
 in area which can be detected via satellite (Holligan et al., 

1993).  Furthermore, E. huxleyi blooms can influence how much CO2 is assimilated in 

their vicinity (Holligan et al., 1993, Robertson et al., 1994) and precipitate several 

thousand tonnes of CaCO3 in each bloom event (De Vrind-de Jong and De Vrind, 1997).   

These extensive blooms can result in large fluxes of DMS into the atmosphere (Malin et 
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al., 1993) as E. huxleyi contains DMSP-lyase isozymes which cleave DMSP to DMS 

(Steinke et al., 1998).   

Results of mesocosm studies conducted in Norway 2005 (PeECE III) suggest that 

a doubling of CO2 (~ 750 ppm) leads to a 26% increase in the emission of DMS, whereas 

a tripling of CO2 (1150 ppm pCO2) leads to only an 18% increase in DMS emissions 

(Wingenter et al., 2007).  However, it was not determine if the increase in DMS 

emissions was due to the response of the phytoplankton to elevated CO2 or due to 

increased lysis or viral attack.   Using different statistical methods applied to the same 

data another member of the PeECE III group concluded that there was no statistical 

difference in DMS emissions for the same increase in CO2 (Vogt et al., 2007), suggesting 

that the response of DMS emissions to changes in CO2 levels is not unequivocally 

established.   

In this current study Hopkins et al (2009)  reported a significant reduction in 

DMS concentration under elevated CO2 conditions at the peak of the bloom (P<0.001; 

Two sample t-test).  By the end on the experiment (23
rd

 May) DMS concentrations were 

reduced 3 fold in the high CO2 treatment.  However, it must be noted that the post bloom 

analysis of Hopkins et al (2009) was based on mesocosms M3 and M4 which were 

portrayed as high and ambient CO2 respectively.  For phase 2 of the experiment (post 

bloom) mesocosms M3 and M4 were not re-bubbled with CO2 and ambient air 

(respectively) in order to establish the effects of bubbling in the system.  Consequently, at 

the start of phase 2, the true high CO2 mesocosms (M1 and M2) had an average CO2 

concentration of 823 µatm and pH values of 7.9 and 7.7 respectively, whereas the CO2 

concentration of M3 was 358 µatm and pH 8.1 (Hopkins et al., 2009).   However, 

Hopkins et al (2009) reasoned that M3 could still be considered a high CO2 perturbation 

as its CO2 concentration was on average 80 µatm higher than in the ambient CO2 

treatments plus they wanted to give priority to the unbubbled mesocosms as trace gases 

are driven out of the water phase by aeration.  
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As the ecological and biogeochemical importance of coccolithophores has 

become recognized numerous studies have been conducted to ascertain their response to 

ocean acidification.  Of particular interest is the decrease in the saturation of calcium 

carbonate which makes it harder for calcifying organisms to precipitate their mineralized 

cell walls.  The results of several studies are conflicting, with one group stating that 

calcification and net primary production in the coccolithophore species Emiliania huxleyi 

is significantly increased by high CO2/reduced pH  (Iglesias-Rodriguez et al., 2008) 

while another study reported reduced calcification in Emiliania huxleyi (Riebesell et al., 

2000).   Both studies used different methods to reduce the pH of seawater.  Iglesias-

Rodriguez et al., employed a similar method to the one used in this study,  bubbling 

seawater with CO2 until the desired pH was achieved whereas Riebesell et al. (2000)  

added either an acid or base to seawater to mimic future/past ocean pH.   Ocean 

acidification is the net result of an increase in CO2 (aqueous) and HCO3
–
, accompanied 

by a decrease of CO3
2–

 and pH.  The acid/base method for manipulating seawater pH 

does not realistically simulate an ocean acidification event as it not accompanied by 

changes in the bicarbonate ion.  For this reason the experimental design of Iglesias-

Rodriguez was superior to that of Riebesell et al (2000) however, this too was flawed as 

it did not include temperature as one of its parameters.  Ocean acidification is the direct 

result of climate change facilitated by the synergistic effects of increased atmospheric 

CO2 and rising temperature.  It is therefore only logical that all experiments designed to 

simulate the future carbonate system should include these parameters.    

Riebesell et al (2000) suggested that because increased CO2 decreases the 

calcium saturation state (thereby allowing calcite to dissolve) organisms such as E. 

huxleyi may show reduced calcification or malformation in their coccoliths (Riebesell et 

al., 2000).  However, examination of E. huxleyi morphology using scanning electron 

microscopy (SEM) revealed no significant differences in either the size or shape of the 

coccoliths (figure 3.11). 
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Figure 3.11 SEM images of Emiliania huxleyi from mesocosms M1 (high CO2) and M6 (ambient 

CO2) sampled on day 3 of the experiment.  Photograph courtesy of Dr K. Crawfurd, Plymouth 

marine laboratory. 

Calcification was measured using the alkalinity anomaly method based on the 

fact that when a calcifying organism produces a mole of calcium carbonate, total 

alkalinity is decreased by two moles (Chisholm and Gattuso, 1991).  Although changes 

in total alkalinity were observed these differences when normalized to the change in cell 

number during exponential growth revealed no significant difference between the 

treatments (P=0.07; ANOVA).  Furthermore, the calcite saturation state ΩCal (the 

thermodynamic potential for calcite to form or to dissolve) was measured in both 

treatments.  At saturation states below 1 CaCO3 will dissolve unless the production rate 

is greater than dissolution.  Saturation states peaked on day 10 for the high CO2 

treatments and day 11 for the ambient CO2 treatment when they were 3 (±0.2) and 4.7 

(±0.1) respectively and at no point did it fall below 1 (Crawfurd, 2010). 
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Although there is much speculation regarding the effects of elevated CO2 on 

calcifying organisms the function of calcification in some groups of phytoplankton is still 

not fully understood (Paasche, 2002).   It was originally hypothesised that the cell 

covering layer of coccoliths of species such as Emiliania huxleyi served as protection 

against predatory grazing whereas the “trash can” hypothesis speculates that calcification 

serves as a mechanism to facilitate the use of bicarbonate in photosynthesis (Young, 

1994).  The benefit of this mechanism is that during the process of calcification CO2 is 

released that can be used directly in photosynthesis which may be beneficial when CO2 is 

limited.   There is however compelling evidence to refute this hypothesis.   Firstly, 

photosynthesis can continue when calcification ceases, such as when cells are grown in 

calcium free media (Paasche, 1964).  Secondary, non-calcifying Emiliania huxleyi are 

capable of directly assimilating bicarbonate, implying that it is not required for 

calcification (Rost and Riebesell, 2004).  Thirdly, calcification is an inefficient method of 

obtaining CO2 as it has been observed that the rate of photosynthesis decreases with 

decreasing CO2 concentration despite an associated increase in calcification rate 

(Riebesell et al., 2000).  Calcification in coccolithophores is neither a prerequisite for 

photosynthesis nor is it particularly effective in mitigating CO2 limitation (Riebesell, 

2004).  Therefore calcification rates cannot be used as a predictive indictor for assessing 

primary productivity in a future high CO2 world.   

Several studies have indicated that elevated CO2 increases phytoplankton growth 

and/or primary production.  Gordillo et al (2003) studied CO2 induced growth of the 

chlorophyte Dunaliella viridis at ambient CO2 (350 ppm) and high CO2 (10,000 ppm) at 

different nitrate concentrations: high (5 mM) and low (0.5 mM).  CO2 enrichment had no 

effect on photosynthesis in the low nitrate cultures.  However, in the high-N cultures it 

increased by 114% in comparison to the control (non-manipulated air and high nitrate).  

Furthermore, cell biomass tripled in the high nitrate cultures with ~6.0x10
7
 cells/ml at 

high CO2 in contrast to the non-CO2 enriched cultures with ~2.0x10
7
 cells/ml.  Gordillo 

et al (2003) concluded from this work that the effects of high CO2 are nitrogen dependent 

as the observed acclimation involves the light harvesting machinery and nutritional 

metabolism (Gordillo et al., 2003).   Feng et al (2009) observed that coccolithophorid 
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abundance was 5 fold higher in greenhouse conditions (16°C and 690 ppm CO2) 

compared to ambient CO2 (12°C and 390 ppm CO2) while calcification was significantly 

decreased.  Furthermore, the high coccolithophorid abundance in the greenhouse 

conditions was accompanied by the highest DMSPp concentrations.  It was suggested that 

the combined effects of high CO2 and temperature alter community structure by selecting 

for phytoplankton species that have a high CO2 requirement (Feng et al., 2009).  Egge et 

al (2009) reported increased primary production rates in elevated CO2 in the latter stages 

of a mesocosm experiment when phytoplankton growth had become nutrient limited.  

Similar to the work of Feng et al (2009) it was proposed that the observed effects were 

associated with changes in species composition (diatoms to flagellates) due to elevated 

CO2  and/or nutrient limitation (Egge et al., 2009). 

Phytoplankton production is generally not expected to respond to elevated 

atmospheric CO2 because it is rarely limiting to growth (Low-DÉCarie et al., 2011).  

Freshwater systems are usually in equilibrium with the atmosphere and may even be 

supersaturated in CO2 due to the degradation of organic matter by heterotrophic bacteria 

(Duarte and Prairie, 2005).  In marine systems CO2aq is generally lower in the ocean’s 

euphotic zone than in deeper waters as a result of photosynthetic consumption.  Large 

phytoplankton blooms may leave transient patches of CO2 depleted surface seawater that 

may persist for several weeks until it is replenished by the physical exchange of 

dissolved inorganic carbon (DIC) from the deep sea and/or by air-sea exchange 

(Reinfelder, 2011).  Consequently, many marine phytoplankton species have evolved 

inorganic carbon concentrating mechanisms (CCMs) for the active transport of CO2 

and/or HCO3
- 
 enabling them to grow in the presence of low concentrations of CO2 by 

utilizing bicarbonate transporters and CO2 traps to generate high intracellular 

concentrations of DIC.  The enzyme associated with CCMs is carbonic anhydrase (CA) 

which catalyses the reversible dehydration of HCO3 to CO2aq thereby raising the 

concentration of CO2aq either at the cell surface or internally close to the site of CO2 

fixation.   Naturally there is an energetic cost to organisms possessing CCMs as they 

require ATP for the active transport of carbon plus sufficient nitrogen, sulfur and 

micronutrients for the biosynthesis of DIC transporters and associated proteins.  Thus the 
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ability to express CCMs in natural environments may be determined by nutrient and light 

availability (Engel et al., 2008).  It has been speculated that algae which possess weak or 

lack CCMs may show enhanced growth rates under elevated CO2 conditions whereas 

those with a high CCM activity would be relatively unaffected (Beardall and Giordano, 

2002).   This was proven experimentally by Clark and Flynn (2000) who cultivated a 

range of phytoplankton species in a closed system in order to examine their growth 

responses to elevated DIC concentrations.  The results revealed that Stichococcus 

bacillaris which had been reported as having no CCM activity (Munoz and Merrett, 

1989) showed a 15 – 20% increase in growth rate at elevated DIC concentrations 

whereas the growth rates of Phaeodactylum tricornutu, a species known to possess a 

CCM remained relatively similar (Clark and Flynn, 2000).   

The results of this experiment suggest that CO2 concentrations may be a selective 

environmental factor in determining the evolution of marine phytoplankton species 

(Raven et al., 2008).   If this assumption is correct then one would expect the future 

oceans of 2100 to be populated by organisms such as coccolithophorids and 

dinoflagellates which have a low CO2 affinity.  Coccolithophorids are capable of utilising 

HCO3
−
 as a source of inorganic carbon for photosynthesis however they have a low level 

of CA activity which is not regulated by CO2 concentration (Rost et al., 2003).  

Dinoflagellates on the other hand are the only oxygenic photoautotrophs with form II 

RuBisCO which has the lowest carboxylation/oxygenation specificity factor among 

eukaryotic phytoplankton (Morse et al., 1995, Whitney and Andrews, 1998).  The fact 

that both these organisms rose to dominance during a period of variable, but relatively 

high atmospheric CO2 (1,000 – 2,000 ppm) in the Mesozoic period (Retallack, 2001, 

Falkowski et al., 2004) suggests that these organisms may be better adapted to a future 

high CO2 world than more recently evolved species.   

  Although M. pusilla has an efficient CCM, it is only induced when CO2 levels 

have fallen below 4 µM (0.18 ppm) (Iglesias-Rodriguez et al., 1998), while water in 

equilibrium with air contains around 12–15 µM CO2 (~0.66 ppm) at 18°C, depending on 

salinity (Beardall and Giordano, 2002).  This would suggest that M. pusilla would 
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proliferate in a high CO2 environment as it would utilize less energy for growth (and 

require less nutrients) as its CCM mechanisms would be virtually redundant. 

Flow cytometry analysis showed a decrease in cell numbers in the high CO2 

treatments for all the phytoplankton groups analysed compared to their ambient CO2 

counterparts.  Analysis of mean peak cell numbers from all six mesocosms (M1-M3, 

high CO2 and M4-M6, ambient CO2) showed that the response to elevated CO2 varied 

between the groups with the large picoeukaryotes being the most adversely affected 

(Table 3.1).  Large picoeukaryotes cell numbers were four fold greater in the ambient 

CO2 treatments whereas small picoeukaryotes showed little response to elevated CO2 

with average cell numbers decreasing by 11.4%.  Coccolithophores cell numbers were 

also affect by elevated CO2 decreasing by ~45% in the high CO2 mesocosms which is 

similar to the biomass decrease of autotrophic dinoflagellates (~51%) reported by 

Hopkins et al (2009)  for this study. Since both these organism rose to dominance in the 

Mesozoic period when atmospheric CO2 was considerably higher than the present it is 

possible that these decreases are a temporal stress response to elevated CO2 and that cell 

numbers may eventually be restored due to genetic variability and short generation times 

(Lohbeck et al., 2012).  Although the evidence suggests that elevated CO2 effects 

phytoplankton growth, statistically none of the observed decreases were significant 

(Mann Whitney U Test).  
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Table 3.1 Mean and maximum cell numbers (± s.e., n=3) of phytoplankton enumerated by flow 

cytometry.  Data were calculated from the means of mesocosms M1-M3 (high CO2 treatment) 

and M4-M5 (ambient CO2) during the bloom period (phase 1) of the experiment.  The day each 

group attained maximum cell concentration is also shown with phytoplankton groups arranged 

according to effect response (percentage decrease). 

 

3.5 Conclusions 

The results of the Bergen mesocosm experiment revealed a significant reduction 

in primary production (~27.3%) in the elevated CO2 treatments that are associated with a 

reduction in seawater pH.   This was shown on the basis of lower chlorophyll-a 

concentration under high CO2 conditions (Figure 3.2) and a reduction of cell numbers in 

all the phytoplankton groups analysed including the parsinophytes which dominated 

primary productivity in the system.   Although chlorophyll-a concentrations were not 

statistically different in this analysis other researchers (Hopkins et al., 2009) using a 

more complete dataset did show a significant difference between the treatments 

(P=0.021; Two sample t test).  Because primary productivity was significantly reduced in 

the high CO2 treatment and the fact that the chlorophyll-a analysis was conducted using 

an incomplete dataset I concur with the results presented by Hopkins et al (2009) 

showing a significant decrease in chlorophyll-a concentration in the elevated CO2 

treatment. 
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  The negative effects of elevated CO2 were predominantly observed in the post 

bloom phase of the experiment (phase 2) with the exception of the coccolithophorids 

which showed a significant decrease in cell numbers under elevated CO2 conditions 

throughout the entire experiment.  

During the pre-bloom phase of the experiment (phase 1) elevated CO2/reduced 

pH had no effect on bacterial abundance in the mesocosms.  However, following the 

crash of the algal bloom a significant treatment effect was observed with lower bacterial 

numbers in the high CO2 mesocosms compared to the ambient CO2 mesocosms.  This 

difference can be attributed to the significant decrease in primary productivity under 

elevated CO2 conditions thereby reducing algal-derived organic carbon and 

phytoplankton exudates such as DMSP. Therefore, the response of heterotrophic bacteria 

to altering CO2 concentrations is linked to phytoplankton abundance and diversity rather 

than a direct effect of reduced pH    

Similar results were obtained from the dark incubation bottles which were filled 

from the mesocosms in both phases of the experiment.  No treatment effects were 

observed in phase 1 of the dark incubations, with similar bacterial cell numbers in both 

treatments.  Significant differences were observed for the phase 2 dark incubations with 

bacterial cell numbers being lower in the high CO2 treatment compared to those of the 

ambient CO2 treatment.  

Due to the complexity of marine systems no definitive answer can yet be given 

regarding the effects of elevated CO2
 
on all the microbial groups analysed in this study.  

The results suggest that the effects of elevated CO2 on primary productivity vary between 

taxa and with the availability of nutrients.  This is supported by the fact that significant 

treatment differences were observed mostly in the nutrient deplete phase of the 

experiment (phase 2).  However, another explanation may be that elevated CO2 increases 

grazing activity in heterotrophic dinoflagellates reducing phytoplankton numbers. 

Heterotrophic dinoflagellates are known to feed on an array of prey species such as 

phytoplankton, heterotrophic bacteria and mixotrophic dinoflagellates (Jeong et al., 
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2007). This has been observed in another mesocosm study in which elevated CO2 

significantly stimulated the grazing rate and the growth rate of heterotrophic 

dinoflagellates resulting in the production of between 60 – 80% more DMS compared to 

the control mesocosms (Kim et al., 2010).  In this study, heterotrophic dinoflagellates 

biomass increased by 8% with 33.2 g Cm
−3 

in mesocosm M1 (high CO2) compared to 

30.6 g Cm
−3 

in mesocosm M6 (ambient CO2) (Hopkins et al., 2009). 

The oceans of the future are likely to be the result of the synergistic effects of 

increased CO2, increased temperature, increased solar irradiance and a decrease in pH.  

Most of these parameters were not included in this experiment and therefore it is 

extremely difficult to predict their effects on microbial assemblage diversity and 

function.   It is hypothesised that increasing global temperature will stimulate 

stratification of the water column causing nutrient limitation in surface waters 

(Behrenfeld et al., 2006, Beardall et al., 2009).  I speculate that the combination of 

elevated CO2 and reduced pH will result in a significant decline in both primary 

production and bacterial cell abundance disrupting major biogeochemical pathways. 
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4.1 Introduction 

It is estimated that there are approximately 10
29

 bacterial cells in the oceans 

(Whitman et al., 1998) which is more than the number of stars in the known universe 

(10
22

-10
24

).  Because they represent such a large fraction of the marine biomass, bacteria 

dominate the flux of energy and biologically important chemical elements in the ocean 

(Pomeroy et al., 2007).  As a result, the uptake of organic matter by heterotrophic 

bacteria is a major carbon-flow pathway, and its variability can change overall patterns 

of carbon flux (Azam and Malfatti, 2007).  In the euphotic zone community respiration is 

dominated by heterotrophic bacteria that convert organic carbon back to CO2 thereby 

decreasing the ocean’s CO2 uptake capacity (Rivkin and Legendre, 2001).  The coupling 

of phytoplankton production and heterotrophic bacteria is via labile dissolved organic 

matter (DOM) a carbon rich substance released by phytoplankton due excess 

photosynthetic carbon fixation (Larsson and Hagström, 1979, Fogg, 1983).  DOM is the 

largest ocean reservoir of reduced carbon containing more than 200 times the carbon 

inventory of marine biomass (Hansell, 2009).  It is mostly produced by photosynthetic 

phytoplankton in the surface ocean  and becomes available either by direct exudation 

(Bjornsen, 1988) or indirectly via viral lysis, sloppy feeding or the rupture of algae cells 

in the late phase of a phytoplankton bloom (Middelboe et al., 1995; Gobler et al., 1997, 

Berges and Falkowski, 1998, Nagata, 2000).    

The release of DOM is regarded as both a sink for the newly fixed carbon 

(sequestration) (Flynn et al., 2008) and also supports the microbial loop (Azam et al., 

1983, Fasham et al., 1999) where it serves as a substrate for heterotrophic microbial 

populations and as a source of nitrogen and phosphorus to autotrophs (Hansell, 2009).  

Phytoplankton assemblages strongly influence bacterioplankton community structure and 

succession (Cunliffe et al., 2009) due to the variability of the molecular composition of 

the exudates depending on phytoplankton species and nutrient availability (Myklestad, 

1995; Puddu et al., 2003, Lau et al., 2007).  Algal classes differ substantially in their 

biochemical composition, in terms of C/N/P ratios and in terms of relative proportions of 

cellular protein, fatty acids, and nucleic acids (Pinhassi et al., 2004).  Several studies 

have been conducted to investigate if specific algal groups are associated with certain 
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species of bacterioplankton (Van Hannen et al., 1999; Hold et al., 2001, Schäfer et al., 

2002, Pinhassi et al., 2004, Grossart et al., 2005) all of which observed species specific 

phytoplankton-bacterioplankton coupling.  It was further speculated that algal diversity is 

inextricably linked to bacterial diversity in order to process the plethora of extracellular 

substances and organic carbon produced by different phytoplankton species (Schäfer et 

al., 2002).  Therefore, shifts in phytoplankton community structure may not only affect 

primary production (increase/decrease) but also disrupt phytoplankton-bacterial coupling 

by changing DOM bioavailability (De Kluijver et al., 2010).   

Changes in carbonate chemistry also alter the concentration, speciation and 

oxidation states of major inorganic nutrients (Zeebe and Wolf-Gladrow, 2001).  A study 

by Huesemann et al (2002) showed a reduction in nitrification rates at elevated CO2 and 

reduced pH, due to a shift in the ratio of ammonia (NH3) to ammonium (NH4
+
) which is 

reduced with decreasing pH (Zeebe and Wolf-Gladrow, 2001; Huesemann et al., 2002, 

Bell et al., 2007).  This would have a profound impact on chemoautotrophic ammonia-

oxidizing bacteria and archaea such as Nitrosomonas or Nitrosopumilus which obtain 

their energy from the oxidation of ammonia to nitrite which is the first step in the 

nitrification process.   Altered bioavailability of nutrients may also impact phytoplankton 

growth and community structure as different phytoplankton groups have a preference for 

different nitrogen species (Dortch, 1990; Tamminen, 1995, Berg et al., 2003, Howard et 

al., 2007).  Therefore, organisms such as Prochlorococcus would proliferate in an 

environment that has a low nitrate and high ammonium concentration (Moore et al., 

2002) while diatoms that are better adapted to high nitrate and low ammonium and 

account for up to 40% of marine primary production may decline (Dortch, 1990; Sarthou 

et al., 2005, Gehlen et al., 2011). 

Bacterioplankton are often classified into two assemblages, free-living bacteria 

(FLB) and particle–associated bacteria (PAB).  PABs are often larger, more abundant 

and functionally more active than FLB in the same location (Caron et al., 1982, Acinas et 

al., 1997).  They experience different substrate availabilities (Ayo et al., 2001) and 

grazing pressures (Langenheder and Jurgens, 2001, Artolozaga et al., 2002) than their 
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free living counterparts and appear to be phylogenetically distinct from FLB 

communities in marine environments (DeLong et al., 1993, Acinas et al., 1997).  Species 

abundance and diversity is regulated by substrate requirements and the availability of 

particles in seawater (Grossart et al., 2003).  Algal cells are a major source of particulate 

organic matter during a phytoplankton bloom and also provide a rich carbon source for 

heterotrophic bacteria via algae exudates.  Members of the Cytophaga–Flavobacterium 

(CF) cluster of the Cytophaga–Flavobacterium–Bacteroides group have been shown to 

be important members of PAB communities (DeLong et al., 1993; Manz et al., 1996, 

Rath et al., 1998) possibly due to their gliding motility and ability to degrade 

macromolecules (Shewan and McMeekin, 1983, Cottrell and Kirchman, 2000).  In 

contrast, Alpha- and Gammaproteobacteria typically dominate free-living marine 

bacterial communities (Fandino et al., 2001; Simon et al., 2002, Grossart et al., 2005).  It 

is however difficult to distinguish between FLB and PAB communities since many 

chemotactic species show the ability to frequently attach and detach from particles 

(Kiørboe et al., 2002).  
 

Aerobic anoxygenic phototrophs (AAnPs) are photoheterotrophic bacteria that 

are widely distributed in the marine environment. They are genetically diverse containing 

representatives from Alph-, Beta- and Gamma-subclasses of Proteobacteria (Beja et al., 

2002, Yutin et al., 2005) and their fast growth, metabolic diversity and high abundance 

suggests that they play a significant role in biogeochemical cycles (Kolber et al., 2001, 

Koblížek et al., 2007).  Several studies have suggested that AAnPs are able to alternate 

between a free-living or particle associated lifestyle depending on environmental 

conditions (Waidner and Kirchman, 2007; Lami et al., 2009, Cottrell et al., 2010). 

Furthermore, a close correlation between AAnP abundance and chlorophyll-a has been 

observed, indicating the requirement of AAnPs for dissolved organic carbon produced by 

phytoplankton (Sieracki et al., 2006, Zhang and Jiao, 2007).  

 Members of the marine Roseobacter clade of Alphaproteobacteria are among the 

most abundant and ecologically relevant marine bacteria that mediate key 

biogeochemical processes.  They are broadly distributed across diverse marine 
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environments but their abundance is often highest near phytoplankton blooms or in 

association with organic particles suggesting cell-surface interactions (Dang and Lovell, 

2000; Riemann et al., 2000, Rink et al., 2007, Slightom and Buchan, 2009).  Their 

physiological traits include aerobic anoxygenic photosynthesis, 

dimethylsulphoniopropionate (DMSP) degradation, carbon monoxide oxidation and the 

degradation of aromatics (González et al., 1999; Wagner-Dobler and Biebl, 2006, Moran 

et al., 2007, Brinkhoff et al., 2008).  Furthermore, several Roseobacter species have been 

found to possess antibacterial capabilities (Bruhn et al., 2007) to inhibit non- 

Roseobacter species and also algicidal activity (Riclea et al., 2012) suggesting an  

antagonistic relationship between certain Roseobacter species and phytoplankton.   A 

number of molecular mechanisms and morphological features allow some Roseobacter 

species to attach to a phytoplankton cell in order to have access to DOM and DMSP.  

Swimming motility and chemotaxis allow the bacteria to position themselves close to the 

surface of the algal cell in readiness for the transition from a motile to a sessile lifestyle 

(Miller et al., 2004; Miller and Belas, 2006, Belas et al., 2009).  This transition includes 

loss of flagella, formation of adhesive fimbrial low-molecular-weight protein (Flp) pili 

and biofilm formation (Slightom and Buchan, 2009, Geng and Belas, 2010). It is 

unknown if this relationship is mutually beneficial to the host species though another 

member of the Roseobacter clade Silicibacter sp. strain TM1040 has been shown 

experimentally to enhance the growth of the DMSP producing dinoflagellate Pfiesteria 

piscicida (Miller and Belas, 2006).  Therefore, this can be described as a true symbiotic 

relationship as both organisms benefit from the interaction.    

Bacteria and microalgae have extremely high diversity, fast growth rate and 

dominate marine primary production and nutrient cycling and as such act as sensitive 

indicators of ecosystem status and changes which translates into altered microbial 

community structure and function (Paerl et al., 2002).  In this study the population 

dynamics of bacterioplankton taxa during a nutrient induced phytoplankton bloom was 

followed and differences in the bacterioplankton communities in relation to CO2 

conditions levels were assessed.  Seawater mesocosm studies were used to manipulate 

CO2 in a complex ecosystem and facilitated the monitoring of microbial activity in a 
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controlled environment.  CO2 or air was introduced into the mesocosms at 2 time periods, 

pre-bloom (phase 1) and post bloom (phase 2) of the experiment.  Analysis of non-

photosynthetic and chemoautotrophic bacteria was achieved using dark incubation 

bottles incubated in situ in the field mesocosms. Changes in microbial community 

composition were investigated using PCR-DGGE of 16S rRNA genes, the construction 

of 16S rRNA gene clone libraries and qPCR analysis of predominant groups of bacteria 

identified from the DGGE and clone library analysis.  The experiment included some 

treatments with 
13

C-labelled bicarbonate which were included to detect chemoautotrophs.  

The results of the experiments with 
13

C-labelled bicarbonate are reported in chapter 5. 

4.2 Methods 

Mesocosm setup, preparation of dark-incubation bottles, sampling regime and 

DNA extraction methodology is fully described in chapter 2.  Briefly, DNA was 

extracted from water samples obtained from dark incubation bottles on days 9, 10, 11 

and 13 of the mesocosm experiment (now referred to as day 1, 2, 3, 5 for dark incubation 

experiment) and days 16, 17, 18 and 20 (now referred to as day 8, 9, 10, 12) (Table 4.1).   

Table 4.1 Key stages of the mesocosm experiment showing the sampling regime of the dark 

incubation bottles in both phases of the experiment. 
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Polymerase chain reaction (PCR) with a range of primer sets was used to amplify 

16S rRNA genes from bacteria, archaea and two ammonia oxidizing genera of 

Betaproteobacteria, Nitrosomonas and Nitrosospira (Edwards et al., 1989; DeLong, 

1992, Kowalchuk et al., 1997).  Initial PCR amplification of the DNA using primers 

specific for archaeal 16S rRNA genes produced extremely weak bands when viewed on 

an agarose gel. In order to generate high quality DNA template and increase yield, 5 µl 

of the DNA extracted from the dark-incubated bottles was used as template in whole 

genome amplification (WGA).  Specific primers were also used which targeted the 

alpha-subunit gene of ammonia monooxygenase (amoA)  in bacteria (Rotthauwe et al., 

1997) and archaea (Tourna et al., 2008).  PCR reactions which produced either weak or 

no products were repeated using DNA that was subjected to whole genome amplification 

(WGA) to increase the abundance of targeted genes.  This method has been previously 

used to enable the amplification of microbial DNA from low biomass samples (González 

et al., 2005)  The bacterial 16S rRNA gene fragments were analyzed by denaturing 

gradient gel electrophoresis (DGGE) and the profiles were examined  using Bionumerics 

version 3.5, (Applied Maths, Kortrijk, Belgium) to allow statistical comparison of the 

microbial communities from each treatment.  Using the similarity matrix produced from 

the DGGE profiles a statistical test for the pairwise comparison of clusters recovered in 

the analysis was computed by analysis of similarity (ANOSIM) (Clarke, 1993) using the 

software PRIMER 6 (PRIMER-E Ltd, Plymouth, UK).  

On the basis of the DGGE analysis specific samples were chosen for further 

analysis by cloning and sequencing of 16S rRNA gene fragments to determine the 

phylogenetic affiliations of the microbial species.  In addition, primers were designed to 

specifically target the dominant bacterial families observed in the samples.  These were 

used for quantitative PCR (qPCR) to determine the abundance of key bacterial taxa in 

relation to CO2 levels. 

Comparison of bacterial 16S rRNA gene clone libraries (ambient and high CO2) 

was tested using webLIBSHUFF version 0.96 (Singleton et al., 2001) 

(http://libshuff.mib.uga.edu), which incorporates the coverage formula of Good (1953)  

http://libshuff.mib.uga.edu/
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to generate homologous and heterologous coverage curves (Good, 1953).  The measured 

distance between curves was calculated using the Cramér-von Mises test statistic (Pettit, 

1982).  Distance matrices submitted webLIBSHUFF were generated using the 

DNADIST program of BioEdit version 7.0.8.0 (Hall, 1999) using the Jukes and Cantor 

(1968) model for establishing nucleotide substitution rates. 

Briefly, a homologous coverage curve is plotted by grouping the sequences from 

community X (CX) as the percentage of sequences in X that are not singletons. CX 

increases with distance until the maximum distance of 1 is reached when there are no 

singletons remaining.  The homologous coverage curve is compared with a heterologous 

coverage curve, by comparing the sequences in X with those from another community Y.  

Heterologous library coverage (CXY) is calculated as the fraction of sequences that are in 

X and also in Y.  The Cramer–von Mises statistic (Pettit, 1982) is used to calculate the 

distance between the two curves.  To determine if the two communities are significantly 

different, the sequences are randomly shuffled between two samples in 999 replicate 

trials and the Cramer–von Mises statistic is calculated for each trial.  A P-value is 

calculated from the fraction of trials in which the real value is greater than the random 

values. 

Abundance and dynamics of specific bacterial groups was determined by 

quantitative real time PCR (qPCR) using primers designed to target Rhodobacteraceae, 

Flavobacteriaceae and total bacteria.  Genes in experimental samples were quantified 

with reference to external standards.  Cloned target genes were used to prepare a known 

range of standard concentrations from 10
1
 to 10

8
 genes per microlitre.    

4.3 Results and discussion  

Primers targeting both bacterial 16S rRNA genes and bacterial amoA were 

successful in amplifying their target genes in all samples from the high and ambient CO2 

treatments.  However, CTO primers (Kowalchuk et al., 1997) designed to amplify the
 

currently recognized betaproteobacterial ammonia oxidizer 16S rRNA genes only 

yielded PCR products in the high CO2 treatments.  PCR amplification of the archaeal 16S 
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rRNA gene using the WGA DNA as template produced amplicons in all samples 

analysed however, no PCR products were obtained from any of the samples using the 

archaeal amoA primers using either the original or WGA DNA. 

4.3.1 The effect of elevated CO2 on bacterial communities during a phytoplankton 

bloom (mesocosm experiment phase 1) 

To investigate bacterial community composition a nested PCR approach was 

taken in which near full-length 16S rRNA genes were used as template DNA for PCR 

amplification of  the hypervariable V3 region of the 16S rRNA gene using primers 2/3 

(Muyzer et al., 1993).  Identification of organisms represented by DGGE bands was 

accomplished by excising the prominent bands from stained DGGE gels and extracting 

the DNA. The eluted DNA was then reamplified and sequenced.   

The DGGE profiles from phase 1 of the experiment revealed that the bacterial 

communities in both high and ambient CO2 incubations were characterized by a small 

number of dominant bands (Figure 4.1).  In addition, communities from bottles treated 

with 
13

C or 
12

C bicarbonate were also similar, indicating that the labeled bicarbonate did 

not have a major effect on the bacterial community composition.  Sequencing of DGGE 

bands revealed that the bacterial community was dominated by Roseobacter species from 

the family Rhodobacteraceae within the Alphaproteobacteria (14 out of 16 bands 

sequenced) with a smaller contribution from members of the family Flavobacteriaceae 

within the phylum Bacteroidetes (2 of 16 bands sequenced; Figure 4.1).  Examination of 

the gels did not indicate a relationship between changes in bacterial community structure 

with changes in CO2 concentration as both the high and ambient CO2 profiles were 

highly similar.  However, it must be noted that these samples were obtained at the height 

of the phytoplankton bloom which may not have allowed sufficient time for the 

bacterioplankton community to respond as phytoplankton-bacterioplankton coupling may 

be characterized by the succession of phytoplankton followed by bacterioplankton after a 

temporal lag (Piontek et al., 2012) which was observed in this study.  The presence of 

Roseobacter species may be the direct result of their high motility and high chemotaxis 
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in the presence of DMSP (Kiørboe et al., 2002) of which they are the primary 

consumers, while Bacteroidetes are important consumer of high molecular weight 

(HMW) DOM which is released during the  senescent stage of the bloom (Chrost and 

Faust, 1983, Kirchman, 2002).
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Figure 4.1 Denaturing gradient gel electrophoresis analysis of PCR-amplified 16S rRNA gene fragments from phase 1 of the dark incubation experiment.  

Bands indicated by numbers below them were excised and sequenced with the identities reported in the table below.  High CO2 incubations are 

represented by bottles B1 (
13

C/
12

C respectively) and B3 (
13

C/
12

C respectively) while ambient CO2 incubations are represented by bottles B4 (
13

C/
12

C 

respectively) and B6 (
13

C/
12

C respectively).  Bottle B6 on day 4 is from the 
13

C incubation only and unmarked lanes are marker ladders.
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4.3.2 The effect of elevated CO2 on bacterial communities following a phytoplankton 

bloom (mesocosm experiment phase 2) 

Phase 2 dark incubation bottles were prepared with water from the mesocosms 

sampled 7 days after the peak of the phytoplankton bloom in contrast to the phase 1 dark 

incubation bottles that were prepared at the peak of the bloom on day 8.  Phase 2 of the 

experiment commenced with a second treatment of CO2-enriched or ambient air into the 

appropriate mesocosms.  Analysis of the DGGE profiles from the bacterial communities 

revealed that in phase 2 incubations the bacterial communities were more complex than 

in phase 1 (Figure 4.2).  The communities showed a much more even distribution of 

bands and were not dominated by a single group of organisms (Figure 4.2) 

The major phylotypes identified in phase 2 of the experiments were related to 

Flavobacteria, Aureimarina, Cellulophaga, (Flavobacteriaceae) and Roseobacter, 

(Rhodobacteraceae).  Members of the SAR11 cluster within the Alphaproteobacteria, 

were also detected in the DGGE gel of phase 2 which were not observed in the phase 1 

DGGE gel (Figure 4.2). 

Cluster analysis was performed on the DGGE profiles from the phase 2 

experiment using Bionumerics software (Applied Maths, Kortrijk, Belgium). This 

revealed that the communities in the dark incubations prepared from ambient and high 

CO2 mesocosms were distinct (Figure 4.3).  Furthermore, the bacterial communities in 

bottles treated with 
12

C and 
13

C bicarbonate were similar (Figure 4.3) demonstrating that 

the labelled bicarbonate did not affect the bacterial community composition.  The 

similarity of the profiles was calculated on the basis of the Pearson correlation coefficient 

and clustering was done with the unweighted pair group method using arithmetic average 

(UPGMA) clustering algorithm.  

ANOSIM analysis demonstrated that the differences in the communities from 

ambient and high CO2 bottles were significant (P= 0.003, R=1) but there was no 

significant difference between the 
13

C and 
12

C profiles (P = 1, R = -0.27)
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Figure 4.2 Denaturing gradient gel electrophoresis analysis of PCR-amplified 16S rRNA gene fragments from phase 2 of the dark incubation experiment.  

Bands indicated by numbers below them were excised and sequenced with the identities reported in the table below.  High CO2 incubation are represented 

by bottles B1 (
13

C/
12

C respectively) and B3 (
13

C/
12

C respectively) while ambient CO2 incubations are represented by bottles B4 (
13

C/
12

C respectively) and 

B6 (
13

C/
12

C respectively).  Unmarkeed lanes are bacterial standard markers.
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Figure 4.3 Hierarchical cluster analysis of phase 2 (day 5) DGGE profiles using UPGMA 

clustering of Pearson correlations.  Distinct grouping of the high and ambient CO2 treatments is 

apparent however it must be emphasised that only B1 incubations (derived from mesocosm M1) 

were subjected to high CO2 in both phases of the experiment whereas the B3 incubations were 

subjected to the high CO2 treatment in phase 1 only. 

It was evident from the DGGE analysis that there was a greater bacterial 

complexity in the phase 2 incubations (post bloom) compared to phase 1 (bloom).  This 

was anticipated as at the peak of a phytoplankton bloom DOC levels are relatively low 
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and only when the bloom collapses is DOC released in to the surrounding environment 

(due to the breakdown of algal cells).  The influx of DOC stimulates bacterial growth 

which is corroborated by the correlation between heterotrophic bacteria and chlorophyll-

a levels observed in several studies (Azam et al., 1983; Linley et al., 1983, Bird and 

Kalff, 1984).  Furthermore, distinct changes in bacterial community structure between 

the ambient and high CO2 treatments were observed in phase 2 of the experiment which 

was not evident in phase 1.  Based on these results 16S rRNA gene clone libraries were 

constructed from day 9 of the phase 2 incubations.  Seven clone libraries were 

constructed in total using the following target genes and primers:  bacterial 16S rRNA 

genes (primers pA and pH) (Edwards et al., 1989) archaeal 16S rRNA genes (primers 

A20f and U1492r) (DeLong, 1992) betaproteobacterial ammonia oxidizer 16S rRNA 

genes (primer CTO 189f and 654r) (Kowalchuk et al., 1997) and the bacterial ammonia 

monooxygenase alpha subunit gene (primers amoA 1f and amoA 2r) (Rotthauwe et al., 

1997).  A betaproteobacterial ammonia oxidizer 16S rRNA genes16S rRNA gene clone 

library could not be constructed for the ambient CO2 treatment as PCR reactions with the 

CTO primers were negative.  Therefore, only 3 libraries were constructed for this 

treatment while the high CO2 treatment had 4 libraries.  After sequencing selected clones 

from each library, identification of the nearest relative sequence was obtained from the 

GenBank database using the basic local alignment search tool (BLAST) at the NCBI 

website (Altschul et al., 1990). 

Both the archaeal 16S rRNA gene libraries (ambient CO2 & high CO2) contained 

only sequences which were identified as 18S rRNA gene fragments.  A closer 

examination of primers A20F/U1492R used in the construction of these libraries revealed 

that this primer set was an exact match for the 18S rRNA gene of several species of fungi 

and more importantly uncultured chlorophyte (green alga).  A possible explanation of 

this result is that the specificity of the primers was compromised to some degree due to 

the fact that the mesocosms contained a high proportion of eukaryotic algae and that one 

of the primers was universal (U1492R) with a broad specificity which apparently 

targeted a large number of 18S rRNA gene fragments. 
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The results of the bacterial 16S rRNA gene clone library analysis (Table 4.2) 

revealed that the ambient CO2 clone library was dominated by sequences from two 

bacterial phyla, Bacteroidetes (60.3%) and Proteobacteria (21.5%).  The high CO2 clone 

library was also dominated by sequences from the same phyla, Bacteroidetes (80.5%) 

and Proteobacteria (12.2%), however in this instance the relative abundance of the two 

phyla was different.  A closer examination of both libraries revealed a shift in 

composition within the Proteobacteria, with the proteobacterial sequences from the 

ambient CO2 clone library consisting of sequences entirely from the Rhodobacteraceae 

within the class Alphaproteobacteria.  In contrast, the Proteobacteria represented in the 

high CO2 clone library were more diverse with sequences most closely related to 

Pelagibacter ubique HTCC1062 within the SAR11 Clade (6.1%), Psychromonas within 

the class Gammaproteobacteria (3.7%) and Rhodobacteraceae (2.4%).   

The presence of Pelagibacter ubique in the high CO2 library suggests that the 

high CO2 mesocosms were less rich in DOC compared to the ambient CO2 mesocosm.  

This is consistent with the reduction in primary productivity observed in the high CO2 

treatments (Chapter 3 section 3.3.2).  Pelagibacter ubique is found in pelagic oceanic 

ecosystems where it replicates efficiently in low DOC habitats due to its specialized 

metabolism which is optimized to survive at very low nutrient levels.  Although it is an 

extremely small bacterium (0.15 x 0.6 µm) this results in a large surface area to volume 

ratio which has evolved to absorb trace nutrients from the open ocean water and its 

genome encodes for a very high proportion of transport proteins.  A study by Sowell et al 

(2008) investigating microbial survival in oligotrophic environments revealed that SAR 

11 cells express abundant transport proteins to maximize nutrient uptake activity.  Using 

capillary liquid chromatography (LC)-tandem mass spectrometry to detect microbial 

proteins in surface samples from the Sargasso Sea they discovered that 67% of the total 

spectra for SAR 11 were associated with transport functions (Sowell et al., 2008).  In 

contrast, when the same approach was applied to other Gram-negative bacteria, only 

4%–11% of spectra matched to transport proteins (Adkins et al., 2006; Callister et al., 

2006, Ding et al., 2006, Hixson et al., 2006, Elias et al., 2008).  Furthermore there is 

strong evidence to suggest that Pelagibacter ubique is able to produce ATP in the 
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absence of exogenous carbon sources using proteorhodopsin (proteins that can function 

as light-dependent proton pumps) thus enabling it to maintains cell functions during 

periods of carbon starvation (Steindler et al., 2011).
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Table 4.2 Phylogenetic assignment of three clone libraries of partial 16S rRNA and amoA gene sequences prepared from ambient and high CO2 dark 

incubations. 
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The high CO2 betaproteobacterial ammonia oxidizer 16S rRNA gene clone library 

consisted almost entirely (97.4%) of sequences closely related to uncultured ammonia-

oxidizing bacterium clone CL1-4/E which falls within the Nitrosomonas oligotropha 

cluster 6a (Bollmann and Laanbroek, 2001, Freitag et al., 2006), a phylogenetic group 

that is adapted to grow at low ammonia concentrations (Norton, 2011).  Ammonia 

concentration is likely to play an important role in determining ammonia oxidizer 

community structure (Webster et al., 2005).  Members of the Nitrosomonas cluster 6a are 

known as K-strategists possessing a low growth rate that requires low ammonia 

concentration for growth.  Conversely R-strategists such as Nitrosomonas europaea, a 

member of the cluster 7 group, have a relatively high growth rate requiring high 

concentrations of ammonia which is supported by the fact that they are found in habitats 

with high N input and turnover (Bollmann et al., 2002).  Therefore, Nitrosomonas cluster 

6a would have a distinct advantage in environments with limiting amounts of ammonia 

and increased competition.  Ammoniacal nitrogen exists in aqueous solution as a mixture 

of either NH4
+
 or NH3 and its speciation is pH dependent.  In nutrient rich coastal waters 

a pH change of 8.1 to 7.8 would decrease the fraction of NH3 by 50% (Raven, 1986).  

This may explain the presence of AOB sequences from Nitrosomonas cluster 6a in the 

high CO2 clone library but the fact that no sequences were detected in the ambient CO2 

library suggests the ammonia concentration in this treatment was lower than its high CO2 

counterpart.  This may be due to competition for inorganic nitrogen from phytoplankton 

and heterotrophic bacteria (Bollmann et al., 2002) or inadequate library 

construction/primer optimization. 

Competition between phytoplankton and bacteria for nutrients may influence the 

species composition of both communities and fundamentally alter the functioning of the 

microbial ecosystem by shifting the balance between phytoplankton and bacteria 

(Bratbak and Thingstad, 1985, Samuelsson et al., 2002).  The outcome of this 

competition may be a decrease in primary production due to heterotrophic bacteria 

depriving phytoplankton of valuable nutrients (Joint et al., 2002).  Early studies 

examining the interaction between phytoplankton and bacteria for shared nitrogen 

resources concluded that phytoplankton utilised dissolved inorganic nitrogen (DIN) such 
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as ammonium (NH4
+
) and nitrate (NO3

−
) to meet their nitrogen demands whereas 

bacterial growth was driven by dissolved organic nitrogen (DON) released into the 

environment (Pomeroy, 1974).  To determine the role of nitrogen cycling (organic and 

inorganic) by phytoplankton, stable isotope tracer experiments were conducted by 

Bradley et al (2010) using water samples from Chesapeake Bay.  Two methods were 

used to assess the uptake of 
15

N-labeled ammonium and nitrate and dual-labelled (
15

N 

and 
13

C) urea and dissolved free amino acids (DFAA).  The first method used glass fibre 

filters (GF/F) to isolate phytoplankton populations while the second used flow cytometric 

(FCM) sorting that separates cells based on specific cellular properties, such as size or 

pigment autofluorescence.  Two methods were employed as traditional filtration 

overestimates N uptake by phytoplankton due to retention of heterotrophic bacteria on 

the filters (Lee et al., 1995, Gasol and Moran, 1999).  The analysis concluded that NH4
+ 

is the dominant form of nitrogen used by bacteria and phytoplankton in the environment.   

However, phytoplankton also utilise urea and NO3ˉ
 
and to a small extent dissolved free 

amino acids (DFAA) whereas bacteria also utilise urea but show a higher preference 

towards DFAA and a lower preference for NO3ˉ
 
than that of  phytoplankton (Løvdal et 

al., 2008, Bradley et al., 2010).   

It is intriguing that no betaproteobacterial AOB were detected in the ambient CO2 

library using CTO primers though we can assume they were present but at low relative 

abundance.  This can be confirmed by the fact that both the ambient and high CO2 amoA 

clone libraries (Table 4.2) contained sequences closely related to amoA B2m-16 from an 

uncultured ammonia-oxidizing beta proteobacterium (94.1 and 97.4% respectively).  A 

closer inspection of the sequence of clone B2m-16 at a higher phylogenetic resolution 

revealed that it closely related to amoA from Nitrosomonas europaea L08050 a member 

of the cluster 7 group (Kim et al., 2008).  To increase sensitivity Kim et al (2008) 

employed a nested PCR approach using 6 different primer sets for the initial 

amplification of different regions of the entire amoCAB operon.  The amoCAB 

amplifications were then used as template to amplify the near full length of the amoA 

gene using primers amoA34f (Molina et al., 2007) and amoA-2R (Rotthauwe et al., 

1997).  Clone libraries were prepared from the nested amplifications and 48 colonies 
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from each sample were picked and sequenced.  A phylogenetic tree based on the 

nomenclature of clusters according to Purkhold et al (2003) and Francis et al (2003) was 

constructed from a database of 2152 amoA sequences compiled from sequences 

published in GenBank (Figure 4.4) (Francis et al., 2003, Purkhold et al., 2003).   

The high bootstrap value (100%) strongly supports the phylogenetic assignment 

of Clone B2m-16 within the cluster 7 group with over 99% of the deduced amino acid 

sequence identical to Nitrosomonas europaea (Kim et al., 2008) contradicting the results 

of the betaproteobacterial AOB 16S rRNA gene clone library (Table 4.2).  

 

Figure 4.4 Fitch–Margoliash phylogenetic tree from Kim et al (2008) indicating the close 

phylogenetic relationship with clone B2m-16 and Nitrosomonas europaea.  The tree was 

constructed in Arb with 248 amino acids of AmoA using PmoA from Crenothrix polyspora as an 

outgroup. Clones are illustrated in bold, with the number of identical clones in parentheses and 

their origin coded with three different letters: B for Baltic Sea, P for Plußsee and S for Schöhsee. 

Bootstrap values for ≥90 replicate trees are indicated at the nodes with three different colours: 

black (100%), gray (95–99%) and white (90–94%). 

 

The difference between the two AOB clone libraries is that the CTO library was 

constructed using primers that targeted a structural gene (16S rRNA) while the amoA 

library targeted a functional gene (ammonia monooxygenase).  The disadvantage of 
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using the 16S rRNA gene as a molecular marker is that it targets the phylogeny of an 

organism and not its physiology (Kowalchuk and Stephen, 2001, Calvo and Garcia-Gil, 

2004).  Comparative analysis of 16S rRNA gene and amoA sequences has suggested 

similar but not identical phylogenetic relationships between these two molecular markers 

(Purkhold et al., 2000).  This may be due to the high overall similarity of the partial 16S 

rRNA gene sequences from AOB making it difficult to discriminate between closely 

related species (Stephen et al., 1996; Bothe et al., 2000, Purkhold et al., 2000).     

A study by Junier et al (2008) evaluated the specificity of four PCR primers 

designed to specifically target the 16S rRNA gene of betaproteobacterial ammonia-

oxidizers (βAMO) by comparing clone libraries.  The results showed that the 16S rRNA 

gene primers varied in their specificity with different environmental samples, resulting in 

a majority of clone libraries containing non-AOB sequences (Methylomonas, Variovorax, 

Hydrogenophaga, and Delftia).  The authors also included an analysis of AOB clusters 

from 24 published 16S rRNA gene clone libraries to increase the spectrum of habitats in 

which AOB communities were present.  Interestingly, they found that sequences from 

Nitrosomonas oligotropha in cluster 6a were frequently observed in clone libraries from 

a variety of environments despite their low sequence similarity with the primers but 

sequences related to Nitrosomonas in cluster 7 were rarely detected (Junier et al., 2008). 

There are several pieces of evidence to suggest that the CTO primers are unable 

to detect members of the cluster 7 AOB group which were present and detected by the 

amoA primers in the clone libraries.  Firstly, the 16S rRNA CTO primers have known 

mismatches with several of the Nitrosomonas strains within the Nitrosomonas europaea 

cluster (Purkhold et al., 2000).  Secondly, members of the N. oligotropha lineage are 

predominantly salt sensitive found in oligotrophic freshwater environments (rivers and 

lakes) (Koops and Pommerening-Röser, 2001), whereas the samples of this study were 

obtained from a saline environment.  Although Raunefjorden is a tidal fjord, it has little 

freshwater influx and the surface salinity at the field station is rather high and constant.  

Salinity measurements taken during the Bergen experiment indicated that the average 

salinity was 31-32 practical salinity units (psu) while seawater in the north Atlantic is 
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usually around 35.5 psu (Crawfurd, 2010).  Furthermore, microcosm perturbation 

experiments have shown a shift in AOB community composition from salt sensitive N. 

oligotropha to salt tolerant N. marina by subjecting the microcosms to basic, brackish 

and marine flooding media (Coci et al., 2005).  Thirdly, the samples were obtained from 

the senescent stage of a nutrient induced phytoplankton bloom when ammonia 

concentrations should be relatively high due to the breakdown of organic nitrogen-

containing compounds, zooplankton grazing and excretion which would favour AOB 

communities within the group 7 cluster.   

The advantage of using a functional gene marker such as amoA is that it makes it 

possible to target genes involved in specific metabolic pathways and as such has been 

deemed a better molecular marker to study AOB than the 16S rRNA gene (Rotthauwe et 

al., 1997, Purkhold et al., 2000).  However, using a conventional marker such as the 16S 

rRNA gene has its advantages in that it is ubiquitous, large in size, possesses highly 

conserved and structural elements and does not appear to undergo extensive lateral gene 

transfer.  In fact several environmental studies have found phylogenetic agreement 

between both markers (Ivanova et al., 2000; Caffrev et al., 2003, O'Mullan and Ward, 

2005, Molina et al., 2007) indicating that if done correctly the two methods can 

complement each other. 

4.3.3 Statistical analysis of bacterial 16S rRNA gene libraries 

LIBSHUFF analysis was performed to compare the bacterial 16S rRNA clone 

libraries (ambient and high CO2) for homologous CX and heterologous CXY coverage 

using the software webLIBSHUFF version 0.96 program (Singleton et al., 2001) 

(http://libshuff.mib.uga.edu).   

Libshuff analysis indicated that differences in the community structure between 

the two libraries were significant (P = 0.001).   In the  homologous coverage curve 

(Figure 4.5A) of the high CO2 library all the 16S rRNA sequences bin into just 1 group at 

an evolutionary distance of ~0.1, whereas the ambient CO2 sequences (Figure 4.5B) form 

a single group at a higher evolutionary distance of ~0.325.  The heterologous coverage 

http://libshuff.mib.uga.edu/
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curve of the library in figure 4.5A shows that that at an evolutionary distance of ~0.075 

all the sequence groups in the high CO2 library are also found in the ambient library but 

because the curves are so similar the result of this comparison was not significant 

(P=0.747).  In contrast the heterologous coverage curve in figure 4.5B (ambient versus 

high) indicates that the majority of sequences in the ambient CO2 library are highly 

divergent from of the high CO2 which is expressed by the higher evolutionary distance at 

which all sequences form a single group ( ~0.325).  Therefore, due to the two curves in 

this graph being dissimilar the result of this comparison is that the two libraries are 

different (P = 0.001). 

The reason why the two comparisons (CXY and CYX) did not return the same 

results is due to the fact that both libraries shared a large number of sequences related to 

Bacteroidetes and Proteobacteria.  However, the ambient CO2 library contained a greater 

diversity of unique sequences making it significantly different from its high CO2 

counterpart.  Therefore, the p-value for the XY comparison (ambient CO2 versus high 

CO2) is likely to be significant (p<0.05) as Y does not fully represent X.  However, the p-

value of the reverse comparison YX is not likely to be significant (p>0.05) as X fully 

represents Y. 
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Figure 4.5 Libshuff comparison of bacterial 16S rRNA gene clones from a high CO2 (X) and 

ambient CO2 (Y) incubations.  The homologous coverage (red line) shows the number of group 

changes throughout the range of evolutionary distances.  The heterologous coverage (green line) 

shows the percentage of groups that the second library shares with the first over the range of 

evolutionary distances.  Delta C (blue line) represents the difference between the homologous 

and heterologous coverage curves at each value of D with 95% Delta C (pink line) indicating the 

P-value of the random shuffling. 
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4.3.4 Comparative analysis of near full length bacterial 16S rRNA genes from high 

and ambient CO2 clone libraries 

In order to obtain near full length bacterial 16S rRNA gene sequences 

representative clones from both libraries (ambient and high CO2) were sequenced using 

primers pDf/pDr, pEr (Lane et al., 1985) and pH (Edwards et al., 1989).  The resulting 

partial sequences (four per representative sequence) were then assembled using BioEdit 

version 7.0.8.0 (Hall, 1999) by aligning the sequences against the 16S rRNA gene of 

Escherichia coli str. K-12 substr. MG1655.  Phylogenetic analysis of near full length 

bacterial 16S rRNA gene sequences (~1400 bp) was conducted in MEGA 5.  A 

Phylogenetic tree was constructed based on the neighbour-joining (NJ) method with 

bootstrap resampling with 1000 replicates.  The tree was computed using the assembled 

representative sequences along with the 16S rRNA sequences of their
 
closest relatives 

obtained from the RDP database. 

The NJ phylogenetic tree (Figure 4.6) indicated that the majority of sequences 

were closely affiliated to two main families of bacteria; the Rhodobacteraceae within the 

class Alphaproteobacteria and the Flavobacteriaceae within the class Flavobacteria.   

Approximately 91% (20 sequences) of all the Rhodobacteraceae sequences observed 

were derived from the ambient CO2 library with only 9% (2 sequences) from the high 

CO2 library.  Conversely, out of 127 Flavobacteriaceae sequences retrieved from both 

the high and ambient CO2 libraries, 54.3% (69 sequences) were from the high CO2 while 

45.7% (58 sequences) were from the ambient CO2 library.  

In the Alphaproteobacteria branch the majority of the Rhodobacteraceae 

sequences were closely related to Oceanicola sp. (12 sequences) followed by Jannaschia 

sp. (4 sequences), Loktanella sp. (2 sequences), Tateyamaria sp. (2 sequences) and 

Roseobacter sp. (2 sequences).  With the exception of 2 sequences (Jannaschia sp.), all 

the Rhodobacteraceae-like sequences observed in the tree were retrieved from the 

ambient CO2 library.  The remaining sequences from the Alphaproteobacteria branch 
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were observed in the high CO2 library and were closely related to Pelagibacter sp. (5 

sequences) within the SAR 11 clade.   

All the species in the Bacteroidetes branch were related to the family 

Flavobacteriaceae.  The majority of sequences were most closely related to Dokdonia 

sp. (110 sequences) of which 66 sequences was derived from the high CO2 library.  The 

remaining sequences were closely affiliated to Psychroserpens sp. (11 sequences), 

Polaribacter sp. (3 sequences) and Ulvibacter (3 sequences).  
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Figure 4.6 Phylogenetic relationships of representative sequences from the dark incubations and 

their closest relatives based on near full length 16S rRNA gene sequences.  Clone sequences 

retrieved from the ambient CO2 library are denoted in blue with the high CO2 sequences in red.  

The number of clones associated with each representative sequence is denoted in brackets.  The 

tree was constructed in MEGA 5 using the neighbour joining method with Bootstrap analysis 

with 1,000 replicates.  Thermotoga maritima was used as an outgroup to root the tree.             
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4.3.5 The effect of CO2 levels on the abundance of Rhodobacteraceae and 

Flavobacteriaceae  

To further evaluate the effects of elevated CO2 on bacterial community 

composition, 16S rRNA gene-based
 
quantitative PCR (qPCR) was employed to 

enumerate the bacteria from the Rhodobacteraceae and Flavobacteriaceae that 16S 

rRNA gene clone library analysis had indicated were predominant in the dark 

incubations.  This approach was also used to determine if the apparent changes in the 

relative abundance of these two groups observed in the clone libraries reflected 

differences in their absolute abundance under elevated and ambient CO2 conditions.  

Primers were designed which targeted all the Rhodobacteraceae (RBf/RBr) and 

Flavobacteriaceae (FBf/FBr) species detected in the 16S rRNA gene clone libraries 

(Figure 4.6).  The analysis was conducted using DNA samples (high and ambient CO2) 

from day 9 incubations using duplicate samples from three different serial dilutions (100, 

500 and 1000).   

qPCR confirmed that the abundance of Rhodobacteraceae-like bacteria was 

lower in the high CO2 incubations.  In the ambient CO2 treatment the abundance of 16S 

rRNA genes from Rhodobacteraceae-like bacteria was 8.85 ± 0.9 x 10
5 
copies/ml 

whereas in the high CO2 treatment the abundance was  3.86 ± 0.3 x 10
5
 copies/ml 

representing a decrease of 56.4% in response to elevated CO2 (Figure 4.7).  

In contrast, the abundance of 16S rRNA genes from Flavobacteriaceae-like 

bacteria was 4.08 ± 0.1 x 10
6  

copies/ml in the ambient CO2 treatment and 2.71 ± 0.28 x 

10
6 

copies/ml in the high CO2 treatment (Figure 4.7).  Although this equated to a 

decrease of 33.6% it was considerably less than the decrease observed in 

Rhodobacteraceae.  Consequently, there was no significant difference in 

Flavobacteriaceae 16s rRNA gene abundance between the two treatments (P=0.34; Two 

sample T test) however, a significant difference in 16S rRNA gene abundance was 

observed in Rhodobacteraceae between treatments (P=0.01; Two sample T test). 
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Total bacterial 16S rRNA gene abundance was 5.51 ± 0.37 x 10
6 

copies/ml in the 

ambient CO2 treatment which decreased to 4.00 ± 0.43 x 10
6 

copies/ml in the high CO2 

treatment (-27.4%).  Therefore, in the ambient and high CO2 treatments 

Flavobacteriaceae-like sequences represented 74% and 67.7% (respectively) of the total 

16S rRNA gene abundance, whereas the Rhodobacteraceae-like sequences represented 

16.1% and 9.6% (respectively).  As a result of these changes, the relative abundance of 

Flavobacteriaceae-like sequences in the bacterial 16S rRNA gene clone libraries 

increased from 62.3% in the ambient CO2 library to 80.5% in the high CO2 library (Table 

4.2).  Initially these results suggested an increase in Flavobacteriaceae numbers in 

response to elevated CO2 however, it is now known that this change is due to the 

significant decrease in Rhodobacteraceae-like sequences in the high CO2 treatment while 

the Flavobacteriaceae-like sequences remained relatively unaffected.  

 

Figure 4.7 Quantitative analysis of Rhodobacteraceae and Flavobacteriaceae 16S rRNA gene 

abundance from ambient and high CO2 treatments sampled on day 9 from phase 2 of the dark 

incubation experiment.  Error bars represent the standard error of duplicate samples taken from 

replicate bottles.   
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4.4 Conclusions 

The decrease in relative abundance of members of the Rhodobacteraceae at 

increased CO2 concentrations suggests that this group is sensitive to changes in ocean 

pH.  This was demonstrated in the bacterioplankton flow cytometry data from both the 

mesocosms and the dark incubation bottles (Chapter 3 section 3.3 – 3.4.4), Libshuff 

analysis of 16S rRNA gene clone libraries (Section 4.3.3), the phylogenetic analysis of 

the near full length 16S rRNA sequences (Section 4.3.4) and qPCR analysis (Section 

4.3.5).  There is an obvious connection between a reduction in Rhodobacteraceae 

numbers and reduced chlorophyll-a concentration observed in in the high CO2 

mesocosms (Chapter 3 Section 3.32).  Phytoplankton are an abundant source of DMSP in 

the marine environment which provides a substantial source of dissolved organic carbon 

and sulfur (in the form of methanethiol) for marine heterotrophic bacteria.  A reduction 

in DMSP concentration (as a consequence of reduced primary production) would 

therefore have consequences on bacterial production.  At the peak of the phytoplankton 

bloom on day 8 chlorophyll-a concentrations in the mesocosms were ~34% higher under 

ambient CO2 conditions (10.41 ± 1.14 µg/l
-1

 chlorophyll-a) compared to high CO2 

conditions (6.87 ± 3.33 µg/l
-1

 chlorophyll-a). Statistically, there was no significant 

difference between the treatments during this period (P=0.24; Mann Whitney U Test).  

However, a significant difference was observed (P= 0.021; Mann Whitney U Test) from 

day 5 to day 12 which corresponds to the period when chlorophyll-a concentrations were 

responding to the nutrient addition and the end of phase 1 of the experiment.  During this 

period, the ambient CO2 mesocosms had a 60% average increase in chlorophyll-a 

concentration compared to the high CO2 mesocosms (Hopkins et al., 2009).   

A recent study by Witt et al (2011) investigating the impact of ocean acidification 

on biofilm microbial communities found a decreases in the relative abundance of 

Alphaproteobacteria (Rhodobacteraceae) and increases of Cytophaga-Flavobacterium-

Bacteroides (CFB) at increased CO2 concentrations.  This experiment differed to the 

present investigation in that the biofilm microbial communities were grown on glass 

slides in an outdoor aquarium and no phytoplankton bloom was induced.  A change in 

microalgae community structure was also observed with a decrease in green algae 
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(Chlorophyta), red algae, filamentous red algae and calcareous red algae (Rhodophyta) 

with rising CO2 (Witt et al., 2011). 

It has been hypothesised that ocean acidification will have a negligible effect on 

microbial communities and biogeochemical processes other than calcification (Joint et 

al., 2010).  However, there is evidence to support the hypothesis that a decrease in 

primary productivity caused by elevated CO2/reduced pH affects PAB communities 

according to their substrate requirement.  It is already known that phytoplankton can 

influence bacterial communities through the different types of dissolved organic matter 

(DOM) produced during the various stages of a bloom (Grossart et al., 2005).  Future 

oceans will be dominated by phytoplankton species and strains that show adaptive 

responses to elevated CO2 and are able to occupy the ecological niches left vacant by 

other less adaptive groups.  If these less adaptive groups include DMSP producing 

phytoplankton, notably the coccolithophores and dinoflagellates (Keller et al., 1989) then 

this would affect bacterial species such as the marine Roseobacter clade that are 

dependent on DMSP as a substrate.  However, this effect may be negligible (or even 

beneficial) to species belonging to the CFB group as they are able to excrete exoenzymes 

in order to decompose high molecular weight biopolymers such as cellulose and chitin 

(Cottrell and Kirchman, 2000, Kirchman, 2002). 
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5.1 Introduction 

5.1.1 Heterotrophic CO2 fixation 

Heterotrophic CO2 fixation was first revealed by Harland Wood (Wood and 

Werkman, 1935) while conducting his graduate studies in Chester Werkman’s laboratory 

at Iowa State in the early 1930s.  His research focussed on the origins of succinic acid 

when propionic acid bacteria were grown on glycerol in a calcium carbonate buffered 

system.  While calculating the carbon and
 
oxidation-reduction balances of the 

fermentation
 
process Wood discovered that the amount of carbon recovered after the 

fermentation did not equal the amount of carbon introduced at the beginning of the 

experiment.  In some of the bacterial strains which produced succinate the amount of 

carbon in the major fermentation products (propionate and succinate) was greater than 

the carbon supplied
 
by the fermented glycerol (Wood and Werkman, 1935, Wood and 

Werkman, 1936).  He hypothesised that heterotrophic CO2 fixation could explain the 

carbon imbalance though he found this difficult to elucidate and so did not include the 

results in his thesis (Kresge et al., 2005).  The idea of heterotrophic CO2 fixation was 

controversial; the accepted biochemical paradigm of the time was that only plants and 

autotrophic bacteria were able to fix CO2. Wood et al (1941) persisted in their 

endeavours and finally elucidated the heterotrophic CO2 fixation pathway using 
13

C 

labelled sodium bicarbonate (NaH
13

CO3) which was measured with a mass spectrometer 

(Wood et al., 1941).  Later known as the Wood-Werkman reaction the pathway involves 

the condensation of CO2 with the 3-carbon compound pyruvate to form a 4-carbon 

compound oxaloacetate (Wood et al., 1941).  Consequently the enzyme responsible for 

the direct carboxylation of pyruvate has been elucidated and the pathway is now 

recognized as the pyruvate carboxylase reaction (Utter and Keech, 1963).  The term 

anaplerotic was first used in biochemistry by Sir Hans Kornberg to describe the pathways 

which replenish the metabolic intermediates of the TCA cycle (Kornberg, 1966).  This is 

necessary because the intermediates of the TCA cycle are not only required for energy 

metabolism but are also consumed for amino acid biosynthesis (Figure 5.1).  Identified in 

1937 by the German biochemist Sir Hans Adolf Krebs the TCA cycle is the second step 

in carbohydrate catabolism, generating usable energy and essential precursors for 
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biosynthesis.  The cycle begins with acetyl-CoA (via oxidation of pyruvate from the 

glycolysis pathway) which transfers its two-carbon acetyl group to the four-carbon 

acceptor compound oxaloacetate to form a six-carbon compound citrate.  Through a 

series of reactions oxaloacetate
 
is subsequently regenerated and the cycle continues. 

Many of the intermediates produced in the TCA cycle are precursors for important 

biomolecules; α-ketoglutarate can be converted into glutamate which is a precursor for 

the synthesis of other amino acids and purine nucleotides (Figure 5.1).  Oxaloacetate can 

act as a substrate for gluconeogenesis or it can be transaminated to form aspartate which 

itself is a precursor for other amino acids and pyrimidine nucleotides.  Conversely the 

four and five carbon intermediates of the TCA cycle which are normally produced from 

amino acids can accumulate in the cell and therefore have to be removed by a process 

known as cataplerosis.  These complex interactions are strictly regulated by three 

mechanisms: substrate availability, product inhibition and competitive feedback 

inhibition.    

Pyruvate carboxylase is a member of the biotin-dependent enzyme family and is 

regulated by acetyl-CoA which acts as an allosteric activator stimulating the cleavage of 

ATP and inducing a conformational change in the tetrameric structure of the enzyme.  

Each subunit of the tetramer contains four domains, two of which are the active binding 

sites for carboxylation, one an allosteric binding site and the forth acts as an anchor point 

(via a lysine residue) for a single biotin moiety.  The biotin and lysine residues work 

together to act as a swinging arm in order to transport CO2 between the two active sites.  

Pyruvate carboxylase uses the covalently attached biotin moiety to catalyse the two step 

carboxylation of pyruvate to oxaloacetate.  In the first step (Figure 5.2) ATP reacts with 

HCO3
- 
resulting in the formation of carboxyphosphate, a highly unstable molecule that 

rapidly dissociates to CO2 and phosphate prior to the carboxylation of the biotin moiety.  

Step two involves the transfer of the newly generated carboxybiotin to the second active 

site where its carboxyl group is the transferred to the acceptor molecule pyruvate 

resulting in the formation of oxaloacetate (Jitrapakdee et al., 2002) 
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Figure 5.1 Schematic of glycolysis and the TCA cycle. The TCA cycle is the fundamental 

pathway in aerobic respiration which produces energy, CO2 and H2O from the remaining carbon 

(in the form of pyruvate) of glycolysis.  The TCA cycle is known as an amphibolic pathway 

because it participates in both anabolism and catabolism with the intermediates of the TCA cycle 

acting as precursors for amino acid biosynthesis or in the case of catabolism the conversion of 

amino acids to replenish the intermediates of the cycle 
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Figure 5.2 The conversion of pyruvate to oxaloacetate.  Pyruvate carboxylase catalyses the 

anaplerotic reaction which generates oxaloacetate in a two-step process. Step 1 involves the 

carboxylation of biotin at one active site which is then transferred to the next active site via the 

lysine residue (blue).  In step 2 CO2 is transferred from the biotin to pyruvate resulting in the 

formation of oxaloacetate and biotin. 

5.1.2 The significance of heterotrophic CO2 fixation in the environment. 

It was suggested by Romanenko (1964) that the rate of CO2 fixation via 

anapleurosis could be directly coupled to microbial growth thereby providing 

quantitative data on total bacterial production.  Using a variety of lab cultures and field 

samples he reported that ~6% of organic carbon in heterotrophic bacteria originates from 

the direct incorporation of CO2 (Romanenko, 1964).  Several investigations followed 

using this constant fixation ratio of 0.06 to estimate bacterial production (Kusnetsov and 

Romanenko, 1966; Sorokin, 1966, Kapustina, 1999) while other studies (Overbeck, 

1972; Overbeck and Daley., 1973, Overbeck, 1979) found a much greater variation in 

CO2 assimilation of 1-12% in both cultured and uncultured microorganisms.  Using 

heterotrophic CO2 fixation ratios to establish product rates can therefore be very 

misleading.  As early as 1932 a causative link was established between CO2 uptake in 
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heterotrophic bacteria and organic carbon availability in the surrounding environment 

(Walker, 1932).  This was further supported by the work of Prescott (1965) when he 

confirmed that the amount of CO2 fixed relative to total organic carbon decreased in 

more complex media (Prescott et al., 1965).  Naturally this type of medium contains all 

the requirements for growth such as a carbon source, water, salts, amino acids and 

nitrogen which is seldom seen in nature.  Therefore it is highly unlikely that additional 

carbon (in the form of CO2) would be required.  It is now generally established that 

heterotrophic organisms have different CO2 assimilation patterns under varying 

environmental conditions.  This is further emphasised by the fact that organisms utilizing 

C1 substrates such as methane, methanol, formate and carbon monoxide have been found 

to assimilate more CO2 than organisms which utilize complex organic substrates 

(Doronia and Trotsenko, 1985).  CO2 derived carbon also varies among species due to 

differences in metabolic salvage pathways and growth responses (Li, 1982, Dijkhuizen 

and Harder, 1985).  Essentially bacteria are able to respond to environmental change by 

recycling substrates from intermediates in degradative pathways such as methionine or 

nucleotides, thus saving the energy and carbon that would be required for De Novo 

synthesis.  As a consequence of this variability, any estimations of bacterial production 

using the Romanenko technique are inaccurate as no fixed ratio actually exists.  

Heterotrophic CO2 fixation is generally considered to be a relatively minor route 

of inorganic CO2 fixation.  The current paradigm is that the oceans and autotrophic CO2 

fixation via photosynthesis are the main carbon sinks for the absorption of CO2.  

However, the work of Overbeck (1972)  has demonstrated that heterotrophic CO2 

fixation can account for 1 – 12% of assimilated carbon.  At these higher levels, 

heterotrophic CO2 fixation could make a considerable contribution to global carbon 

fixation and could play a key role in offsetting carbon emissions.  The twin threat of 

global warming and ocean acidification has compelled scientists to study the carbon 

cycle and investigate the biochemistry of the organisms involved in this key process.  

This has been aided by recent advances in microbiology, ecology and genomics which 

have made it possible to sequence microbial genomes to elucidate phylogeny and the 

metabolic potential of an organism.  
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Light-independent CO2 fixation has been demonstrated by Li and Dickie (1991) 

using 
14

C labeled sodium bicarbonate on seawater sampled from the base of the euphotic 

zone (Li and Dickie, 1991).  The results showed that the net increase in bacterial 

abundance approximately correlated with the measured fixation of 
14

C in the dark 

incubations.  Dark CO2 assimilation under resource-limited conditions was also 

investigated by Alonso-Sáez  (2010) using 3 month old Artic seawater cultures incubated 

in the dark with 
14

C radiolabeled sodium bicarbonate (Alonso-Saez et al., 2010).  

Bicarbonate incorporation rates correlated with rates of bacterial heterotrophic 

production (determined by the incorporation of [
3
H]-leucine) with Beta and 

Gammaproteobacteria showing high activity in bicarbonate and leucine uptake while 

Flavobacteria only assimilated leucine.  Furthermore, PCR analysis of the biotin 

carboxylase gene accC putatively involved in archaeal CO2 fixation yielded not archaeal 

sequences but amplified a variety of bacterial carboxylases involved in fatty acids 

biosynthesis, anaplerotic pathways and leucine catabolism (Alonso-Saez et al., 2010).  

Using single cell sorting and whole genome amplification Swan et al (2011) recovered 

complete RuBisCO operons from two single amplified genomes (SAGs) of 

Deltaproteobacteria and two Gammaproteobacteria obtained from the lower 

mesopelagic zone of two subtropical gyres (Swan et al., 2011).  Furthermore, using 

microautoradiography 
14

C labelled bicarbonate assimilation was detected in 

Deltaproteobacteria cluster SAR324 suggesting that this group may be a major 

contributor in CO2 fixation of the dark oceans.  However, DeLorenzo et al (2012) 

reported a greater diversity of bacteria assimilating dissolved inorganic carbon (DIC) in 

waters off the Oregon and Washington coasts (DeLorenzo et al., 2012).  Using stable 

isotope probing (SIP) with 
13

C sodium bicarbonate the authors found that 

Alphaproteobacteria, Gammaproteobacteria and Bacteroidetes dominated dark DIC 

assimilation in the seawater samples.  Comparison of the 
12

C and 
13

C clone libraries 

found an increase of 30% to 38% in Alphaproteobacteria sequences and 25% to 33%, in 

Bacteroidetes sequences (
12

C and 
13

C respectively).  Members of the SAR11 clade 

comprised a significant portion of Alphaproteobacteria assemblage as well as members 

of the marine Roseobacter clade closely related to Roseovarius mucosus, Octadecabacter 

antarcticus and Loktanella rosea (DeLorenzo et al., 2012). 
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5.1.3 Metabolic strategies of the marine Roseobacter clade 

One group of bacteria which are of particular relevance in CO2 fixation is the 

marine Roseobacter clade.  Their physiological diversity and metabolic versatility has 

enabled them to occupy a range of habitats from polar ice to deep ocean sediments 

though the majority of them are marine organisms (pelagic and coastal) accounting for 

~10% of all the bacteria in the Arctic Ocean (Malmstrom et al., 2007) and ~20% in the 

southern ocean (Selje et al., 2004).  The Roseobacter clade falls within the α-3 subclass 

of Proteobacteria with members sharing >89% identity of the 16S rRNA gene (Buchan 

et al., 2005).  More than 38 genera affiliated with the Roseobacter clade have been 

described (Brinkhoff et al., 2008) including Roseobacter, Roseovarius, Ruegeria, 

Sulfitobacter, Silicibacter, Jannaschia, Loktanella and Oceanicola.   

A strategy used by several species of marine Roseobacter to supplement energy is 

aerobic anoxygenic phototrophy (AAnP).  The literal interpretation of this term implies 

photosynthesis in the presence of oxygen without the generation of oxygen.  The term is 

slightly misleading because no light driven synthesis of organic carbon is carried out and 

the organism still requires organic matter as a source of carbon (Wagner-Dobler and 

Biebl, 2006, Moran et al., 2007).  These organisms share common features: the presence 

of bacteriochlorophyll, light-harvesting complexes, an abundance of
 
carotenoids, and the 

inability to grow photosynthetically under
 
anaerobic conditions (Yurkov and Beatty, 

1998).  Previous studies have reported CO2 fixation in several AAnPs though the amount 

of CO2 assimilated was deemed insufficient to maintain autotrophic growth (Shiba, 1984, 

Kishimoto et al., 1995).  Recent studies investigating AAnPs from the marine 

Roseobacter clade have established compelling evidence to suggest that this particular 

group of bacteria is able to fix CO2 via anaplerotic reactions using photoheterotrophic 

metabolism (Kolber et al., 2001; Moran and Miller, 2007, Swingley et al., 2007, Tang et 

al., 2009).  Additionally several species of AAnPs such as Jannaschia sp. CCS1, 

Loktanella vestfoldensis SKA53 and Roseobacter litoralis are able to oxidize CO to CO2 

to further supplement energy for heterotrophic growth.   
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A greater variety of metabolic strategies are available to Roseobacter 

denitrificans OCh114.  Typical of all AAnPs they are able to grow 

photoheterotrophically in the presence of oxygen and light.  However they also grow 

anaerobically in the dark using nitrite and trimethylamine
 
N-oxide as an electron acceptor 

(Yurkov and Beatty, 1998, Swingley et al., 2007).  CO oxidation has not been observed 

in this species in culture; however it does possess the necessary cox genes to mediate CO 

oxidation though the circumstances in which this occurs are still undetermined.  Several 

species of Roseobacter are known to be lithoheterotrophic, capable of utilizing the 

oxidation of inorganic compounds to supplement heterotrophic energy generation 

(Moran and Miller, 2007).  This has been proven experimentally when enhanced biomass 

(45%) was observed in cultures of Silicibacter pomeroyi DSS-3 grown on acetate and 

amended with 10 mM thiosulfate relative to cultures receiving no thiosulfate (Moran et 

al., 2004).  Moreover, increased dark anaplerotic CO2 fixation of between 20 – 200% 

was observed in members of the alpha-3 subgroup of the Roseobacter cluster that oxidize 

thiosulfate completely to sulfate (Sorokin, 2003).  One of the strains investigated (ChLG 

1) possessed high pyruvate carboxylase activity and the addition of pyruvate significantly 

stimulated CO2 assimilation.  

The origin of CO2 fixation in this group of bacteria still remains unanswered.  It 

has been proposed that the photosynthetic genes were obtained by horizontal gene 

transfer (Nagashima et al., 1997) or that AAnPs diverged from a purple photosynthetic 

bacterial ancestor by becoming dependent on organic compounds when the oxygen level 

in the Earth’s atmosphere became elevated (Beatty, 2002).  However, what is becoming 

evident is the ecological significance this group plays in the cycling of both organic and 

inorganic carbon.   

5.1.4 Metabolic pathways of CO2 fixation in Roseobacter denitrificans OCh 114 

New insights into the lifestyle and physiology of AAnPs were gained by 

sequencing the genome of Roseobacter denitrificans OCh114 (Swingley et al., 2007).  

Using phylogenetic analysis the researchers suggested that due to the presence of 

RuBisCO in related Alphaproteobacteria, ancestral AAnPs may have once contained 
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Calvin cycle enzymes but due to their ever increasing dependence on organic carbon 

compounds for growth their requirement for CO2 diminished (Figure 5.3).  This 

hypothesis is however speculative based solely on the presence of RuBisCO in lineages 

that root more deeply in phylogenetic trees than marine Roseobacters and therefore does 

not take into account the evolutionary origins of RuBisCO or the possibility of lateral 

gene transfer (Ashida et al., 2005).   

Swingley et al (2007) proposed that R. denitrificans fixes CO2 via 3 key enzymes, 

pyruvate carboxylase, phosphoenolpyruvate (PEP) carboxylase and pyruvate-

orthophosphate dikinase.  The carboxylases catalyse the addition of CO2 (via HCO3
-
) to 

either pyruvate (pyruvate carboxylase) or PEP (PEP carboxylase) producing 

oxaloacetate.  Pyruvate-orthophosphate dikinase is not directly responsible for the 

fixation of CO2; it catalyses the reversible phosphorylation of pyruvate to PEP.  In the 

Roseobacter group the enzymes pyruvate carboxylase and pyruvate-orthophosphate 

dikinase form monophyletic clusters which are distinct from those from closely related 

species (Swingley et al., 2007).  It was proposed by the reseachers that this sequence 

divergence combined with photoheterotrophic energy
 
metabolism could enhance CO2 

fixation over and above that of normal anaplerotic reactions.  In essence AAnPs lead a 

mixotrophic rather than a photoheterotrophic lifestyle capable of deriving metabolic 

energy and carbon from various different sources. 
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Figure 5.3 16S rRNA phylogenetic tree taken from Swingley et al (2007). The tree indicates the 

presence of RuBisCO within the Proteobacteria (red text), with putative RuBisCO-containing 

nodes highlighted with red dots. It is speculated that the widespread presence of RuBisCO in the 

tree suggests that the ancestral species of Rhodobacteraceae contained this enzyme which was 

subsequently lost by the AAnPs (green text) due to their ever increasing dependence on organic 

carbon.  The tree was constructed using the maximum likelihood method. 
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As well as PEP carboxylase, EC 4.1.1.31(ppc) and pyruvate carboxylase, EC 

6.4.1.1 (pyc) two other enzymes are also known to assimilate CO2 via anaplerotic 

reactions. Phosphoenolpyruvate (PEP) carboxykinase, EC 4.1.1.49 (pckA) catalyses the 

reversible reaction ATP + oxaloacetate (OAA) = ADP + phosphoenolpyruvate + CO2, 

while malic enzyme EC 1.1.1.40 (tme) catalyses the reversible reaction (S)-malate + 

NADP+ = pyruvate + CO2 + NADPH (Figure 5.4).  All four genes are present in the 

genome of R. denitrificans which coupled to photoheterotrophic energy metabolism 

could explain the increased CO2 fixation observed in several AAnP studies (Shiba, 1984; 

Yurkov, 1990, Kishimoto et al., 1995, Yurkov and Beatty, 1998, Kolber et al., 2001, 

Swingley et al., 2007, Tang et al., 2009). 

 

Figure 5.4 Major anaplerotic reactions known to assimilate CO2 in order to replenish the 

intermediates of the TCA cycle.  
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The objective of this study was to investigate the effects of elevated CO2 on 

microorganisms capable of fixing inorganic carbon in the dark.  The working hypothesis 

was that we would observe effects most particularly among chemoautotrophic bacteria 

but effects on heterotrophic CO2 fixation might also be apparent.  Mesocosm CO2 

perturbation experiments were set up to simulate the conditions of a future high CO2 

world predicted in the “business as usual “scenario by the Intergovernmental Panel on 

Climate Change (IPCC, 2001).  Comparison of marine microbial communities 

responsible for dark CO2 fixation under ambient and high CO2 conditions was achieved 

by stable isotope probing (SIP) with 
13

C-NaHCO3 incubations. 

5.2 Methods 

To identify putative chemoautotrophic bacteria Stable Isotope Probing (SIP) 

using 
13

C-labelled bicarbonate as a substrate was employed.  Mesocosms in a Norwegian 

fjord, designed to simulate the predicted high CO2 world of 2100 based on current 

emissions (~ pH 7.8/pCO2 750 ppm) were sub-sampled into duplicate 4 L dark bottles 

containing the labelled bicarbonate and incubated in situ in the fjord for 5 days.  1L 

samples of water were collected from the dark incubations on days 1, 2, 3, 5, (phase 1) 

and 8, 9, 10, 12 (phase 2), pre-filtered through a 5 µm polycarbonate filter and then a 0.2 

µm sterivex filter.  DNA was extracted from each sterivex filter using a 

phenol/chloroform/isoamyl alcohol method (Maniatis et al., 1982) and the 
12

C and 
13

C 

DNA fractions resolved via isopycnic CsCl density gradient centrifugation.  To act as a 

control a second set of ambient CO2 mesocosms was established (~pH 8.1/pCO2 380 

ppm).  Preparation of dark bottle incubations, incubation time, sampling regimes and 

extraction methods were identical to those of the high CO2 treatments (see chapter 2 for 

full methodological details). 

All the steps taken in the SIP procedure were fully optimised prior to the analysis 

of mesocosm samples.  Using 
13

C DNA from a preliminary test experiment, centrifuge 

speed, duration and gradient densities were calibrated to obtain optimal separation of 
12

C 

and 
13

C DNA.  Control tubes containing ethidium bromide and 
13

C/
12

C DNA were 

included in all centrifuge runs to provide visual confirmation of the success of the 
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isopycnic separation (Figure 5.5).  Preliminary investigations to deduce the optimal 

volume of fractions to collect indicated that fraction volumes of 400 µl typically reported 

in the literature (Lueders et al., 2004; Singleton et al., 2005, Neufeld, 2008) were too 

large to sufficiently determine the boundary between
 13

C and 
12

C DNA.  This unresolved 

boundary resulted in intermediate fractions containing both 
13

C and 
12

C DNA. This was 

resolved by collecting smaller fractions of 200 µl which improved the definition between 

the 
13

C and 
12

C DNA visualized on an agarose gel (Figure 5.6).  The SIP experiment 

(fractionation) was conducted in triplicate using samples taken on day 10 of the dark 

incubation experiment from both the high and ambient CO2 treatments incubated with 

13
C sodium bicarbonate.   

 

Figure 5.5 Control tube used in every centrifugation run for the isopycnic separation of the heavy 

(
13

C) and light (
12

C) DNA fractions.  Tubes were constructed by culturing E. coli K12 on 
13

C and 
12

C glucose, extracting the DNA and combining it in equal amounts. Ethidium bromide was then 

added to the caesium chloride gradient for visualization purposes only. 
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Figure 5.6 Fractionation of SIP tubes.  Each tube was fractionated into 28 x 200 μl aliquots with 

the first and last two aliquots were discarded. The remainder was visualized by running 5 μl of 

each aliquot on a 0.7% agarose gel to establish which aliquots contain the 
13

C and 
12

C fractions. 

Due to the low yields of DNA obtained after the isopycnic separation multiple 

displacement amplification (MDA) was employed to generate microgram quantities of 

DNA from an initial starting quantity of less than 10 ng.  This method has proven to be 

highly accurate in amplifying DNA which is almost identical to the original sample 

(Yvette et al., 2007, Giardina et al., 2009) and generates the least bias compared to other 

whole genome amplification methods (Pinard et al., 2006).  The MDA was repeated 

numerous times and the products pooled in order to ensure that the amplified DNA was 

representative of the original DNA and to obtain a sufficient quantity of high molecular 
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weight DNA suitable for further analysis.  The comparability of MDA amplified DNA 

and the original template DNA was confirmed by comparison of bacterial 16S rRNA 

gene DGGE profiles before and after MDA amplification.   

The composition of bacterial communities represented in the 
13

C and 
12

C DNA 

fractions from replicate incubations was analysed by denaturing gradient gel 

electrophoresis (DGGE) of PCR amplified 16S rRNA genes and near full length 16S 

rRNA gene clone libraries were constructed from each representative sample.  16S rRNA 

gene clones were sequenced and compared to the GenBank database to identify the most 

closely related sequences.  The evolutionary relationship between the bacterial species 

identified was inferred from a phylogenetic tree constructed in MEGA 4 (Tamura et al., 

2007). 

The metabolic potential of bacterial communities represented in the 
13

C and 
12

C 

DNA fractions was established by creating four metagenomic libraries consisting only of 

species within the Rhodobacteraceae and Flavobacteriaceae.  The relevant species were 

subtracted (in silico) from two metagenomic libraries (total DNA, not SIP) of the 

ambient and high CO2 dark incubations.  The sequence data from the four subsets 

(Rhodobacteraceae, ambient and high CO2, Flavobacteriaceae, ambient and high CO2) 

was uploaded to MG-RAST (Metagenomics Rapid Annotation Server) which annotates 

DNA sequences and provides phylogenetic and functional classification of samples 

(Meyer et al., 2008).  The datasets were also uploaded into KAAS (KEGG Automatic 

Annotation Server) (http://www.genome.jp/tools/kaas/) which identifies genes by 

BLAST comparison against the manually curated KEGG database (Kyoto Encyclopaedia 

of Genes and Genomes) and maps them onto metabolic pathways (Moriya et al., 2007).  

Sequences identified by KAAS as partial fragments of anaplerotic genes were then 

obtained and their identity verified by comparing them against the non-redundant (nr) 

protein database using the BLASTX program.  Statistical analysis of partial anaplerotic 

gene fragments was conducted in the STAMP (Statistical Analysis of Metagenomic 

Profiles) software package using the metabolic profiles created by MG-RAST as input 

data. 

http://www.genome.jp/tools/kaas/
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To access the similarity of pyruvate carboxylase amino acid sequences of 

different bacterial species, pairwise alignments were conducted using the BLASTP 

program of the NCBI.   Full length pyruvate carboxylase amino acid (aa) sequences from 

Flavobacteriaceae and Rhodobacteraceae species were downloaded from GenBank 

http://www.ncbi.nlm.nih.gov/genbank/  and compared against the pyruvate carboxylase 

aa sequence of Roseobacter denitrificans OCH114.  Sequences were aligned in the 

software program MUSCLE (multiple sequence comparison by log‐expectation) (Edgar, 

2004) and a phylogenetic tree from the amino acid sequences was generated in ARB 

(Ludwig et al., 2004) using a Phylip maximum-likelihood method (Phylip PROML), 

including bootstrap support of 500 replicates.  Pyruvate carboxylase aa sequences 

identified from the metagenomes were added to the tree by parsimony methods. 

For clarification and to diminish any form of ambiguity the results presented in 

this study are predominantly from the analysis of the DNA retrieved from the 
13

C and 
12

C 

CsCl fractions obtained via the isopycnic separation of samples taken on day 10 from the 

13
C DNA dark incubation bottles (ambient and high CO2 treatments). 

5.3 Results and discussion 

5.3.1 DGGE analysis of SIP fractions 

Nested PCR with primers pA/pH and primers2/3 (Edwards et al., 1989)  was used 

to amplify bacterial 16S rRNA gene fragments from all the SIP fractions and the 

community composition was visualised using DGGE analysis.  A high degree of 

similarity was observed between the triplicate samples (SIP 1, 2, 3) which showed 

distinct profiles for the high and ambient CO2 treatments (Figure 5.7).  In order to 

explore the similarities in bacterial community structure a cluster analysis was performed 

using the
 
Pearson product moment correlation coefficient to compute the similarity 

matrix and UPGMA (unweighted pair group method with arithmetic
 
averages) to 

generate the dendrogram.  The Pearson correlation was used in the DGGE analysis as it 

takes into account the relative intensity of each band by comparing the densitometric 

curves rather than the banding patterns themselves (Bernhard et al., 1993).  It has the 

advantage of being insensitive to pattern intensity and relative differences in background 

http://www.ncbi.nlm.nih.gov/genbank/
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while at the same time being sensitive to the intensity of individual bands.  The slight 

disadvantage is that it never indicates a perfect match, even between profiles which are 

visually indistinguishable.  The analysis clearly indicated a difference in the community 

structure associated with elevated CO2 resulting in a defined clustering of the high and 

ambient CO2 treatments.  However no such clustering was observed between the 
13

C/
12

C 

fractions leading to the conclusion that the 
13

C treatment had little effect on community 

composition (Figure 5.8).   

 

Figure 5.7 DGGE analysis of 
12

C and 
13

C DNA fractions obtained from day 10 of the 
13

C dark 

incubations (high and ambient CO2 treatments).  Fractionation and whole genome amplification 

was performed in triplicate denoted as SIP 1, 2 and 3. 
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Figure 5.8 Cluster analyses of DGGE profiles from triplicate SIP experiments with the 

experiment number denoted in brackets. The community profiles and resulting dendrogram 

indicate a defined clustering due to their specific treatment (high/ambient CO2) rather than 

incubation with labelled bicarbonate. The cluster analysis was generated using Pearson's 

correlation and the unweighted pair-group method with arithmetic averages. 

To statistically test whether there were significant differences between the 

profiles from different treatments ANOSIM (Analysis of similarities) was performed 

using the software package PRIMER 6 (Clarke, 1993).  This method uses the Bray-Curtis 

measure of similarity to test whether there is a significant difference between 2 or more 

groups of samples.  The test generates a value of R (based on the ranks of the 

dissimilarities) and a P value which is given as a percentage.  The R value lies between -

1 and +1, with a value of zero representing the null hypothesis that the samples are not 

significantly different.  Three ANOSIM tests were conducted using the similarity matrix 

calculated from the DGGE profiles.  As SIPs 1, 2 and 3 were from triplicate fractionation 

and amplification experiments the first ANOSIM test was to determine reproducibility of 

the 3 experiments.  The test revealed an R value of – 0.013 and a P value of 0.44 

indicating that there were no significant differences between the triplicate fractionation 

experiments (Figure 5.7).   
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The second ANOSIM test was to investigate if there was a significant difference 

in the DGGE profiles between the high and ambient CO2 treatments.  In this instance the 

test revealed an R value of 0.783 and a P value of 0.002 indicating that the similarities 

between the samples was greater within groups than between groups therefore rejecting 

the null hypothesis and indicating a significant difference between the high and ambient 

CO2 treatments.  

Finally, an ANOSIM test was performed to investigate if there was a significant 

difference in the DGGE profiles between the 
13

C and the 
12

C sodium bicarbonate 

incubations.  In this instance the profiles were more similar between the groups than 

within the groups with an R value of -0.107 and a P value of 0.816 concluding that there 

were no significant differences between the 
13

C and 
12

C treatments. 

5.3.2 Characterisation of dominant bacteria from SIP fractions 

The aim of this study was to investigate the response of aquatic bacterial 

populations to elevated CO2 and reduced pH.  One group of bacteria which may be 

particularly susceptible to the effects of elevated CO2 are the chemoautotrophic 

ammonia-oxidising bacteria (AOB).  These organisms are responsible for the rate-

limiting step of nitrification by utilizing the conversion of ammonia (NH3) to nitrite 

(NO2
-
) as their sole energy source and using this energy to fix CO2.  Experimental 

evidence has revealed that a reduction in ocean pH will result in a decrease in the amount 

of available ammonia thus reducing nitrification (Huesemann et al., 2002).  This is due to 

the fact that the ratio of ammonia (NH3) to ammonium (NH4
+
) is significantly reduced 

with decreasing pH favouring the production of ammonium over that of ammonia.  The 

ammonium ion cannot be utilised by AOBs as it is unable to cross the cell membrane via 

simple diffusion due to its positive charge.  At pH 8.1, ~4% of the ammonia is present as 

NH3 (Aq) but at pH 7.8 the proportion of NH3 (Aq) is reduced by ~50% with complete 

inhibition of nitrification at pH 6.0 (Raven, 1986, Huesemann et al., 2002).  

Based on the reproducibility of replicate DGGE profiles, (Figure 5.7 and 5.8), a 

single 16S rRNA gene clone library was considered representative of the DGGE profiles 
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from each treatment.  The similarity of DGGE profiles within each treatment was 73.1 ± 

11.9%  as opposed to between treatments where the average similarity was significantly 

lower (57.6 ± 8.3 %; P = ˂ 0.01; Mann Whitney U Test).  Thus four 16S rRNA gene 

clone libraries (
13

C high CO2, 
12

C high CO2, 
13

C ambient CO2, and 
12

C ambient CO2) 

were prepared from the pooled triplicate fractions which were then sequenced and the 

16S rRNA sequences recovered were compared to the GenBank database using the 

BLAST program (Altschul et al., 1990).  All the sequences recovered were between 96 

and 99 % identical to previously identified 16S rRNA sequences.  No sequences from 

known chemoautotrophic bacteria were identified during the analysis, with the majority 

of sequences being classified in the family Flavobacteriaceae and Rhodobacteraceae 

(Table 5.1 & 5.2).   

It was anticipated that the DGGE profiles generated from 
13

C bicarbonate labelled 

DNA, would represented 16S rRNA genes from chemoautotrophic bacteria but in fact 

only sequences from heterotrophic bacteria were recovered.  The data suggest that 

inorganic carbon uptake in this system was dominated by heterotrophic CO2 fixation 

rather than autotrophic CO2 fixation.  This situation may have been promoted by the 

conditions under which the experiment was conducted.  The experiment was designed to 

stimulate a phytoplankton bloom which influences both the structure and abundance of 

the bacterioplankton community by the release of DOM (dissolved organic matter) 

(Jensen, 1983).  Consequently when the mesocosms were sub sampled into dark 

incubation bottles photosynthesis was inhibited and the phytoplankton released a readily 

utilizable carbon and energy source resulting in the enrichment of heterotrophic bacterial 

populations.  In effect the experiment positively selected for microorganisms such as 

Roseobacter (Alphaproteobacteria)  and Flavobacteria (Bacteroidetes) which frequently 

dominate dimethylsulphoniopropionate (DMSP) rich algal blooms (Pinhassi et al., 2005; 

Garces et al., 2007, Allgaier et al., 2008) and as a consequence chemoautotrophic 

bacteria represented only a minor fraction of the total bacterial consortium.  The relative 

low abundance of chemoautotrophic bacteria made them virtually undetectable using 

stable isotope probing as their DNA would have been totally overwhelmed by the 

labelled DNA derived from heterotrophic CO2 fixation.  As no chemoautotrophic 

bacteria were detected in the SIP analysis, the SIP DGGE profiles bore a high degree of 
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similarity to the DGGE profiles obtained from total genomic DNA extracted from the 

dark incubated bottles that were not subject to SIP analysis and density gradient 

fractionation (Chapter 4 section 4.3.1-4.3.2).
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Table 5.1 Phylogenetic assignment of 16S rRNA gene clone libraries prepared from the 
12

C CsCl fractions of the SIP experiment. 
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 Table 5.2 Phylogenetic assignment of 16S rRNA gene clone libraries prepared from the 
13

C CsCl fractions of the SIP experiment. 
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Analysis of 16S rRNA gene clone libraries obtained from total DNA from 
12

C 

dark incubation bottles (Chapter 4, section 4.3.2) revealed that seawater from the ambient 

CO2 treatment was dominated by members of the Flavobacteriaceae within the 

Bacteroidetes (62.4% of sequences; n =96) and the Rhodobacteraceae within the 

Alphaproteobacteria (21.5%; n =96), which was comparable with the known relative 

abundance of the marine Roseobacter clade in coastal waters of between 10– 25% (Beja 

et al., 2002; Buchan et al., 2005, Wagner-Dobler and Biebl, 2006, Brinkhoff et al., 

2008).  By contrast, representation of the Rhodobacteraceae was substantially reduced in 

the high CO2 treatment (2.4% of sequences; n =96).  

As anticipated, the 
12

C 16S rRNA gene clone SIP libraries were similar in 

composition to those of the total DNA libraries (Chapter 4, section 4.3.2) with members 

of the Flavobacteriaceae family dominating both the 
12

C ambient and 
12

C high CO2 SIP 

libraries (79.2 and 85.5% respectively, n =96) (Table 5.1).  The 
12

C ambient CO2 SIP 

library also contained a higher frequency of Rhodobacteraceae sequences (4.2%, n=96) 

compared to the 
12

C high CO2 SIP library (0%, n=96) consistent with previous results.  

Surprisingly, the 
13

C 16S rRNA gene clone SIP libraries were dominated by 

Rhodobacteraceae both in the 
13

C ambient and 
13

C high CO2 treatments with 61.4% and 

45.7% of sequences respectively (n =96), suggesting that this particular group may play 

an important role in the assimilation of inorganic carbon (Table 5.2).  By contrast, 

sequences from Flavobacteriaceae represented 8.4% of the clones in the 
13

C ambient 

CO2 SIP library and 18.8% in the 
13

C high CO2 SIP library.  Representatives of the 

Gammaproteobacteria were also observed in the 
13

C high CO2 SIP library (7.3% of 

sequences, n =96).  

5.3.3 Phylogenetic analysis of 16S rRNA sequences recovered from total SIP fractions 

Prior to phylogenetic analysis, sequences from the SIP clone libraries were 

screened for chimeras using Mallard (Ashelford et al., 2006).  One chimeric sequence 

was identified during this analysis and therefore eliminated from further analyses.  The 

sequences from each library were then grouped and dereplicated using the FastGroupII 

program (Yu et al., 2006) and a representative sequence from each defined bacterial 



5. Increased importance of CO2 fixation by bacterial spp. from the Roseobacter clade in a 

marine mesocosm exposed to elevated CO2 

150 

 

group was used to produce a 16S rRNA phylogenetic tree.  The phylogenetic analysis 

revealed that out of the 136 sequences obtained from the 
13

C SIP fractions, 81% (110 

sequences) were attributed to the phylum Proteobacteria and 19% (26 sequences) to 

Flavobacteria within the phylum Bacteroidetes (Figure 5.9).  Whereas 164 sequences 

were obtained from the 
12

C SIP fractions of which 2.5% (4 sequences) were assigned to 

the Proteobacteria and 97.5% (160 sequences) were assigned to Flavobacteria.  

Furthermore, out of the total number of sequences assigned to the Proteobacteria (both 

13
C/

12
C) 96.5% (110 sequences) were from the 

13
C fractions whereas only 14% (26 

sequences) of the Flavobacteria sequences were derived from the 
13

C fractions (Figure 

5.9).  

 

Figure 5.9 Phylogenetic association of 16S rRNA sequences recovered from different SIP 

fractions recovered from the ambient and high CO2 dark incubations.  Sequences from 
13

C SIP 

fractions are denoted by red text with sequences from the 
12

C SIP fractions in blue.  The number 

of reads assigned to each group is given in brackets.  The analysis was conducted in MEGA4 

using the Neighbour –joining method together with a bootstrap value inferred from a 1000 

replicates. Thermotoga maritima M21774 was used as an outgroup to root the tree. 
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To determine if there was a significant association between bacterial phyla 

(Proteobacteria, Bacteroidetes) and different DNA fractions (
13

C and 
12

C) a Fisher’s 

exact test was performed.  This test is used to establish if there are non-random 

associations between two categorical variables.  In this instance the null hypothesis (no 

association between the DNA fraction and the phyla observed) was rejected (P = < 0.01) 

indicating that there was a significant relationship between bacterial phylum and carbon 

isotope label.  These results strongly implicate the Proteobacteria in heterotrophic CO2 

fixation due to the fact that the composition of 16S rRNA gene clone libraries from 
13

C 

DNA SIP fractions was strongly skewed towards this group.  It is uncertain why this 

significant difference was not observed in the DGGE analysis though the possibility of 

bias in primers 2 and 3 while amplifying the variable V3 region the16S rRNA gene was 

considered as this primer set was not used in the construction of the clone libraries.  

To ascertain if this primer set favoured either Rhodobacteraceae or 

Flavobacteriaceae the oligonucleotide sequences were input into the probe match facility 

of the Ribosomal Database Project (RDP).  The results revealed this primer set targeted 

25,453 out of a possible 31,039 Flavobacteriaceae and 16,032 out of a possible 21,481 

Rhodobacteraceae 16S rRNA sequences.  Though it is clear that these primers target a 

slightly lower proportion of Rhodobacteraceae sequences the numbers alone are 

meaningless unless we know which species they do not target.  Therefore the full length 

16S rRNA Rhodobacteraceae sequences identified from the 16S rRNA clone libraries 

were downloaded from the RDP database to confirm that each sequence contained both 

binding sites.  The analysis revealed that all sequences identified contained both binding 

sites for primers 2 and 3 and consequently no bias of this nature could have been 

observed in the DGGE gels. 

5.3.4 Phylogenetic analysis of 16S rRNA sequences recovered from 
13

C DNA 

A more detailed phylogenetic analysis was conducted to assign the sequences at 

higher phylogenetic resolution (Figure 5.10).  The tree included the 16S rRNA sequences 

from representative members of the Proteobacteria and Bacteroidetes obtained from the 

Ribosomal Database Project (RDP) (Cole et al., 2009).  The analysis established that the 
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majority of sequences retrieved from the 
13

C ambient CO2 SIP library were affiliated to 

Rhodobacteraceae  with the most abundant group being most closely related to 

Oceanicola granulosus (37 sequences) followed by sequences closely related to R. 

denitrificans/R. litoralis (22 sequences).  The Rhodobacteraceae also dominated the 
13

C 

high CO2 SIP library (though to a lesser extent) with sequences closely related to R. 

denitrificans/R. litoralis (29 sequences) being the most abundant followed by O. 

granulosus (15 sequences).  Seven sequences from the 
13

C High CO2 SIP clone library 

were affiliated to the class Gammaproteobacteria. These were most closely related to the 

recently identified aerobic anoxygenic phototrophic (AAnP) bacteria Congregibacter 

litoralis (Spring et al., 2009).  In fact, sequences closely related to known AAnPs 

represented 30.2% of the total 
13

C SIP reads of which 36 sequences were from the 
13

C 

high CO2 SIP library and 22 sequences were from the 
13

C ambient CO2 SIP library.  In 

contrast, sequences closely related to known AAnPs only represented (2.1%, 4 

sequences) of the total 
12

C sequences, all of which were from the ambient CO2 SIP 

library.   

Sequences from the Flavobacteriaceae in the phylum Bacteroidetes were also 

recovered from the 
13

C fractions that showed a weak affiliation to Dokdonia 

donghaensis, (24 sequences).  Although quite distinct from Dokdonia, the majority of all 

the Flavobacteriaceae-like sequences (both 
13

C and 
12

C) were in two main clades, 

designated as Dokdonia clade A and clade B (Figure 5.10).  In the 
13

C high CO2 SIP 

library 16 sequences were associated to Dokdonia clade B while in the 
13

C ambient CO2 

SIP library 4 sequences were assigned to Dokdonia clade B and 4 sequences assigned to 

Dokdonia clade A.  The only other Flavobacteriaceae sequences recovered from the 
13

C 

SIP fractions were from the high CO2 SIP library which were affiliated to Ulvibacter 

litoralis (2 sequences).    
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Figure 5.10 Neighbour-joining tree based on partial 16S rRNA gene sequences obtained from 

SIP clone libraries and full length 16S rRNA sequences from the RDP database. Each sequence 

(denoted in blue) is representative of a particular group with all groups representing two or more 

sequences. The total number of reads assigned to each group is indicated in brackets.  Aerobic 

Anoxygenic Phototrophs (AAnPs) are denoted in red. The tree was constructed in MEGA4 with 

bootstrap value inferred from 1000 replicates with evolutionary distances computed using the 

Maximum Composite Likelihood method. 
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5.3.5 Phylogenetic analysis of 16S rRNA sequences recovered from 
12

C DNA 

Libraries from the 
12

C DNA SIP fractions were dominated by sequences from the 

Flavobacteriaceae which accounted for 85% of the sequences in the high CO2 and 81% 

in the ambient CO2 library.  The ambient CO2 library comprised sequences related to 

Dokdonia clade B (39 sequences) and Dokdonia clade A (34 sequences) followed by U. 

litoralis, (3 sequences) and Flavobacteriales HTCC2170 (2 sequences).  The 

Rhodobacteraceae were represented by only 1 sequence type in this library which was 

most closely related to the AAnP R. denitrificans/R. litoralis (4 sequences).  In the 
12

C 

high CO2 SIP library, no sequences were observed in Dokdonia clade A but 76 sequences 

closely associated to Dokdonia clade B.  The remaining sequences in this library were 

related to U. litoralis (4 sequences) and Polaribacter donghaensis (2 sequences).  No 

sequences related to the Rhodobacteraceae were detected in the 
12

C high CO2 library.   

It is unclear why the frequency of sequences related to clade B were greater in the 

12
C high CO2 SIP library than its ambient counterpart though a similar pattern was 

observed in the 
13

C SIP libraries.  In this instance four sequences were assigned to 

Dokdonia clade B from the 
13

C ambient CO2 SIP library whereas 16 sequences were 

assigned from the
13

C high CO2 SIP library.  Although these apparent differences may be 

attributed to the small sample size rather than a treatment effect, there does seem to be a 

tentative relationship between Flavobacteria observed in clade B and their ability to 

tolerate elevated CO2/reduced pH.  

5.3.6 Factors potentially relevant to the dominance of Flavobacteriaceae in 
12

C SIP 

fractions 

Analysis of the genomes of members of the Flavobacteriaceae identified in the 

16S rRNA gene clone libraries (section 5.3.4 and 5.3.5) revealed the presence of 

proteorhodopsin genes in both D. donghaensis and P. dokdonensis/irgensii.  

Proteorhodopsin is a retinal containing membrane protein that functions as a light-driven 

proton pump to generate energy.  The absorption of light causes a conformational change 

which transports a proton across the membrane resulting in electrochemical membrane 
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potential that drives ATP synthesis (DeLong and Béjà, 2010).  Growth experiments 

conducted in natural and artificial seawater have established an increase in cell yield of 

D. donghaensis when exposed to the light in comparison to the dark (Gomez-Consarnau 

et al., 2007).  The authors speculated that the advantages of proteorhodopsin might be 

more pronounced when bacterial growth was limited by organic matter.   

 The research was furthered several years later this time using a member of the 

Gammaproteobacteria Vibrio sp. AND4 which is believed to have obtained 

proteorhodopsin via lateral gene transfer (Gómez-Consarnau et al., 2010).  It was 

demonstrated that proteorhodopsin improved the survival of bacteria during periods of 

starvation when after day 10 of the experiment bacterial cell numbers were 2.5 times 

higher in the light compared to the dark.  Due to the fact that the strain was amenable to 

genetic manipulation an AND4 knockout mutant was created with the function of the 

proteorhodopsin gene removed (AND4 Δprd).  In starvation experiments the Δprd strain 

showed no differences in bacterial cell numbers in either the light or dark.  However, 

when the function of the gene was restored via the expression of the gene on a plasmid it 

regained its wild type phenotype and on starvation maintained higher cell numbers in the 

light.  These results strongly suggest that photoheterotrophy via proteorhodopsins is 

advantageous to bacteria in a competitive environment as it permits growth even when 

the concentration of organic matter is declining or is extremely scarce.   

This could in part explain the increase in the number of sequences related to D. 

donghaensis in the high CO2 libraries.  Bacterial production in the ocean is regulated by 

the release of DOM from phytoplankton and by the sloppy feeding of zooplankton 

(Azam et al., 1983, Fuhrman, 1992).  It has been demonstrated during this investigation 

that elevated CO2 had a detrimental effect on some phytoplankton species (Chapter 3 

section 3.4) reducing the concentration of DOM.  The environment was therefore 

suitable for the proliferation of D. donghaensis but for one exception, the bottles were 

dark and therefore little or no sunlight should have been able to penetrate the container to 

facilitate phototrophy.  In essence the presence of a proteorhodopsin gene should have 

had no selective advantage in D. donghaensis as the resulting enzyme could not have 

been activated.  
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5.3.7 Substrate incorporation of heterotrophic bacterioplankton 

It was anticipated that members of the Flavobacteriaceae would be dominant in 

the experimental mesocosms following the phytoplankton bloom.  Flavobacteriaceae 

like the Rhodobacteraceae are heterotrophic and depend on organic compounds for 

carbon and for most of their energy.  However, Rhodobacteraceae are specialised to 

process low molecular weight DOM (Moran et al., 2003, Alonso et al., 2007) while 

Bacteroidetes utilize high molecular weight DOM (Kirchman, 2004, Teira et al., 2008) 

which is likely to be in abundance after the collaspe of algal blooms due to increased 

relase of organic exudates.  Bacteroidetes related species (formerly known as the 

Cytophaga-Flavobacteria-Bacteroidetes (CFB) phylum) include major taxa of marine 

bacterioplankton which are known to increase in abundance during the
 
decay of algal 

blooms (Pinhassi et al., 2004, Fandino et al., 2005).  They have clear adaptations to the 

degradation of high molecular weight organic matter including a suite of genes encoding 

hydrolytic enzymes and a predicted preference for polymeric carbon sources (Bauer et 

al., 2006, González et al., 2008).  Both Flavobacteriaceae and Rhodobacteraceae seem 

to be well adapted to respond rapidly to the various phases of phytoplankton 

development during a bloom though each occupies a particular niche with respect to their 

lifestyle and preferred carbon sources.  Generally Flavobacteriaceae can utilize cellulose 

and chitin whereas Rhodobacteraceae are actively involved in sulfur cycling utilizing 

DMSP both as a carbon and sulfur source.  This was demonstrated by Cottrell and 

Kirchman (2000) when they examined the uptake of DOM by microbial assemblages 

from the Delaware Bay estuary.  Using a technique known as MICRO-FISH (Lee et al., 

1999) they were able to show that bacteria belonging to the Cytophaga-Flavobacter
 

cluster were the most abundant microbes utilizing chitin and protein (high molecular 

weight) whereas the Alphaproteobacteria were the largest fraction utilizing low 

molecular weight amino acids (Cottrell and Kirchman, 2000).  A recent study into 

bacterioplankton community composition has indicated that Bacteroidetes comprised up 

to 63% of the prokaryotic community at the senescent stage of a phytoplankton bloom 

(Teira et al., 2008).  The conditions in the system studied by Teira et al. (2008) would 

have been similar to those in the dark incubation bottles as phytoplankton decay would 
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have commenced almost immediately after the water samples were added to the dark 

incubation bottles.  

It is therefore proposed that Flavobacteriaceae had a selective advantage in the 

dark incubation bottles as the absence of light would hasten phytoplankton senescence 

and decay.  Bacterial succession due to algal derived decomposition has been observed in 

the North Sea in which the relative abundances of specific Flavobacteria were found to 

peak after a phytoplankton bloom while the Roseobacter clade remained relatively 

constant (Teeling et al., 2012).  However, heterotrophic Flavobacteriaceae have not been 

known to fix CO2 despite Dokdonia sp. MED134 containing an unexpected number of 

enzymes involved in anaplerotic metabolism (González et al., 2011).  This may account 

for their dominance in the 
12

C SIP libraries whereas, a CO2 assimilation pathway has 

been proposed for the alphaproteobacterium Roseobacter denitrificans (Swingley et al., 

2007).   

5.3.8 Dominance of Rhodobacteraceae in 
13

C SIP fractions 

A close correlation has been established between the abundance of Roseobacter-related 

species and dissolved DMSP (DMSPd) turnover in the ocean (Zubkov et al., 2001).  

During the course of this investigation it was observed that elevated CO2/reduced pH had 

a detrimental effect in some phytoplankton species resulting in lower DMSP 

concentration and a decrease in Rhodobacteraceae numbers (Chapter 3 section 3.3-3.4, 

Chapter 4 section 4.3) (Hopkins et al., 2009).  DMSPd can fulfil up to 95% of the 

reduced sulfur demand and 15% of the carbon demand in bacterioplankton communities 

and as a consequence Roseobacter species have evolved to efficiently turnover DMSPd 

at a rate of 4 – 6 times per day (Zubkov et al., 2001).  In the incubations such a rapid 

turnover would quickly deplete DMSP in comparison to the higher molecular weight 

DOM utilized by the Flavobacteriaceae and as a consequence Rhodobacteraceae species 

would have to switch to alternate carbon sources.   

 The abundance of sequences from Rhodobacteraceae in both the high and 

ambient 
13

C SIP libraries (45 and 61% respectively) provides compelling evidence that 
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they are able to assimilate inorganic carbon.  How and why this mechanism has evolved 

remains to be answered but there is now persuasive experimental evidence coupled with 

the release of new bacterial genomes that strongly suggests this unique group of bacteria 

are able to fix inorganic carbon to a greater extent than previously thought.  

5.3.9 Anaplerotic enzymes from Rhodobacteraceae identified by metagenome analysis 

As previously stated, no metagenomic analysis was conducted on the actual SIP 

fractions of the dark incubation experiment.  However, a subset of the total DNA 

metagenomes (ambient/high CO2) comprising only those sequences assigned to the 

Rhodobacteraceae was constructed in silico using MG-RAST (Meyer et al., 2008).  The 

Rhodobacteraceae metagenome from the ambient CO2 incubations comprised 3,114 

sequences with an average read length of 245 bp, whereas the Rhodobacteraceae 

metagenome from the high CO2 incubations comprised 1,102 sequences also with an 

average read length of 245 bp.  The sequences from both datasets were uploaded to the 

KEGG Automatic Annotation Server (KAAS) to provide functional annotation of genes 

by BLAST comparisons against the manually curated KEGG gene database (Moriya et 

al., 2007).  Both datasets contained partial sequences homologous to genes associated 

with anaplerotic CO2 assimilation (Table 5.3).  The Rhodobacteraceae dataset from the 

ambient CO2 incubations contained 14 anaplerotic sequences; 6 sequences encoding 

pyruvate carboxylase, (EC 6.4.1.1) 5 sequences for malic enzyme, (EC 1.1.1.40) 2 

sequences for PEP carboxykinase, (EC4.1.1.49) and 1 sequence for PEP carboxylase (EC 

4.1.1.31).  The Rhodobacteraceae dataset from the high CO2 incubations contained 5 

anaplerotic sequences; 2 sequences encoding for malic enzyme, (EC 1.1.1.40) 2 

sequences for pyruvate carboxylase (EC 6.4.1.1) and 1 PEP carboxylase sequence (EC 

4.1.1.31).  To validate these assignments the sequences from both datasets were 

compared against the GenBank database using BLASTX. The results were in complete 

agreement with the KAAS assignments with percent identities ranging from 63 – 100% 

(Appendix 1, alignments).  The percentage of anaplerotic sequences from the 

Rhodobacteraceae high and ambient CO2 treatments was exactly the same at 0.45% and 

despite the low sample size (0.76 Mb ambient CO2, 0.27 Mb high CO2) all four 

anaplerotic genes were represented.   



5. Increased importance of CO2 fixation by bacterial spp. from the Roseobacter clade in a marine 

mesocosm exposed to elevated CO2 

159 

 

5.3.10 Anaplerotic enzymes from Flavobacteriaceae identified by metagenome 

analysis.  

A similar analysis was conducted on Flavobacteriaceae datasets which were also 

obtained from the total DNA metagenomes using MG-RAST.  The ambient 

Flavobacteriaceae dataset contained 1,961 sequences with an average read length of 260 

bp and a total sequence length of 0.51Mb, while the high CO2 dataset contained 7,281 

sequences with an average read length of 257 bp and a total sequence length of 1.9 Mb.  

Both datasets were annotated using KAAS and the resulting assignments verified via 

BLAST analysis against the GenBank database (Appendix 1).  Only 2 anaplerotic gene 

sequences were observed in the ambient Flavobacteriaceae dataset, (Table 5.3) malic 

enzyme (EC1.1.1.40) and PEP carboxylase (EC 4.1.1.31).  The high Flavobacteriaceae 

dataset contained 10 sequences; 3 malic enzyme, (EC 1.1.1.40) 3 PEP carboxykinase, 

(EC 4.1.1.49) 3 pyruvate carboxylase (EC 6.4.1.1) and 1 PEP carboxylase sequence (EC 

4.1.1.31).  Similar to the Rhodobacteraceae datasets, the percentage of anaplerotic 

sequences from each treatment was highly similar, accounting for 0.1% of the sequences 

in the ambient CO2 metagenome and 0.14% of the sequences in the high CO2 

metagenome. 
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Table 5.3 Phylogenetic assignments obtained from MG-RAST of anaplerotic enzymes observed 

in the Rhodobacteraceae and Flavobacteriaceae subsets of the total DNA metagenomes. 

 

5.3.11 Analysis of anaplerotic enzymes  

A cursory examination of the metagenomic subsets revealed that the majority of 

anaplerotic gene sequences were derived from members of the marine Roseobacter clade 

of Rhodobacteraceae.  The total size of the Rhodobacteraceae datasets in base pairs 

(ambient and high CO2) equalled ~1 Mb in which a total of 19 partial anaplerotic gene 

sequences were observed.  In contrast, the Flavobacteriaceae datasets contained 2.4 Mb 
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of sequence data in which 12 partial anaplerotic gene sequences were observed.  This 

equates to an anaplerotic gene sequence every 0.05 Mb in the Rhodobacteraceae dataset 

and approximately every 0. 2 Mb in the Flavobacteriaceae dataset.  The reproducibility 

of the relative percentages of anaplerotic sequences in both treatments strongly suggests 

that the Rhodobacteraceae consortium has at least the potential to assimilate more 

inorganic carbon due to the increased number of anaplerotic enzymes observed in the 

datasets.  Statistically, no significant difference was observed in the number of 

anaplerotic sequences assigned to the Rhodobacteraceae and Flavobacteriaceae subsets 

of the metagenomes (P=0.287; G-test) (Figure 5.11A).  However, taken individually a 

significant difference was observed in the number of pyruvate carboxylase sequences 

assigned to each dataset (P=0.01; G-test) with malic enzyme sequences showing a slight 

difference (P=0.052; G-test) at the 95% confidence level (Figure 5.11B). 

It is also worth emphasising that the metagenomes are libraries consisting of 

thousands of DNA sequences and while they can provide information regarding the 

genomic potential of a microbial community they cannot provide information as to how 

the potential changes in response to environmental forces.  Therefore this analysis cannot 

reveal if the expression of anaplerotic genes alters in response to the decrease in pH. 
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Figure 5.11 G-test conducted in STAMP showing the overrepresentation of anaplerotic 

sequences (A) and the overrepresentation of individual anaplerotic enzymes (B) in two 

metagenomic datasets. 

5.3.12 Analysis of pyruvate carboxylase sequences 

Comparative analysis of pyruvate carboxylase aa sequences revealed a distinct 

difference between the two groups of sequences.  On average, the Flavobacteriaceae aa 

sequences were 49% identical to R. denitrificans, whereas the Rhodobacteraceae aa 

sequences were 82% identical. 

Phylogenetic analysis revealed a grouping of the pyruvate carboxylases in the 

Rhodobacteraceae sequences which was distinct from that of the Flavobacteriaceae, 

thereby partly supporting the statement of Swingley et al (2007) that marine Roseobacter 
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pyruvate carboxylases form monophyletic clusters which are distinct from those from 

closely related species (Swingley et al., 2007).  Furthermore, phylogenetic analysis of 

pyruvate carboxylase sequences retrieved from the ambient and high CO2 metagenomes 

placed the sequences in the correct phylogeny (3 sequences Flavobactriaceae and 7 

sequences Rhodobacteraceae) despite their short sequence length.   

 

Figure 5.12 Phylogenetic analysis of pyruvate carboxylase amino acid sequences from 

phototrophic and non-phototrophic members of the Flavobacteriaceae and Rhodobacteraceae.  

Each sequence was compared against Roseobacter denitrificans OCH 114 pyruvate carboxylase 

with the resulting percentage identity next to each sequence in brackets.  The tree is colour coded 

showing the photosynthetic pigment or the presence of RuBisCO used in photosynthesis along 

with pyruvate carboxylase sequences retrieved from the metagenomes.  The evolutionary history 

was inferred by the Phylip maximum-likelihood method (Phylip PROML) and the tree is drawn 

to scale with branch lengths measured in the number of substitutions per site.  Evolutionary 

analysis was conducted in ARB and the bootstrap consensus tree was inferred from 500 

replicates. 
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5.3.13 Genome mapping of the metagenome subsets  

The phylogenetic profiles of the datasets determined by MG-RAST revealed that 

the majority of the sequences from the Rhodobacteraceae datasets were assigned to R. 

denitrificans OCh 114 (473 sequences ambient, 209 sequences high) whereas the 

majority of the sequences from the Flavobacteriaceae datasets were assigned to 

Dokdonia donghaensis MED134 (202 sequences ambient CO2, 1,324 sequences high 

CO2).  Recruitment plots to determine the overall sequence coverage were constructed 

which mapped the phylogenetic assigned sequences from the datasets on to its affiliated 

genome.  Only the datasets that contained the highest number of anaplerotic sequences 

from each bacterial family were used in this analysis resulting in 473 sequences being 

mapped onto the R. denitrificans genome and 1,324 sequences being mapped onto the D. 

donghaensis genome.  The results revealed that the coverage of R. denitrificans OCh 114 

was 0.008X (Figure 5.13) while the coverage of D. donghaensis MED134 was 0.029X 

(Figure 5.14).   

 

Figure 5.13 Recruitment Plot from Rhodobacteraceae ambient CO2 dataset with the sequences 

mapped on to the Roseobacter denitrificans OCh 114 genome. 473 sequences map to 386 of 

4,032 features from the Roseobacter denitrificans OCh 114 genome. The total base pair length of 

all sequences mapping to this genome in Rhodobacteraceae ambient CO2 dataset is 34,462 bp, 

resulting in approximately 0.008X coverage. The reference genome Roseobacter denitrificans 

OCh 114 contains 1 contig(s) and is 4.1 Mb. 
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Figure 5.14 Recruitment Plot from Flavobacteriaceae high CO2 dataset with the sequences 

mapped on to the Dokdonia donghaensis MED134 genome. 1,324 sequences map to 652 of the 

3,026 features from the Dokdonia donghaensis. MED134 genome. The total base pair length of 

all sequences mapping to this genome in Flavobacteriaceae high CO2 dataset is 94,914 bp, 

resulting in approximately 0.029X coverage. The reference genome Dokdonia donghaensis 

MED134 contains 17 contigs and is 3.3 Mb.  

5.4 Photoheterotrophy in the dark incubation bottles  

Examination of genome sequences from species most closely related to those 

identified in the 16S rRNA sequence analysis (Figure 5.10) revealed that they possessed 

genes for phototrophy (Table 5.4).  Photoheterotrophy may provide a selective advantage 

over a strictly heterotrophic lifestyle in that less organic carbon would be oxidised to 

yield energy if it was supplemented by energy harvested by light.  It has been speculated 

by Zubkov (2009) that as well as being used for photophosphorylation, (ATP production) 

sunlight may also be used to power flagella or import molecules into the cell (Zubkov, 

2009).  This has been proven by Walter et al (2007) when they demonstrated that light 

driven proton pumping via proteorhodopsin can sufficiently supplement the energy 

requirement to power cell motility (Walter et al., 2007).   

The fact that there were more sequences associated with phototrophy in the high 

CO2 incubations seems to suggest that this attribute may have a selective advantage in 

elevated CO2 conditions.  Analysis of datasets from the ambient and high CO2 treatments 

containing only Rhodobacteraceae and Flavobacteriaceae species revealed that there 
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was no significant difference (P=1.00; G-test) in the number of sequences assigned to 

photosynthesis between the ambient and high CO2 treatments (Figure 5.15A).  However, 

the method of phototrophy differed between the treatments which is indicative of 

changes in bacterial species composition (Figure 5.15B).  The ambient CO2 dataset 

contained significantly more sequences attributed to type II photosynthetic reaction 

centre (P=0.005; G-test) which is part of the photosynthetic apparatus of AAnPs (Yurkov 

and Csotonyi, 2008, Yutin et al., 2009).  In contrast, the high CO2 dataset contained 

significantly more sequences attributed to proteorhodopsin, (P=0.02; G-test) a retinal 

based photoreceptor in which light stimulated growth has been observed in the 

flavobacterium Dokdonia donghaensis MED134 (Gomez-Consarnau et al., 2007).  In 

this instance, the change in metabolic strategy from chlorophyll to non–chlorophyll-

based phototrophy is indicative of a decrease in Rhodobacteraceae numbers in the high 

CO2 treatment that has been observed throughout this study. 
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Table 5.4 Phylogenetic assignments of SIP sequences indicating organisms which possess 

phototrophic metabolism.  
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Figure 5.15 G-test conducted in STAMP showing the proportion of sequences attributed to 

photosynthesis in the ambient and high CO2 datasets consisting of Flavobacteriaceae and 

Rhodobacteraceae species (A). Proportion of sequences attributed to methods of light generated 

phototrophy in the ambient and high CO2 datasets (B). 

Further tests were conducted to determine if light was able to permeate the dark 

incubation bottles in order to facilitate phototrophy.  Although the bottles themselves 

were completely opaque the screw caps were translucent allowing some light to pass 

through (Figure 5.16A).  This was demonstrated by placing a small pen-light torch in the 

bottle in a darkened room (Figure 5.16B).  The beam of the torch was clearly visible 

emanating from the translucent cap (though not the main body of the bottle) proving that 

it was possible for a small amount of sunlight to enter the bottles.  For the duration of the 

incubation period (5 days) the bottles were left in the fjord attached to a tether line 

(Figure 5.16C).  AAnPs are abundant in the euphotic zone of the ocean where there is 

sufficient light for photosynthesis but decline rapidly below the 1% light depth.  The fact 

that the light of the torch was barely visible through the cap strongly suggests that the 

meagre light entering the bottles during the incubation period would be insufficient for 

photoheterotrophy and therefore any CO2 fixed is unlikely to be attributed to this 

process.  
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Figure 5.16 Examination of 4 L dark incubation bottle indicating the translucent screw top (A).  

Bottle placed in complete darkness with a small torch suspended inside (B).  Bottles incubating 

in the fjord with the caps exposed to the sunlight (C). 

5.5 Caveats in interpreting DNA SIP data 

DNA-SIP has its limitations in that it can be difficult to interpret results due to the 

variation of genome G+C content in complex communities.  DNA samples can vary in 

buoyant density by as much as 0.05 g/ml
-1

 due to variation in mol %G+C, explaining 

why smears are observed across the entire CsCl gradient in some SIP experiments 

(Buckley et al., 2007).  Fully 
13

C-labeled DNA increases in buoyant density by 0.036 

g/ml
−1

 relative to unlabeled DNA (Birnie and Rickwood, 1978).  Thus the challenge is to 

determine whether microorganisms detected in the heavy DNA fraction are actively 

involved in the utilization of the added 
13

C
 
labelled substrate or whether they are detected 

simply because they have genomes with a high mol% G+C with similar buoyant 

densities to 
13

C-labelled DNA from organisms with a lower mol% G+C in their genomes. 

Unfortunately, the buoyant densities of the CsCl fractions were not determined in 

this investigation.  However, it is possible to estimate them from another SIP experiment 

which used comparable methods to this study (Lueders et al., 2004).  Both experiments 

used the same type and size of ultracentrifugation tube and a similar protocol was 

followed in order to prepare the CsCl gradients to an average density of 1.725 g/ml.  The 

only exceptions were the type of rotor used and the manner in which the tubes were 

fractionated.  The experiment of Lueders et al (2004) revealed the density range of the 

CsCl gradient in the ultracentrifuge tube was 1.68 – 1.78 g/ml
-1 

with the buoyant 

densities of the 
12

C DNA in CsCl gradient ranging from 1.69 - 1.72 g/ml
-1

.  Fully 
13

C 
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labelled DNA from Methylobacterium extorquens grown on 
13

C methanol had a buoyant 

density of 1.757 g/ml
-1

 which was an increase of ~0.04 g/ml
-1 

compared to the buoyant 

density of Methylobacterium extorquens grown on 
12

C methanol.   

The CsCl gradient density range (1.68 – 1.78 g/ml
-1

) derived from Lueders et al 

(2004) was used to estimate the buoyant densities of the 28 fractions recovered from the 

SIP tube.  Only 24 of these fractions were subject to analysis, the first and last two 

fractions were discarded as these densities were reasoned to contain no DNA.  The first 

16 fractions were then plotted on a graph in order to determine if the buoyant density of 

the 
13

C fractions dominated by DNA from the Rhodobacteraceae were a consequence of 

high genome G+C content or due to the incorporation of the 
13

C
 
labelled substrate 

(Figure 5.17).   

The results show the buoyant density of 
12

C DNA in CsCl (lanes 13, 14 and 15) 

ranged from 1.72 – 1.727 g/ml
-1

 (average 1.723 g/ml
-1

) slightly higher than the values of 

Lueders et al (2004) though densities ranging from 1.70 – 1.725 have been reported 

(Carter et al., 1983).  In comparison, the buoyant density in CsCl of the 
13

C labelled 

DNA (lanes 9 and 10) ranged from 1.738 – 1.741 g/ml
-1

 (average 1.739 g/ml
-1

) which 

was anticipated to be lower than the fully 
13

C labelled DNA from Methylobacterium 

extorquens.  Additionally, the high genome G+C content (66%) of Methylobacterium 

extorquens would increase the buoyant density further in contrast to the average genome 

G+C content (49%) observed in the Rhodobacteraceae metagenome (Chapter 6 section 

3.2). 
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Figure 5.17 Estimated buoyant density of DNA in a CsCl gradient inferred from the data of 

Lueders et al (2004).  Fractions from the SIP experiment are depicted by the red circles with 

fractions 13, 14 and 15 representing the 
12

C fractions and lanes 9 and 10 representing the 
13

C 

fractions containing members of the Rhodobacteraceae.  Lane 7 represents the buoyant density 

of the genome of Nitrosomonas europaea ATCC 19718 with 50.7% G+C content and full 
13

C 

substrate incorporation. 

Under constant conditions (25°C in caesium chloride at neutral pH) the buoyant 

density of DNA as a function of its G+C content is given by the following: (equation 5.1) 

%G + C content =  
Buoyant density (g/ml−1) − 1.66 

0.098
 𝑥 100 

[5.1] 

From this equation the buoyant density of the Rhodobacteraceae metagenome 

with zero percent 
13

C labelled incorporation was calculated as 1.708 g/ml
-1

.  This was 

based on the actual mol% G+C of reads in the metagenome data assigned to the 

Rhodobacteraceae.   Roseobacter denitrificans is representative of the 

Rhodobacteraceae identified in the metagenome obtained in this study and it has been 
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suggest that this organism obtains 15% of its cellular carbon from inorganic carbon 

(Swingley et al., 2007, Tang et al., 2009).  Incorporation of 15% of cellular carbon from 

13
C labelled bicarbonate would increase the buoyant density of the Rhodobacteraceae 

DNA from the metagenome to 1.713 g/ml
-1

.  However, the approximate buoyant density 

of the 
13

C labelled DNA observed in lanes 9 and 10 is 1.739 g/ml
-1

 suggesting that the 

Rhodobacteraceae had actually assimilated ~86% of the 
13

C labelled substrate.  Even if 

the degree of 
13

C incorporation is not that high in reality, this suggests at the very least, 

that the Rhodobacteraceae DNA recovered in the heavy fraction was not purely a 

consequence of fortuitous recovery of unlabelled high mol% G+C DNA in the heavy 

DNA fraction. 

To support these findings the buoyant density of a chemolithoautotroph, 

Nitrosomonas europaea ATCC 19718, which would be expected to obtain the vast 

majority of its carbon from inorganic carbon, was calculated with fully 
13

C labelled 

DNA.  This was done to ascertain the relative positons of DNA representing 
12

C and 
13

C 

Rhodobacteraceae DNA and 
13

C from a chemolithoautotroph (Nitrosomonas europaea).  

Fully labelled DNA from Nitrosomonas europaea ATCC 19718 was calculated to have a 

buoyant density of 1.746 g/ml
-1

 which is similar to the buoyant density of the fraction in 

lane 7 of 1.748 g/ml
-1

 (Figure 5.17).  An inspection of the agarose gel in which these 

fractions were visualised reveals the possible presence of DNA in lane 7 which could 

represent the “missing” autotrophic fraction (Figure 5.18).  Preliminary PCR analysis 

(using bacterial 16S rRNA gene primers) previously conducted on this fraction was 

negative, thereby supporting the absence of DNA at that time.  However, it now seems 

highly likely that this fraction may have contained chemoautotrophic DNA, albeit in 

extremely low concentrations.  
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Figure 5.18 DNA SIP fractions viewed by running 5 μl of each aliquot on a 0.7% agarose gel.  In 

this instance the contrast has been manipulated in order to visualize the probable 
13

C heavy 

fraction in lane 7 (denoted in red) which may contain the DNA from chemoautotrophic bacteria.  

The analysis presented here thus suggests that the presence of Rhodobacteraceae 

DNA in the heavy DNA fractions is not a mere consequence of a high genome mol% 

G+C but rather is a direct result of the assimilation of 
13

C bicarbonate in excess of what 

has previously been reported (Swingley et al., 2007, Tang et al., 2009).  Naturally, this is 

an imperfect estimate and the 86% 
13

C incorporation for the Rhodobacteraceae fraction 

is likely to be excessive.  However, it does suggest that heterotrophic CO2 fixation by 

members of the Rhodobacteraceae is more substantial than the current accepted 

paradigm. 

5.6 Conclusions 

In this study I have shown that heterotrophic CO2 fixation can occur in the 

absence of light and therefore phototrophy plays little or no part in this process.  

Anaplerotic reactions are important in the central metabolism of heterotrophic organisms 

as they are closely linked to biosynthesis and growth via the regeneration of 
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oxaloacetate, the acceptor molecule of the TCA cycle.  It has been demonstrated that 

members of the marine Roseobacter clade use a mixotrophic carbon metabolism (Moran 

and Miller, 2007; Swingley et al., 2007, Tang et al., 2009).  Similar ocean acidification 

experiments have found changes in bacterial and phytoplankton taxonomic composition 

in response to elevated CO2.  Allgaier et al (2008) showed changes in free-living 

bacterioplankton community structure but not in particle associated communities, 

suggesting that the effects of elevated CO2 concentrations varied between species.  

Mesocosm studies near Svalbard reported a shift in community composition of 

phytoplankton from larger to smaller species (pico and nanoplankton) in response to 

elevated CO2 (Brussaard et al., 2013).  The authors speculate that the shift to smaller 

phytoplankton species in response to elevated CO2 would have direct consequences on 

the microbial food web and biogeochemical cycles.  Increased temperature and pCO2 

have also been shown to stimulate the grazing rates of microzooplankton which are key 

players in phytoplankton mortality in the ocean (Calbet and Landry, 2004, Sherr and 

Sherr, 2007). A study by Rose et al (2009) demonstrated a significant effect in response 

to rising CO2 on microzooplankton abundance and grazing rates which led to the 

development of phytoplankton assemblages which were unpalatable to microzooplanton 

due to their morphology (Rose et al., 2009).  Furthermore, a significant correlation 

between DMS concentration and the abundance of microzooplankton has been observed 

in a mesocosm perturbation experiment with increased CO2 and temperature (Kim et al., 

2010).   

The bacteria studied in this investigation were from a nutrient replete 

phytoplankton bloom.  These large seasonal blooms terminate in an abrupt crash brought 

about by a decrease in nutrients, predation by zooplankton or viral lysis.  It is envisaged 

that the low molecular weight carbon (including DMSP) was severely depleted in both 

treatments as no nutrients were added during the incubation period and the exclusion of 

light prohibited phototrophy.  Such an environment would be unfavourable for cellular 

growth in some organisms as there would be insufficient carbon to replenish the 

intermediates of the TCA cycle.  It is hypothesised that Rhodobacteraceae overcome this 

carbon deficit by supplementing organic carbon with inorganic carbon via anaplerosis in 

order to sustain growth until an alternative organic carbon source was available.  This 



5. Increased importance of CO2 fixation by bacterial spp. from the Roseobacter clade in a marine 

mesocosm exposed to elevated CO2 

175 

 

adaptive response was substantiated by the dominance of Rhodobacteraceae in the 
13

C 

SIP fractions of 16S rRNA SIP clone libraries accounting for 46% in the high CO2 

library and 61% in the ambient CO2 library.  It is proposed that the lower representation 

of Rhodobacteraceae in the high CO2 treatments (both 
13

C and 
12

C) were a direct 

consequence of elevated CO2 reducing primary productivity (Chapter 3 section 3.3.2) 

possibly due to the potential effect on calcification (Riebesell et al., 2000; Engel et al., 

2005, Iglesias-Rodriguez et al., 2008).  A decrease in the relative abundance of marine 

Roseobacter species and an increase in relative abundance of Flavobacteriaceae were 

observed in natural biofilms from the Great Barrier Reef (Witt et al., 2011).  Terminal 

restriction fragment length polymorphism (T-RFLP) of bacterial biofilm communities 

revealed that the average relative abundance of Roseobacter and Silicibacter T-RFs 

decreased with rising CO2 while the Tenacibaculum (Flavobacteriaceae) T-RF increased 

in elevated CO2 treatments (P=0.0009; ANOVA).   

As CO2 assimilation rates were not measured in the study we can only examine 

the literature and make assumptions regarding the results obtained.  Although, Overbeck 

(1979) discovered a variation in anaplerotic heterotrophic CO2 fixation of 1-12%  others 

studies have estimated it around 10% (Perez and Matin, 1982, Sonntag et al., 1995).    

However, the recent work of Tang et al (2009)  has postulated that Roseobacter 

denitrificans OCh114 can fix up to 15% CO2 through its anaplerotic enzymes supporting 

the proposal by Swingley et al (2007).  A recent study investigating the effects of 

elevated CO2 on two bacterial groups (Rhodobacteraceae and Flavobacteriaceae) found 

that anaplerotic CO2 fixation rates (both dissolved and particulate) were higher in 

Roseobacter than in Cytophaga (Teira et al., 2012).  Although there was no significant 

difference in anaplerotic CO2 fixation between the treatments, (high versus ambient CO2) 

the daily cellular rates of CO2 fixation in the ambient CO2 treatment was 1.2 fg C cell
-1

 d
-

1
 for Roseobacter and 0.43 fg C cell

-1
 d

-1
 in Cytophaga.  This ~3-fold increase in CO2 

assimilation rate by Roseobacter explains their presence in the 
13

C SIP fractions results 

of this study as both bacterial groups dominated the dark CO2 incubations. 

Tang et al (2009) reported that R. denitrificans uses anaplerotic pathways to fix 

10–15% of protein carbon from CO2.   If this assumption is correct then the marine 
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Roseobacter clade must make a significant contribution to the global carbon cycle by not 

only producing CO2 via respiration but by also absorbing it via anaplerosis.  Therefore 

the important question may not be the rate of CO2 assimilation but rather the 

circumstances in which CO2 is assimilated. 

There is now strong evidence to suggest that CO2 assimilation may play an 

essential role in heterotrophic growth and is an important contributor to cell biomass.  

This may be especially significant in the era of climate change which is driven by the 

accumulation of greenhouse gases causing a rapid change in temperature and ocean pH.  

Therefore a greater understanding of the relationship between diversity and functional 

capabilities is urgently required as a reduction in any key bacterial group could have 

devastating consequences on ocean productivity and biogeochemical cycles.
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6.1 Introduction 

The “great plate-count anomaly” was a term used by Staley and Konopka (1985) 

to describe the discrepancy between the plate counts of bacteria from soil, river and 

ocean samples and those obtained via microscopic enumeration.  Significantly higher 

numbers (by several magnitudes) were observed via microscopy compared to viable cell 

counts on agar plates leading microbial ecologists to conclude that less than 1% of viable 

bacteria were culturable (Staley and Konopka, 1985).  This is especially true of marine 

bacteria which grow as consortia in the ocean and rely on other bacteria for essential 

nutrients and substrates that are difficult to replicate in the laboratory (Joint et al., 2010).  

Unfortunately, organisms isolated in pure culture may not represent the numerically 

dominant and/or functionally significant species of that environment but rather species 

which are able to grow rapidly in rich media.  Therefore from a purely ecological 

perspective the vast majority of isolates from environmental samples represent nothing 

more than microbial weeds (Hugenholtz, 2002) and may not be indicative of the natural 

population.   

Microbial ecologists realized that microbial communities consisted of hundreds if 

not thousands of species interacting with each other on varying levels.  To fully 

characterise this diversity a new culture independent method was devised based on the 

comparative analysis of ribosomal RNA sequences to deduce evolutionary relationships.  

This technique resulted in several influential studies revealing numerous microbial 

species for which no cultivated representatives were known (Stahl et al., 1984; Pace et 

al., 1985, Ward et al., 1990).  Although this technique greatly advanced microbial 

ecology and provided the basis of what is now known as molecular microbial ecology it 

is still primarily a phylogenetic technique allowing the assessment of diversity only 

(Head et al., 1998).   Microbial ecology studies the interaction of microorganisms in the 

environment by answering two fundamental questions; “what microorganisms are out 

there?” and “what are they doing?”  In order to answer these questions the disciplines of 

molecular biology, genomics, computational biology and the latest advances in 

sequencing technology converged to create a new discipline known as metagenomics. 
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The term “metagenomics” was coined by while investigating the chemical 

diversity of soil microflora (Handelsman et al., 1998) though similar techniques were 

used previously with landmark successes (Schmidt et al., 1991; Healy et al., 1995, Stein 

et al., 1996).  Metagenomics is employed as a means of systematically investigating, 

classifying and manipulating the genetic material isolated from environmental samples 

(Tripathi et al., 2007).  The basic techniques are similar to genomics of clonal cultures 

except in this instance the genomic material does not come from a single organism but 

from a community of microorganisms.  After isolating the DNA (the metagenome) it is 

then cloned in large fragments into a suitable vector and transformed in to a host 

bacterium thereby creating a metagenomic library.  These libraries may then be screened 

using a phylogenetic anchor such as the 16S rRNA gene, another chosen gene or by the 

heterologous expression of gene products.  However, the development of massively 

parallel sequencing platforms such as Roche 454, illumina and ABI SOLiD permitted the 

whole genome shotgun (WGS) sequencing of entire clone libraries allowing 

phylogenetic and metabolic characterization as well as reconstructing almost entire 

genomes (Chen and Pachter, 2005).  This global analysis of community composition 

permitted researchers to conduct landmark shotgun sequencing projects in various 

habitats such as acid mine biofilms (Tyson et al., 2004) Sargasso Sea (Venter, 2004) 

whale fall carcasses (Tringe et al., 2005)  and probably the most ambitious project to 

date, the human microbiome project (HMP) which is attempting to characterize the 

collective genomes of our microbial symbionts (the microbiome) and their influence on 

disease (http://commonfund.nih.gov/hmp/overview).  Launched in 2008 this two phase 

initiative employs 16S rRNA gene sequencing using the Roche 454 titanium platform to 

identify the microbiome community structure from various body sites followed by WGS 

sequencing using the Illumina GAIIx platform  (Peterson et al., 2009).  At the end of 

phase 1 of the project, (2008 – 2012) 5,177 taxonomically characterized communities 

had been identified from 5,298 samples using 16S rRNA sequencing while 800 reference 

bacterial genomes had been fully sequenced and deposited in the National Center for 

Biotechnology Information (NCBI) and the Data Analysis and Coordination Center 

(DACC) (Human Microbiome Project Consortuim, 2012). 

http://commonfund.nih.gov/hmp/overview
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Meta-analysis is an analytical technique that uses statistical methods to combine 

the results of multiple studies in order to identify the underlying patterns of biological 

responses  in measured experimental effects (Gurevitch and Hedges, 1999).  Meta-

analysis summarizes the results of each experiment with an estimate of the magnitude 

(effect size) of the response to the manipulation (Osenberg et al., 1999).  There have 

been several meta-analysis studies in recent years assessing the biological effects of 

ocean acidification and global ocean warming (Dupont et al., 2010; Hendriks et al., 

2010, Kroeker et al., 2010, Harvey et al., 2013, Kroeker et al., 2013, Wittmann and 

Pörtner, 2013) of which only two (Hendriks et al., 2010, Harvey et al., 2013) included 

single cell organisms (cyanobacteria) in their studies.  Each meta-analysis was conducted 

using data from multiple published studies (23 – 228 studies) in order to assess the 

effects of either ocean acidification or ocean acidification plus warming.  Different 

taxonomic marine groups were included in each analyses consisting primarily of 

calcifying organisms (calcifying algae, corals, coccolithophores, molluscs, echinoderms 

and crustaceans) and non-calcifying organisms (fish, fleshy algae and seagrasses).  The 

biological effects of ocean acidification and /or warming were based on the effect size of 

several response variables: survival; calcification; growth; photosynthesis; development; 

abundance and metabolism.  The study of Dupont et al (2010) differered signifcantly in 

that only echinoderms (brittlestars, seastars, sea urchins and sea cucumbers) were 

investigated in order to assess the impact of ocean acidification during all life-cycle 

stages (Dupont et al., 2010). 

The analysis conducted by Hendriks et al (2010) concluded that the effects of 

ocean acidification are likely to be minor and most biological processes would not be 

affected (Hendriks et al., 2010).  However, the review was criticized for not combiniing 

the results of several studies in to an overall mean effect which is standard practise in any 

quantitave study (Kroeker et al., 2010).  In contrast, the meta-analysis of Harvey et al 

(2013) revealed significant negative effects on calcification, reproduction and survival 

with a significant positive effect on photosynthesis when the twin stresses of warming 

and acidification were combined (Harvey et al., 2013).   
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The majority of meta-analysis studies have found negative effects on survival, 

calcification, growth and reproduction though the degree of response varied among 

taxonomic groups.  Calcification was the process most sensitive to ocean acidification 

with a reduction in calcification of 22–39% in corals, coccolithophores and molluscs 

(Kroeker et al., 2013) and reduced calcification rates of between 9-51% of all functional 

groups studied (Hendriks et al., 2010).  

In previous chapters, the microbial diversity of two seawater samples obtained 

from a mesocosm perturbation experiment were assessed.  Bacterial communities were 

characterized using denaturing gradient gel electrophoresis (DGGE) analysis of PCR-

amplified 16S rRNA gene fragments.  This demonstrated systematic differences between 

the bacterioplankton communities in high and ambient CO2 treatments (Chapter 4 section 

4.3.2).  The DGGE profiles from replicate bottles were reproducible and single samples 

from the high CO2 and ambient CO2 treatments were used for more detailed analysis of 

the bacterial communities using 16S rRNA gene clone libraries.  Analysis of 16S rRNA 

gene clone libraries demonstrated that the bacterioplankton communities in the ambient 

CO2 treatment were dominated by members of the Flavobacteriaceae within the 

Bacteroidetes (62.4% of clones, n =96) and the Rhodobacteraceae within the 

Alphaproteobacteria (21.5% of clones, n =96).  By contrast, representation of the 

Rhodobacteraceae was substantially lower in the communities from the high CO2 

treatment (2.4% of clones, n =96).   

In marine surface waters, Rhodobacteraceae of the marine Roseobacter clade 

have been observed to be the dominant bacterial species in marine algae blooms that 

produce large amounts of the sulfur metabolite DMSP (González et al., 2000, Zubkov et 

al., 2001).  Marine Roseobacter spp. are important in controlling the sulfur flux of the 

oceans as they are predominantly responsible for the degradation of DMSP and its 

catabolites (González et al., 1999).  Approximately, 90% of DMSP is degraded via the 

demethylation pathway which generates methanethiol that can be used as a carbon and 

sulfur source for microbial communities (Kiene and Linn, 2000, Kiene et al., 2000).  The 

alternate pathway is the cleavage of DMSP via lyase enzymes which results in the 
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production of dimethylsulfide (DMS), a climatically active gas responsible for the 

formation of aerosol particles that can impact the global climate (Charlson et al., 1987, 

Simó, 2001). 

In this current investigation we used a metagenomic approach to assess the 

microbial diversity and metabolic potential of the ambient and high CO2 samples.  

Metagenomic libraries were created via random shotgun sequencing of total DNA 

isolated from each sample which was then interrogated using software packages for 

metagenome analysis to produce gene profiles of each community.    

6.2 Methods 

Based on the results of the molecular analysis presented in chapter 4 (Sections 

4.3.1 and 4.3.2) samples taken on day 8 (21
st
 May) of the dark incubation experiment 

were chosen for metagenomic analysis.  The samples were subjected to whole genome 

amplification via Multiple Displacement Amplification (MDA) (Dean et al., 2002) in 

order to obtain the required 8 µg of DNA (per sample) for pyrosequencing (Ronaghi et 

al., 1998).  This method has proven highly successful during the course of this study 

producing DNA that gave highly similar DGGE profiles to that of the starting DNA 

(Sections 4.32 and 5.32).  Sequencing of the libraries was conducted by the Advanced 

Genomic Facility, University of Liverpool on 2 x one-eighth of a picotiter plate using a 

Roche 454 GS FLX sequencer (Branford, CT, USA).  The resulting sequence data were 

compiled into two large BLAST files (BLAST-in) that were compared to the GenBank 

database using the BLASTX program (Altschul et al., 1990).  Results were retrieved in 

BLAST-out files which contained the top hits for each sequence. 

Analysis of the metagenomes was performed using MG-RAST server which 

annotates metagenomes without the need of sequence assembly or phylogenetic markers 

(Meyer et al., 2008).  As a comparison to MG-RAST a second analysis was undertaken 

using MEGAN (Huson et al., 2007) which requires the BLAST-out files for the 

subsequent analysis of metagenomic data.    
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 Statistical analysis of the metagenomes was performed using the software 

package STAMP (Statistical Analysis of Metagenomic Profiles) using the functional and 

taxonomic profiles produced by MG-RAST (Parks and Beiko, 2010).  STAMP provides 

a graphical environment for performing comparative analysis of metagenomic profiles 

which can be interactively explored through high quality plots.  The program implements 

several statistical hypothesis tests such as Fisher’s exact test, Chi-square test and G-test 

as well as the non-parametric bootstrap test.  Effect size, P-value and confidence levels 

may also be calculated as well as a mechanism for filtering datasets according to their 

profile level, effect size or a threshold P-value. 

6.3 Results and discussion  

The metagenome library from the ambient CO2 treatment contained 34,339 

sequences with a mean sequence length of 221 ±65 bp and a mean mol% G+C of 45 ± 8 

%.  In contrast, the metagenome library from the high CO2 treatment contained 37,595 

sequences with a mean sequence length of 204 ± 76 bp and a mean mol% G+C of 35 ± 8 

%.  The MG-RAST analysis was conducted using the M5NR/Subsystems annotation 

databases (Overbeek et al., 2005) using a minimal alignment length cut off of 15 (aa or 

bp), minimal identity cut off of 60% and a maximum e-value cut off of 1E-5.  The 

MEGAN analysis was conducted by comparing the metagenome sequences against the 

NCBI’s Nr/Nt database and assigns input reads to the lowest common ancestor (LCA) of 

BLAST hits.     

6.3.1 Rarefaction analysis  

Rarefaction is a technique to compare species richness from samples of different 

sizes and as such provides a framework for quantifying expected species richness as a 

function of sampling effort (Gotelli and Colwell, 2001).  The resulting rarefaction curve 

plots the number of taxa as a function of the number of individuals sampled (in the case 

of metagenome data individual sequence reads).  A steep slope indicates that a large 

fraction of the microbial diversity remains to be discovered while a flatter curve indicates 
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that sampling has been sufficient to recover sequences from the most prevalent taxa in 

the sample and any further sampling is likely to yield only few additional new taxa.  The 

rarefaction analysis conducted in MG-RAST indicated that the high CO2 metagenome 

had a slightly lower diversity compared to its ambient CO2 counterpart (Figure 6.1).  

This was supported by the alpha diversity results which calculated the number of distinct 

species in each treatment.  In this instance, the alpha diversity for the ambient CO2 

treatment was estimated at 329.8 species which was reduced in the high CO2 treatment to 

134.8 species.  Furthermore, the results indicated that despite the fact that the 

metagenome libraries were relatively small, the predominant taxa present were likely 

captured by the metagenome analysis.  Of course this does not represent a 

comprehensive sampling of their individual genomes only that the reads obtained were 

consistently assigned to a modest number of taxa.     

 

Figure 6.1 Rarefaction curves for the ambient CO2 metagenome (blue line) and the high CO2 

metagenome (red line).  The analysis was conducted in MG-RAST using the M5NR database and 

a minimum alignment length of 15 bp.   

6.3.2 Phylogenetic assignment of ambient CO2 and high CO2 metagenomes 

1,402 reads from the high CO2 metagenome failed quality control (QC) of which 

1,131 reads were removed as a result of dereplication.  Of the remaining 36,163 reads, 
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10.8% (3,900 reads) were assigned as no hits (no matches in the M5NR database) and 

0.17% (61 reads) were unclassified.  In the ambient CO2 metagenome 3,422 reads failed 

QC of which 2,464 were due to dereplication.  18% (5,135 reads) of the remaining 

28,453 reads were assigned as having no hits while 0.4% (110 reads) were unassigned 

due to having a bit score less than 35.  The majority of the remaining reads from both 

datasets were assigned to the domain bacteria accounting for 87.1% (31,520 reads) in the 

high CO2 metagenome and 75.4% (21,454 reads) in the ambient CO2 metagenome 

(Figure 6.2).  

In contrast, the MEGAN analysis revealed that 13,809 reads (42.2%) of the 

ambient CO2 metagenome and 12,900 reads (34.3%) of the high CO2 metagenome where 

assigned as having no BLAST hits with 46 reads from each dataset being unassigned 

(Figure 6.3).  As with the MG-RAST analysis the majority of the remaining reads from 

both datasets were assigned to the domain bacteria.  In the high CO2 metagenome 94.4% 

(21,782 reads) were assigned to this domain while the ambient CO2 metagenome had 

86.9% (16,226 reads).  
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Figure 6.2 Domain distribution of reads from ambient and high CO2 metagenomes obtained from 

the MG-RAST analysis.  The percentages were calculated from both datasets after the removal of 

reads which failed QC and those assigned as having no hits.  The numbers next to each bar on the 

graph represent the actual number of reads assigned. 

At the bacterial phylum level, both MG-RAST and MEGAN assigned the 

majority of reads from both treatments to Bacteroidetes and Proteobacteria.  In MG-

RAST, the high CO2 treatment was dominated by Bacteroidetes with 73.3% (23, 115 

reads) followed by Proteobacteria with 22.4% (7,059 reads) (Figure 6.4).  A reversal of 

dominant phyla was observed in the ambient CO2 metagenome with the highest number 

of reads associated to Proteobacteria with 65.2% (13,993 reads) followed by 

Bacteroidetes 24.5% (5,254 reads).  Similar results were obtained in the MEGAN 

analysis (Figure 6.5) with the phyla from high CO2 metagenome consisting 

predominantly of 66.9% (14,567 reads) Bacteroidetes and 21.3% (4,650 reads) 

Proteobacteria.  In contrast, the dominant phyla in the ambient CO2 metagenome was 

Proteobacteria with 60.8% (9,867 reads) followed by Bacteroidetes with 20.6% (3,346 

reads).  
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Figure 6.3 Domain distribution of reads from ambient and high CO2 metagenomes generated in 

MEGAN version 4.62.1 using LCA parameters of minimum support 5, minimum score 35 and a 

top percent score of 10.  The percentages were calculated for both datasets after the removal of 

reads classed as having no hits. Actual read numbers shown beside each bar on the graph. 

 

Figure 6.4 Bacterial phylum distribution of reads from ambient and high CO2 

metagenomes generated by MG-RAST.  Percentages were calculated from the total number of 

bacterial reads assigned to each metagenome (high CO2 = 31,520 reads, ambient CO2 = 21,454 

reads).  The actual reads assigned are shown next to each bar on the graph. 
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Figure 6.5 Bacterial phylum distribution of reads from ambient and high CO2 metagenomes 

generated by MEGAN.  Percentages were calculated from the total number of bacterial reads 

assigned to each metagenome (high CO2 = 21,782 reads, ambient CO2 = 16,226 reads).  The 

actual number of reads assigned are shown next to each bar on the graph. 

The results from both MG-RAST and MEGAN suggested that elevated CO2 

(which is accompanied by a reduction in pH) has a detrimental effect on Proteobacteria 

while Bacteroidetes fare better.  This was supported by qPCR data of the ambient and 

high CO2 samples in which a decrease of 56.4% in 16S rRNA gene abundance was 

observed in Rhodobacteraceae in response to elevated CO2 (Chapter 4 section 4.3.5).  To 

ascertain which particular groups of these phyla are susceptible to a reduction in seawater 

pH the metagenome datasets were analysed at a higher phylogenetic resolution.  At the 

family level, both MG-RAST and MEGAN indicated that in comparison to the ambient 

CO2 metagenome, the high CO2 metagenome had fewer reads assigned to the 

Rhodobacteraceae and a greater number of reads assigned to the Flavobacteriaceae and 

to lesser extent the Bacteroidaceae and Cytophagaceae.  These results are supported by 

the initial analysis of the metagenomes which saw a decrease in the mean mol% G+C 

content from 45 ± 8 % in the ambient CO2 treatment to 35 ± 8 % in the high CO2 

treatment.  This shift in G+C content is indicative of a change in species composition 
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which is consistent with the predominance of the Rhodobacteraceae in the ambient CO2 

metagenome which are known to have a high mol %G+C content (Temperton, 2009). 

Although the general trends are similar regarding community composition in both 

the 16S rRNA gene clone library data and the metagenome data there are slight 

differences which may be attributed to the method of library construction.  The 16S 

rRNA gene clone libraries defined the community composition based on the PCR 

amplification of the 16S rRNA gene.  However, amplicon products may be subjected to 

biases due to the intrinsic differences in the amplification efficiency of templates (Polz 

and Cavanaugh, 1998) or unequal amplification caused by the self-annealing of the most 

abundant templates (Suzuki and Giovannoni, 1996).  Furthermore, PCR amplification of 

the 16S rRNA gene discriminates between species with large genome sizes and a small 

number of rrn operons against species with small genome sizes and a large number of 

rrn operons (Stackebrandt et al., 1999).  As a consequence, the variation in the relative 

abundance of distinct taxa in a clone library can be attributed both to variation in the 

relative abundance of different organisms and to variation in the 16S rRNA copy number 

of those organisms (Kembel et al., 2012).  Based on the results of the rrnDB, a database 

in Michigan state university which documents the variation of RNA operons in bacterial 

and archaea, (Klappenbach et al., 2001, Lee et al., 2009) Flavobacteriaceae have on 

average 3 copies of the 16S rRNA gene per genome while the Rhodobacteraceae have 

3.14 copies per genome.  Therefore, both groups should be equally represented in the 

clone libraries due to the similarity of 16S rRNA copy number. 

In the metagenomic libraries, the collective genetic material is utilized to uncover 

phylogeny and microbial functions present in the environmental sample.  However, in 

order to have a sufficient amount of DNA for 454 sequencing (~8 µg) the samples were 

subjected to Whole Genome Amplification (WGA) using Multiple Displacement 

Amplification (MDA) (Dean et al., 2001, Dean et al., 2002).  It is known that random 

amplification bias can occur using MDA with sequences that are over represented in one 

reaction being underrepresented in another (Raghunathan et al., 2005; Zhang et al., 2006, 

Lasken, 2012).  However, in this study the two metagenomic libraries were each 
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constructed from 5 separate reactions which were then pooled prior to sequencing.  MDA 

is also reported to show bias towards DNA templates with high G+C content 

preferentially amplifying low or intermediate G+C regions.  Several studies have 

reported significantly less amplification of species with a high GC content due to the 

stability of G+C rich templates (Pinard et al., 2006; Yilmaz et al., 2010, Direito et al., 

2014).  To ascertain the average G+C content of the Rhodobacteraceae and 

Flavobacteriaceae in the ambient and high CO2 metagenomes, two subset metagenomes 

were created in MG-RAST that contained only these two bacterial families.  The analysis 

revealed that the Rhodobacteraceae metagenome (ambient and high CO2) had an average 

G+C content of 49±6%, while the Flavobacteriaceae (ambient and high CO2) had an 

average G+C content of 35±4% (Figure 6.6).  Members of the marine Roseobacter are 

known to possess a high G+C content such as Roseobacter denitrificans, (58.9%) 

Sulfitobacter pomeroyi DSS-3, (64.0%) Silicibacter TM1040 (60.0%) and Jannaschia 

CCS1 (62.2%) (Moran et al., 2007; Swingley et al., 2007, Temperton et al., 2009).  In 

contrast, species belonging to the Flavobacteriaceae have a lower G+C content such as 

Dokdonia donghaensis MED134, (38.2%) Croceibacter atlanticus HTCC2559, (33.9%) 

Gramella forsetii KT0803 (36.6%) and Polaribacter irgensii 23-P (31%) (Gosink et al., 

1998, Chaudhuri et al., 2008).  This would suggest that the results of the metagenomic 

analysis should be treated cautiously as members of the Rhodobacteraceae may be 

underrepresented in the metagenomic libraries skewing relative abundances.  
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Figure 6.6 Histogram showing the G+C distribution (%) of reads assigned to Rhodobacteraceae 

and Flavobacteriaceae retrieved from the ambient and high CO2 metagenomes.  Each position 

represents the number of sequences within a G+C percentage range. 

At the family level, the MG-RAST analysis revealed a decrease in the percentage 

of reads assigned to the Rhodobacteraceae in the high CO2 metagenome. In this instance, 

the ambient CO2 metagenome was assigned 34.7% (7,443 reads) in contrast to 8.8% 

(2,767 reads) assigned to the high CO2 metagenome (Figure 6.7).  However, the 

percentage of reads assigned to the Flavobacteriaceae increased from 17.7% (3,808 

reads) in the ambient CO2 metagenome to 58.7% (18,498 reads) in the high CO2 

metagenome.  MG-RAST analysis also revealed a decrease in the percentage of reads 

assigned to the Pseudomonadaceae with 3.4% (544 reads) assigned to the ambient CO2 

metagenome whereas 0.8% (173 reads) were assigned to the high CO2 metagenome 

(Figure 6.7).    

A similar response to elevated CO2 was observed in the MEGAN analysis with 

the percentage of reads assigned to the Rhodobacteraceae decreasing in the high CO2  
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metagenome to 4.6% (998 reads) whereas the percentage of reads assigned to the 

ambient CO2 metagenome was 16.4% (2,664 reads) (Figure 6.8).  Conversely, the 

percentage of reads associated with Flavobacteriaceae was higher in the high CO2 

metagenome accounting for 11% (2,405 reads) in comparison to 3.6% (588 reads) 

observed in the ambient CO2 metagenome (Figure 6.8).  A decrease in reads associated 

with the Pseudomonadaceae was also observed in this analysis with 45 reads in the 

ambient CO2 metagenome and 29 reads in the high CO2 metagenome (Figure 6.8).  

Although the metagenome data suggest that overall, elevated CO2 had a negative 

effect on Proteobacteria, there is one group which seems to do better in a reduced pH 

environment.  Candidatus Pelagibacter is a member of the SAR11 clade of 

Alphaproteobacteria, which is widely accepted as the most abundant group of 

heterotrophic bacteria in the oceans, accounting for 26% of all ribosomal RNA genes that 

have been identified in seawater (Rappe et al., 2002).  Evolution has streamlined its 

genome so that only the most fundamental cellular systems are present in order to 

replicate under limiting nutrient resources as efficiently as possible (Giovannoni et al., 

2005).   MEGAN analysis revealed that all the reads associated to the SAR11 clade were 

assigned to C. Pelagibacter with 2.5% (549 reads) of the high CO2 metagenome and 

0.07% (11 reads) assigned to the ambient CO2 metagenome (Figure 6.8).  This was 

substantiated by 16S rRNA gene clone library data (Chapter 4, section 4.32) where C. 

Pelagibacter was found in the high CO2 treatment only (5 clones).  MG-RAST analysis 

corroborates the higher relative abundance of C. Pelagibacter in the high CO2 

metagenome.  In this instance, 0.4% (83 reads) were assigned C. Pelagibacter from the 

ambient CO2 metagenome whereas 1.5% (462 reads) were assigned to this genus from 

the high CO2 metagenome. 

To determine if there was a significant difference in the number of C. 

Pelagibacter reads assigned to the metagenomes, a G-test  was conducted using STAMP 

(Statistical Analysis of Metagenomic Profiles) an open-source software package for 

analysing metagenomic profiles (Parks and Beiko, 2010).  Using the profiles generated 

by MG-RAST, the results revealed a significant difference in the proportion of C. 
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Pelagibacter reads assigned to the metagenomes from the high CO2 treatment (P= < 

0.05).  A significant difference was also observed between the metagenomes in some 

genera of the marine Roseobacter clade indicating that there were proportionally more 

reads associated to the ambient CO2 metagenome; Roseobacter, Ruegeria and 

Sulfitobacter (P= < 0.05) at the 95% confidence level (Figure 6.9). 

 

Figure 6.7 Family distribution of bacterial reads from ambient and high CO2 metagenomes.  

Percentages were calculated from the total number of bacterial reads assigned to each 

metagenome by MG-RAST with the number of reads assigned to each family depicted next to 

the bar on the graph. 
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Figure 6.8 MEGAN analyses showing the family distribution in percent obtained from the total 

number bacterial reads assigned to each ambient and high CO2 metagenome.  Actual number of 

reads assigned to each family is depicted next to the bar on the graph. 
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Figure 6.9 Extended error plot for 5 genera within the Alphaproteobacteria identified by MG-

RAST from the ambient and high CO2 metagenomes.  The plot illustrates the proportion of 

sequences assigned to each genus and the differences between the proportions as well as the 

confidence interval and corrected p-value.  The genera are ordered according to their corrected p-

values with the ambient CO2 metagenome represented in green and the high CO2 metagenome 

represented in red.  From this analysis we can be 95% confident that the difference in proportions 

of Candidatus Pelagibacter is between 13% and 18%.  The analysis was conducted in STAMP 

using a two-sided G-test with a 95% confidence level. 

 

Both the MG-RAST and MEGAN analyses had indicated that elevated CO2 had a 

negative effect on Rhodobacteraceae with the percentage of reads assigned to this group 

reduced in the high CO2 metagenome, 34.7% to 8.8% (MG-RAST), 16.4% to 4.6% 

(MEGAN).  In order to determine the possible consequences this may have on ocean 

productivity and biogeochemical processes the read assignment were investigated at 

species level.    
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Higher resolution analysis indicated that the majority of Rhodobacteraceae reads 

recovered were from members of the marine Roseobacter clade particularly species from 

the genera Roseobacter, Ruegeria, Sulfitobacter, Loktanella and Roseovarius (Figure 

6.10).  According to the MG-RAST analysis, Roseobacter denitrificans dominated the 

Rhodobacteraceae in both treatments.  In the ambient CO2 metagenome R. denitrificans 

accounted for 4.9% (1,056 reads) of the total number of bacterial reads while in the high 

CO2 metagenome this percentage was 1.3% (412 reads).  Similar percentage decreases 

were also observed in the high CO2 metagenome in nearly all the marine Roseobacter 

species identified by MG-RAST such as: Ruegeria pomeroyi (3.8% to 1%), Jannaschia 

sp. CCS1 (1.6% to 0.4%), Roseovarius sp. 217 (1.1% to 0.2%), Sulfitobacter sp. NAS 

14.1 (1% to 0.2%), Loktanella vestfoldensis (1% to 0.2%) and Sulfitobacter sp. EE-36 

(0.9% to 0.2%) (Figure 6.10).      

 

 

Figure 6.10 Species distribution of the percentage of reads assigned to Rhodobacteraceae from 

ambient and high CO2 metagenomes.  The percentages are calculated from the total number of 

bacterial reads assigned to each metagenome by MG-RAST.  The actual number of reads 

assigned to each species is shown next to each bar on the graph. 
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A Similar decline in the number of marine Roseobacter reads was observed in the 

MEGAN analysis with Roseobacter being the dominant species of the Rhodobacteraceae 

except in this instance the majority of the reads were more closely associated to 

Roseobacter sp. AzwK-3b with 2.4% (63 reads) in the ambient CO2 metagenome and 

2.2% (22 reads) in the high CO2 metagenome.     

To determine if there was a significant difference in the proportion of 

Rhodobacteraceae species assigned to the ambient and high CO2 metagenomes a G-test  

was conducted using STAMP (Parks and Beiko, 2010).  The results revealed that despite 

the ambient CO2 metagenome having a higher number of reads attributed to species 

within the Rhodobacteraceae most of the differences were not statistically significant 

(Figure 6.11).  In fact, only three species were significantly more numerous 

(proportionally) in the ambient CO2 metagenome, Rhodobacteraceae bacterium 

HTCC2083 (P= 0.012), Citreicella sp. SE45 (P=0.030) and Rhodobacteraceae bacterium 

HTCC2150 (P=0.032).  Sulfitobacter sp. EE-36 was slightly over the significance level 

of 0.05 with P=0.054.  Conversely, two Rhodobacteraceae species were determined to be 

proportionally more numerous in the high CO2 metagenome, Paracoccus denitrificans 

(P=0.015) and Roseobacter sp. GAI101 (P=0.042). 
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Figure 6.11 Statistical analysis of Rhodobacteraceae species identified in MG-RAST from the 

ambient and high CO2 metagenomes.  Species overrepresented in either the ambient CO2 

treatment (Green) or high CO2 treatment (Red) are represented as having a positive difference 

between proportions.  The analysis was conducted in STAMP using a G-test with a 95% 

confidence level. 

Defining bacterial taxonomy at a species level is extremely difficult using these 

datasets due to the small size of the metagenomic libraries and the average read lengths 

of the sequences (high CO2 metagenome 205 ± 75 bp, ambient CO2 metagenome 237 ± 

45 bp).  Furthermore, currently accepted prokaryote taxonomy is based on Bergey’s 
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Manual of Systematic Bacteriology (Bergey's Manual Trust, 2001) and the Taxonomic 

Outline of Bacteria and Archaea (TOBA) (Garrity et al., 2007), both of which are based 

on 16S rRNA gene phylogeny complemented by one or more other genes and 

morphological characteristics (Sun et al., 2010).  As a consequence of library size 

(number of reads), both metagenomes contained only a few partial 16S rRNA genes 

(high CO2 metagenome 18 reads, ambient CO2 metagenome 15 reads) and therefore 

species identification is based primarily on protein similarity against the M5NR database.  

However, the statistical analysis on the genus and family level (and to some 

degree species) does support the qPCR analysis of the high and ambient CO2 treatments 

(Chapter 4, section 4.3.5) which showed a decrease in the abundance of 16S rRNA genes 

from Rhodobacteraceae-like bacteria from 8.85 ± 0.9 x 10
5
 copies/ml (ambient CO2 

treatment) to 3.86 ±0.3 x 10
5
 copies/ml

 
(high CO2 treatment).  

There is now strong evidence to support the hypothesis that elevated CO2 

decreases the abundance of Rhodobacteraceae-like bacteria.   This decrease may not 

necessarily be a consequence of elevated CO2 acting directly on the Rhodobacteraceae 

reducing abundance, but rather the consequence of elevated CO2 having a detrimental 

effect on phytoplankton abundance thereby reducing primary production and/or the type 

of DOM produced (Chapter 3 section 3.4).  This is further supported by the chlorophyll-a 

data (Chapter 3 section 3.31) which showed that at the peak of the bloom chlorophyll-a 

concentration was ~34% higher in the ambient CO2 treatment (10.41 ± 1.14 µg/l
-1

) 

compared to the high CO2 treatment (6.87 ± 3.33 µg/l
-1

). 

6.3.3 Analysis of metabolic assignments of reads from ambient CO2 and high CO2 

metagenomes  

Analysis of functional assignments in MG-RAST revealed a reduction in the 

number of reads assigned to key metabolic functions in the high CO2 treatment (Figure 

6.12).  All analyses of the bacterioplankton communities (16S rRNA gene clone libraries, 

DGGE analysis, DNA SIP analysis, qPCR and metagenome analysis) in high and 
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ambient CO2 treatments indicated that there was a detrimental effect of ocean 

acidification on organisms from the marine Roseobacter clade.  To determine if the 

decrease in metabolic functions was attributed to a reduction of marine Roseobacter 

clade the genome characteristics of this group was examined. 

The marine Roseobacter clade is a diverse group of bacteria and members of this 

group have been characterised as ecological generalists (Moran et al., 2007) as they 

possess multiple pathways for acquiring carbon and energy including carbon 

monoxide/hydrogen sulfide oxidation (King, 2003; Moran et al., 2004, Cunliffe, 2011) 

and anaplerotic CO2 fixation (Sorokin et al., 2003; Moran et al., 2004, Swingley et al., 

2007).  Furthermore, they play an important role in several biogeochemical processes 

such as the degradation of algal derived dimethylsulfoniopropionate (DMSP) (González 

et al., 1999; Yoch, 2002, Moran et al., 2012), aerobic anoxygenic photosynthesis 

(Yurkov and Beatty, 1998; Beja et al., 2002, Allgaier et al., 2003) and in the oxidation 

and cycling of manganese (Mn) (Hansel and Francis, 2006, Learman et al., 2011).  Five 

C1 utilization pathways have been identified in Roseobacter genomes (serine cycle, 

methanol oxidation, trimethylamine oxidation, formaldehyde oxidation and formate 

oxidation) as well as six identified aromatic degradation pathways (b-ketoadipate, 

gentisate, benzoate, phenylacetic acid, homoprotocatechuate and homogenisate) (Newton 

et al., 2010).   

Members of the marine Roseobacter clade typically inhabit nutrient replete 

planktonic aggregates where components of eukaryotic cytosols (polyamines, taurine, 

phosphoesters, phosphonates, glyoxylate, allophanate, acetate, glycine betaine, branched-

chain amino acids, organic acids and DMSP) may become available through exudation, 

diffusion driven loss or viral lysis and grazing (Moran et al., 2007).  Organic nitrogen 

and ammonium are the primary sources of nitrogen which is in keeping with their 

vertical distribution (surface waters) and their close association with nitrogen rich 

planktonic cells (Moran et al., 2007).   
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Given the significant effects seen on the marine Roseobacter group and their 

important role in the processes outlined above, functional analysis of the metagenomes 

focussed on key genes relevant to DMSP metabolism (DMSP demethylase), ammonium 

transporters, CO dehydrogenase and photoreaction centre subunits. 



6. Metagenomic assessment of the effect of ocean acidification on marine 

bacterioplankton 

202 

 

 

Figure 6.12 Functional analysis of ambient and high CO2 metagenomic libraries illustrating the 

decrease in the number of reads assigned to specific metabolic functions.  The data have been 

normalised using a scale of 0 – 1 in order to allow for comparison of different sized datasets. 
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6.3.3.1 DMSP Demethylase  

The phylogenetic analysis indicated that the majority of Rhodobacteraceae 

sequences were recovered from members of the marine Roseobacter clade which play an 

important role in the marine sulfur cycle and are abundant in dimethylsulfoniopropionate 

(DMSP) rich algal blooms.  It has been proposed that this bacterial group dominate the 

demethylation pathway in phytoplankton blooms in coastal regions, where DMSP 

concentrations are high (Howard et al., 2006).  

The enzymes which catalyze the demethylation/demethiolation of DMSP to 

methanethiol (MeSH) are DMSP demethylase (DmdA), MMPA-CoA ligase (DmdB), 

MMPA-CoA dehydrogenase (DmdC), and methylthioacryloyl-CoA hydratase (DmdD).  

The initial step in the demethylation pathway is the removal of a methyl group from 

DMSP to form methylmercaptopropionate (MMPA) (Figure 6.13).  MMPA is then 

further processed through a demethiolation pathway requiring three coenzyme A (CoA)–

mediated reactions (Reisch et al., 2011).  The pathway results in the generation of 

MeSH, acetaldehyde, CO2 and a CoA.  MeSH, is a source of cellular sulfur for marine 

bacteria where it is incorporated into sulfur-containing amino acids or may be oxidized 

via MeSH-oxidase resulting in the formation of formaldehyde, hydrogen sulfide and 

hydrogen peroxide (Reisch et al., 2011).  It has been estimated that the dmdA gene 

(which is currently only known to occur in marine bacteria) is particularly abundant with 

approximately 27% of cells in ocean surface waters possessing the gene (Moran et al., 

2012). 

The gene dmdA was originally annotated as a glycine cleavage T-protein (GcvT) 

due to the high degree of sequence similarity and the requirement for the cofactor 

tetrahydrofolate (THF) used to accept the methyl group (Reisch et al., 2011).  In dmdA 

the transfer of the S-methyl group from DMSP form 5-methyl-THF and MMPA while 

other enzymes in the GcvT family result in the production of 5,10 methylene-THF  

(Schubert et al., 2003, Schuller et al., 2012).   
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Figure 6.13 Diagram adapted from Reisch et al (2011) illustrating the 

demethylation/demethiolation pathway of DMSP degradation with the name of the gene involved 

in each step of the pathway.  The first step is the removal of a methyl group from DMSP to form 

methylmercaptopropionate (MMPA) (1).  MMPA is then converted to MMPA-CoA via MMPA-

CoA ligase (2). This is then dehydrogenated forming an enoyl-CoA intermediate, 

methylthioacrylyl (MTA-CoA) (3).  MTA-CoA is hydrated by MTA-CoA hydratase to release 

the product methane thiol (MeSH) as well as CoA, CO2 and acetaldehyde (4).  Acetaldehyde 

dehydrogenase then oxidizes acetaldehyde to acetate. 
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The assignment of pyrosequencing reads to metabolic subsystems in MG-RAST 

indicated that 2 reads in the high CO2 metagenome were assigned to DMSP breakdown 

whereas 9 reads were assigned to the ambient CO2 metagenome.  Of the 11 reads 

recovered, 8 were partial fragments of the dmdA gene, 2 were assigned as 

aminotransferase involved in DMSP breakdown and 1 was identified as partial fragment 

of the DMSP demethylase transcriptional regulator (Table 6.1). 

No sequences were detected from the demethiolation pathway (dmdB, dmdC and 

dmdD) in either of the metagenomes.  Marine metagenomic studies have revealed that 

the DMSP demethylase gene (dmdA) is taxonomically diverse and is present in >50% of 

bacterioplankton species (Howard et al., 2008).  Similar to dmdA, the genes which 

encode dmdB and dmdC are also abundant in metagenomic datasets.  However they 

belong to gene families with many different functions and therefore can easily be 

misidentified (Reisch et al., 2011).  In contrast, the dmdD gene is rare compared to the 

other genes in the DMSP degradation pathway being present in only 0.1% of the cells in 

the Global Ocean Sampling (GOS) metagenomic dataset while dmdB and dmdC genes 

were present in 61% of the cells (Reisch et al., 2011, Moran et al., 2012). 
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Table 6.1 MG-RAST metabolic analysis of ambient and high CO2 metagenomes depicting reads 

associated to DMSP breakdown.
1
  

 

All the reads identified in the MG-RAST analysis had their sequence assignments 

verified by comparing them against the GenBank protein nr database using BLASTX.  

The results revealed that the reads were between 60 – 95% identical on a protein level to 

known genes associated with DMSP breakdown (Table 6.2) with the majority of reads (6 

out of 11) being highly similar to dimethyl sulfoniopropionate demethylase (Figure 6.14 

and Appendix 1 ).   Furthermore, 73% (8 reads) had a high similarity to proteins closely 

associated to the marine Roseobacter clade.  At a higher phylogenetic level they had a 

high degree of similarity to species within the genera Ruegeria (4 reads), Roseobacter (1 

read), Thalassobacter (1 read), Loktanella (1 read) and Octadecabacter (1 read).  The 

remaining 3 reads were closely associated to Candidatus Pelagibacter, two of which 

were derived from the high CO2 metagenome (Table 6.2). 

Statistical analysis of the reads using a G-test in the STAMP software package 

revealed a significant difference in the number of reads assigned to genes involved in 

DMSP degradation between the libraries (P=0.037) suggesting the ambient CO2 

metagenome had a greater metabolic potential for the utilization of DMSP than its high 

CO2 counterpart.  Interestingly, no reads were recovered from either metagenome from 

                                                 

1
 Reads were annotated using the MG-RAST subsystems database with the following parameter; 

maximum e-value cutoff 1e-5, minimal % cutoff 60% and minimal alignment length cutoff 15. 
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the alternate DMSP degradation pathway which results in the production of DMS.  

However, this was not entirely unexpected as the genes involved in the DMSP lyase 

pathway (dddD, dddL, dddP, dddQ, dddW, and dddY) are up to two orders of magnitude 

less abundant in the ocean than the bacterial DMSP demethylation genes (Todd et al., 

2009; Reisch et al., 2011, Todd et al., 2011, Moran et al., 2012).  This is consistent with 

the fact that DSMP is mostly catabolized via the demethylation pathway (dmdA) due to 

the abundance of Roseobacter and SAR11 clade bacteria (Curson et al., 2011). 
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Table 6.2 Results of similarity analysis showing the top hit for each of the 11 reads associated to 

DMSP breakdown identified by MG-RAST.
2
 

 

                                                 

2
 Reads were aligned in the NCBI using BLASTX (protein search against a translated nucleotide query) 

against the non-redundant protein database. 
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Figure 6.14 Sequence alignment of a read identified by MG-RAST as being associated to DMSP 

breakdown.  The analysis was conducted using BLASTX against the non-redundant protein 

database. 

6.3.3.2 Ammonium transporters  

Further differences in the metabolic potential between the metagenomes were 

observed in MG-RAST using subsystems assignments.  In the ambient CO2 treatment 11 

reads were assigned as ammonium transporters while none was found in the high CO2 

treatment.  To corroborate the assignments the reads were compared against the 

GenBank database using the BLASTX program.  The analysis confirmed the MG-RAST 

assignments with a percentage identity of 71 – 98% on a protein level (Table 6.3) all of 

which were classified as ammonia transporters (Figure 6.15 and Appendix 1).  The 

majority of the reads were assigned to members of the marine Roseobacter clade with 

Phaeobacter gallaeciensis (2 reads), Roseobacter sp. MED193 (1 read), Roseovarius 

nubinhibens (1 read) and Rhodobacteraceae bacterium HTCC2083 (1 read).  

Phaeobacter gallaeciensis is known to be an effective colonizer of biotic and abiotic 

marine surfaces able to produce the antibacterial compound tropodithietic acid (TDA) 

which gives them a competitive advantage over other species when colonizing 

phytoplankton hosts (Geng et al., 2008, Thole et al., 2012). 

Three of the reads were assigned to the oligotrophic marine 

Gammaproteobacteria (OMG) group (Cho and Giovannoni, 2004).  Two of these reads 

were highly similar to sequences from marine gammaproteobacterium HTCC2080 in the 

OM60/NOR5 clade.  Organisms from this clade are ubiquitous throughout the euphotic 
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zone and can comprise up to 11% of the total bacterial population (Pernthaler and 

Pernthaler, 2005, Yan et al., 2009).  Furthermore, the OM60/NOR5 clade has been 

shown to contain aerobic, anoxygenic, phototrophic bacteria (AAnPs) with predicted 

phototrophy genes in the HTCC2080 genome (Cho et al., 2007, Thrash et al., 2010).  

The remaining read assigned to the OMG group was most similar to 

gammaproteobacterium HTCC2207 from the SAR92 clade which utilizes 

proteorhodopsin as a method of light-driven energy generation.  This bacterium is highly 

motile and contains several genes involved in complex carbohydrate degradation via cell 

aggregation and direct binding to cellulose and xylan (Fraiberg et al., 2010, Gifford et 

al., 2013). 

The remaining 3 reads were closely associated to Flavobacteria (2 reads) and 

Cytophaga (1 read) within the phylum Bacteroidetes. This group of bacteria are 

frequently observed attached to phytoplankton aggregates and are known to degrade and 

consume high molecular weight organic matter (DeLong et al., 1993). 

A G-test of the reads assigned as ammonium transporters was conducted showing 

that the representation of reads assigned as ammonium transporters was significantly 

greater in the metagenome from the ambient CO2 treatments (P=<0.05). 
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Table 6.3 Results of similarity analysis showing the top hit for each of the 11 reads assigned as 

ammonia transporters identified by MG-RAST.
3
   

 

 

Figure 6.15 Sequence alignment of a read identified as an ammonium transporter by MG-RAST.  

The analysis was conducted in the NCBI using BLASTX against the non-redundant protein 

database. 

                                                 

3
 Reads were aligned in the NCBI using BLASTX (protein search against a translated nucleotide query) 

against the non-redundant protein database. 
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6.3.3.3 Carbon monoxide dehydrogenase 

Due to photodegradation of organic matter the surface waters of the oceans are 

saturated with carbon monoxide (CO) which can be utilized by CO metabolizing marine 

organisms (Tolli et al., 2006).  It has been revealed that microbial CO oxidation rates can 

be an order of magnitude greater in coastal waters (0.01 to 0.11 h
−1

) than those measured 

in oligotrophic environments (0.01 to 0.02 h
−1

) suggesting that the key players in this 

process are microbial communities which inhabit the nutrient rich waters of the 

continental shelf (Tolli, 2003, Tolli, 2005).  The vast majority of bacteria in the marine 

Roseobacter clade are able to oxidize CO to CO2 via the gene carbon monoxide 

dehydrogenase and as such are considered to be important players in marine CO cycling 

(Tolli et al., 2006, Cunliffe, 2011).  Although they are not able to assimilate the carbon 

dioxide produced directly into biomass they can add it to pyruvate, aspartate or glutamate 

via a series of reactions to produce oxaloacetate for anaplerosis (Chapter 5, section 

5.3.11).  These organisms are therefore classified as chemolithoheterotrophs that use CO 

as an additional energy source.   

Thirteen reads were assigned as carbon monoxide dehydrogenases by MG-RAST 

which were verified by BLAST analysis.  The read assignments had a sequence identity 

of 64 – 99% on a protein level (Table 6.4) with 12 reads classified as either CO 

dehydrogenase or a CO dehydrogenase subunit (Figure 6.16 and Appendix 1).  The 

remaining read was identified as a dehydrogenase but had a higher similarity to xanthine 

dehydrogenase than CO dehydrogenase.  On a phylogenetic level, eleven of these reads 

were closely associated to Rhodobacteraceae, ten of which were highly similar to 

sequences from the marine Roseobacter clade.  Ten reads were derived from the ambient 

CO2 treatment and had high sequence similarity to the genera Roseobacter (3 reads), 

Sulfitobacter (3 reads), Jannaschia (2 reads), Sagittula (1 read) and Oxalobacteraceae (1 

read) from the Betaproteobacteria.  In contrast, 3 reads were derived from the high CO2 

treatment with a high sequence similarity to the genera Roseobacter, Ruegeria and 

Stappia (which is not a classified as a marine Roseobacter).  
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Statistical analysis using a G test in the STAMP software package revealed a 

significant difference (P=<0.050) in the proportion of CO dehydrogenase reads between 

the ambient and high CO2 mesocosms. 

Table 6.4 Results of similarity analysis showing the top hit for each of the 13 reads assigned as 

carbon monoxide dehydrogenase identified by MG-RAST.
4
   

 

                                                 

4
 Reads were aligned in the NCBI using BLASTX (protein search against a translated nucleotide query) 

against the non-redundant protein database. 
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Figure 6.16 Sequence alignment of a read identified as carbon monoxide dehydrogenase by MG-

RAST.  The analysis was conducted in the NCBI using BLASTX against the non-redundant 

protein database. 

6.3.3.4 Photoreaction centre subunits 

Aerobic anoxygenic phototrophs (AAnPs) are a group of bacteria that use 

bacteriochlorophyll to support phototrophic electron transport, thereby supplementing 

cellular energy requirements and reducing the need for respiratory oxidation of organic 

substrates.  The first AAnPs described belonged to the marine Roseobacter group (Shiba 

et al., 1979)  and for decades it was believed that this attribute was confined to species 

within the Alphaproteobacteria (Kolber et al., 2001).  However, metagenomic studies of 

the genes responsible for the synthesis of bacteriochlorophyll and the associated 

photosynthetic reaction centres indicated that uncultured Gammaproteobacteria included 

a significant number of AAnPs in bacterioplankton assemblages (Beja et al., 2002, 

Moran and Miller, 2007).  

An indicator of AAnPs is the presence of puf genes coding for the subunits of the 

light-harvesting complex (pufB and pufA) and the photosynthetic reaction centre complex 

(pufC, pufL and pufM) (Beja et al., 2002).  MG-RAST analysis of the metagenomic 

datasets revealed that 15 reads in total were assigned as being partial fragments of puf 

genes with 14 reads derived from the ambient CO2 treatment and 1 read from the high 

CO2 treatment (Table 6.5).  BLAST analysis verified the metagenomic assignments with 

identities ranging from 65 – 100% on a protein level (Figure 6.17 and Appendix 1).  In 

the ambient CO2 treatment 11 out of the 14 sequences were closely associated with the 
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marine Roseobacter clade with a high similarity to sequences from the genera: 

Roseobacter (6 reads), Thalassiobium (3 reads), Roseovarius (1 read) and Loktanella (1 

read).  The remaining 3 reads were assigned as marine Gammaproteobacteria 

HTCC2080  in the OM60/NOR5 clade which is the first cultured marine 

Gammaproteobacteria known to possess genes for aerobic anoxygenic photosynthesis 

(Cho et al., 2007).  The only read derived from the high CO2 treatment metagenome was 

assigned as a possible photosynthetic complex from the marine Roseobacter species 

Roseobacter sp. Azwk-3b. 

A G test conducted using STAMP revealed a significant difference between the 

metagenomes in the proportions of all the puf genes (pufC, pufL and pufM) (P=<0.05).  
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Table 6.5 Results of similarity analysis showing the top hit for each of the 15 reads assigned as 

photoreaction centre subunits identified by MG-RAST.
5
 

 

                                                 

5
 Reads were aligned in the NCBI using BLASTX (protein search against a translated nucleotide query) 

against the non-redundant protein database. 
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Figure 6.17 Sequence alignment of a read identified as a photoreaction centre subunits by MG-

RAST.  The analysis was conducted in the NCBI using BLASTX against the non-redundant 

protein database. 

In all the metabolic assignments investigated, it is worth noting that in all cases 

the genes being analyzed were present in significantly lower proportions in the high CO2 

treatment (P<0.05) (Figure 6.18).  Furthermore, the number of gene related reads from 

the high CO2 metagenome was exceptionally low for a dataset which contained ~47% 

more reads (31,520 versus 21,454 reads) than its ambient counterpart.  We hypothesize 

that the decrease in gene abundance represents a reduction in marine Roseobacter cell 

numbers in the high CO2 treatment caused by a reduction in primary production (Chapter 

3 section 3.32). 
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Figure 6.18 Statistical analysis of metabolic profiles identified in MG-RAST from the ambient 

and high CO2 treatments.  Genes overrepresented in the ambient CO2 treatment (Green) are 

denoted as having a positive difference between proportions.  The analysis was conducted in 

STAMP using a G-test with a 95% confidence level. 

Members of the marine Roseobacter clade of Alphaproteobacteria are among the 

most abundant and ecologically relevant marine bacteria in the oceans playing a 

fundamental role in carbon and sulfur cycling as well as the global climate.  Furthermore, 

these organisms are vital to the ecology of the oceans as they form symbiotic 

relationships with diverse marine organisms such as squid and cuttlefish (Grigioni et al., 

2000, Barbieri et al., 2001), marine red algae (Ashen and Goff, 2000) and sponges 

(Althoff et al., 1998, Webster et al., 2004).  The evidence presented in this study strongly 

suggests that the predicted decrease in ocean pH caused by increasing concentrations of 

atmospheric CO2 will be accompanied by a significant decline in members of the 

Rhodobacteraceae.  This could have important consequences for the marine sulfur cycle 

affecting the microbial food web and potentially global climate.  
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6.3.4 Potential consequences of a reduction in Rhodobacteraceae and marine 

Roseobacter abundance 

DMSP is an organic sulfur compound synthesized by phytoplankton particularly 

dinophytes and haptophytes (Malin et al., 1993) which serves multiple roles as an 

osmolyte, a cryoprotectant and an antioxidant (Karsten, 1996, Sunda et al., 2002).  It is 

also significant in the global sulfur cycle by supplying sulfur and carbon to heterotrophic 

bacteria (Kiene et al., 2000) and transporting sulfur from the ocean to the atmosphere via 

its conversion to dimethylsulfide (DMS) (Bates et al., 1987).  There are two major 

biochemical routes for the degradation of DMSP.  The first is the 

demethylation/demethiolation pathway (Kiene et al., 2000) resulting in the production of 

3- methylmercaptopropionate (MMPA) and MeSH which is a readily available source of 

reduced sulfur for microorganisms (Ledyard and Dacey, 1996, Kiene et al., 1999).  Only 

bacteria are known to express this pathway and therefore ultimately control the fate of 

DMSP (González et al., 2003). 

The alternate degradation route where DMSP is cleaved via the enzyme DMSP 

lyase to form DMS and acrylate is known as the lyase pathway (Cantoni and Anderson, 

1956).  Although some phytoplankton possess DMSP lyase, (Stefels and Dijkhuizen, 

1996; Steinke et al., 1996, Wolfe and Steinke, 1996, Steinke et al., 1998, Niki et al., 

2000) bacteria are generally thought to dominate DMS production (Kiene, 1992).  Both 

acrylate and the majority of DMS produced in the lyase pathway are utilized as 

substrates for microbial growth by specialised bacteria such as Thiobacillus and 

Methylophaga (Visscher and Van Gemerden, 1993, Schafer, 2007).  Oxidation of DMS 

to dimethyl sulfoxide (DMSO) via microbial degradation is the largest sink for DMS in 

the marine environment with only 2 – 10% of DMS released to the atmosphere (Kiene 

and Bates, 1990; Archer et al., 2002, Zubkov et al., 2002).  DMS is the most important 

source of natural sulfur to the atmosphere as it plays a major role in the sulfur cycle when 

it is transferred from marine to terrestrial environments via precipitation (Lovelock et al., 

1972).  However, DMS derived sulfur also influences global temperature and climate 

dynamics through its effect on cloud cover (Moran et al., 2012).  When DMS enters the 
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atmosphere it is oxidized in to a variety of sulfur compound which serve as aerosols 

attracting water vapour around them.  This increases the size and liquid content of the 

cloud which directly influences the global radiation budget by reducing the amount of 

short wave radiation reaching the lower atmosphere thereby cooling the Earth’s surface 

(Korhonen et al., 2008). 

Globally, between 50 to 90% of DMSP produced by marine phytoplankton is 

degraded by bacterial demethylation which during an algal bloom may occur at rates 

exceeding 1000 nM d
-1 

(Van Duyl et al., 1998; Kiene and Linn, 2000, Reisch et al., 

2011).  If all of this was converted via the lyase pathway the gross production of DMS 

would increase by 2 – 20 fold (Kiene et al., 2000).  This is supported by the fact that 

metagenomic studies have revealed that genes involved in DMSP demethylation are two 

orders of magnitude more abundant in marine environments than DMSP lyase genes 

(Howard et al., 2008; Todd et al., 2009, Reisch et al., 2011, Todd et al., 2011).  This is 

supported by this study, as only reads from the DMSP demethylation (11 reads) pathway 

were recovered from both metagenomes (ambient and high CO2).  

There is evidence supporting the theory that a homeostatic feedback cycle exists 

between phytoplankton and climate through the production of DMS.  This has been 

formalised in the CLAW hypothesis (Charlson et al., 1987), which proposes that certain 

phytoplankton species release DMS in response to increased solar radiation, and that 

DMS ultimately leads to increased cloud cover forming a negative feedback loop to 

stabilise global temperature. 

Several studies have been carried out investigating the effects of ocean 

acidification on phytoplankton calcification rates and DMS production (Orr et al., 2005; 

Wingenter et al., 2007, McNeil and Matear, 2008), but few concerning the effects on 

bacterial populations (Joint et al., 2010).  However, it is known that the transfer of DMS 

from the ocean to the atmosphere is not simply a function of DMS production by 

phytoplankton but is also controlled by the competing pathways for DMSP degradation 

expressed by different groups of bacteria.  Demethylation of DMSP exerts a major 
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biochemical control over DMS production and any perturbation impacting organisms 

catalysing this pathway could lead to increased DMS production.  Currently, there are no 

quantitative data regarding the effect of elevated CO2 on bacteria that degrade DMSP or 

DMS but such an effect could alter the DMS yield from DMSP (Vogt et al., 2007). 

The repression of Roseobacter-like bacteria by elevated CO2 and relatively small 

decreases in seawater pH have important implications for the global climate system. 

There is strong evidence to support the importance of bacteria from the marine 

Roseobacter clade in DMSP degradation as they are present in significant numbers 

during phytoplankton blooms and possess diverse pathways for carbon and sulfur 

metabolism (González et al., 1999; Miller and Belas, 2004, Vila et al., 2004, Stoica and 

Herndl, 2007).  The ability to use DMSP as a carbon and sulfur source explains their 

predominance in phytoplankton blooms and their dominant role in dictating the fate of 

DMSP.  However, hitherto there has been no evaluation of the effects of climate change, 

including ocean acidification on these important bacteria.  Roseobacter–like bacteria 

have been identified as the primary mediators of DMSP demethylation which directs 

sulfur compounds away from production of the climatically active gas DMS (Howard et 

al., 2006).  Lagrangian experiments conducted in the North Sea have shown a close 

correlation between the abundance of this bacterial group and both bacterial production 

and DMSP turnover which was not observed for other bacterial groups (Zubkov et al., 

2001). 

Reduction in Roseobacter numbers could severely reduce the demethylation 

pathway resulting in increased production of DMS and enhancing the negative feedback 

on global thermoregulation mediated through cloud albedo.  

It has been established that MeSH is the main source of sulfur for protein 

synthesis in marine bacterioplankton despite the high concentrations of sulfate in 

seawater (Kiene et al., 1999, Kiene and Linn, 2000).  Tracer experiments (Kiene et al., 

1999) reported a 30% incorporation of labelled sulfur in bacterioplankton 

macromolecules by amending seawater with <0.12 nM of [
35

S] DMSP which was less 
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than 10% the natural concentration.  Selected isolates of Roseobacter-like bacteria also 

incorporated sulfur from [
35

S] DMSP but only if they were capable of degrading DMSP 

to MeSH, whereas sulfur from [
35

S] MeSH was incorporated into all selected strains and 

natural populations obtained from seawater (Kiene et al., 1999).  These findings strongly 

suggest that bacterioplankton obtain sulfur from DMSP via MeSH instead of sulphate 

which is 10
7
 fold more abundant (Kiene et al., 1999).  A reduction in the concentration of 

MeSH which would result from repression of Roseobacter-like bacteria will therefore not 

only have consequences for the climate feedback system but also for bacterial production 

as the decrease in organic sulfur availability will have to be made up from sulfate which 

contains sulfur in its most oxidized state (+VI).  Consequently the use of sulfate 

represents an energy cost to bacteria both in the reduction of sulfate to thiol groups and 

in the methylation step during methionine synthesis (Kiene et al., 1999).  Our results 

demonstrate effects of elevated CO2 on key organisms involved in the retention of 

organic sulfur in marine systems.  However, it is the emergent effect of the changes in 

bacterial populations that we have observed which determines the significance of 

changes in bacterial transformations of DMSP.   

It has been demonstrated that numerous members of the Roseobacter clade are 

able to both cleave and demethylate DMSP (González et al., 2000) though the conditions 

in which one pathway is favoured over another has yet to be elucidated.  Previous work 

suggests that the regulation of the competing pathways known as the bacterial switch is 

due to bacterial demand for carbon and sulfur (Kiene et al., 2000, Simó, 2001).  It is 

hypothesised that the demethylation pathway will be favoured when the demand for 

carbon and sulfur is high and dissolved DMSP (DMSPd) concentration is low whereas 

the DMSP lyase pathway with be favoured when the demand for carbon and sulfur is low 

and DMSPd concentration is high.  

A study by Levine et al (2012) quantified the abundance and transcription of key 

genes involved in DMSP breakdown.  Using quantitative polymerase chain reaction 

(qPCR) they investigated the variability in the abundance of the DMSP demethylase 

gene dmdA and the DMSP lyase gene dddP over a 10 month time-series at the Bermuda 
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Atlantic Time-series Study station.  The dddP, gene was chosen because it is an order of 

magnitude more abundant (along with dddQ) than dddD, dddL, dddW and dddY in the 

Sargasso Sea (Todd et al., 2009).  During the experiment it was estimated that ~33% of 

bacterioplankton cells contained a copy of dmdA and ~ 11% of cells contained a copy of 

dddP, based on total bacterial cell counts (Howard et al., 2008).  They concluded that 

UV-A solar radiation plays an important role in global sulfur cycling both in 

phytoplankton and bacteria with bacterial demethylation occurring under low UV-A and 

bacterial DMSP cleavage occurring under elevated temperatures and moderate UV-A.   

Furthermore, no correlation was found between the demand for carbon and the 

availability of DMSPd in zones which had elevated DMSP demethylase activity and 

zones with elevated particulate DMS (DMSp) lyase activity (Levine et al., 2012). 

The PeECE III mesocosm experiment (2005) focussing on the effects of elevated 

CO2 on DMSP transformation and DMS release demonstrated that the integrated average 

amount of DMS between days 0 -17 was significantly higher (26%) under conditions of 

elevated CO2 similar to those used in our experiments  (Wingenter et al., 2007).  

However, a different group in the same study concluded that although more DMS was 

produced in the high CO2 mesocosms in comparison to the ambient CO2 mesocosms 

between days 0-22, it was not statistically significant (P=0.05) (Vogt et al., 2007).  This 

discrepancy is due to differences in data interpretation and the use of different statistical 

methods employed in the data analysis.  Wingenter et al (2007) used a student’s t-test at 

a 90% confidence level while Vogt et al (2007) used one-way ANOVA at a 95% 

confidence level in order to reduce type 1 errors (the incorrect rejection of the null 

hypothesis) and used a more stringent confidence criterion.  

Increased DMS production in elevated CO2 conditions was also observed in a 

mesocosm experiment off the coast of Korea (Kim et al., 2010).  The perturbation 

experiment was performed to investigate the effects of ocean acidification and global 

warming on DMS production.  Mesocosms were set up to emulate three different 

environmental conditions: ambient control (ambient CO2/ambient temperature), 

acidification only (~900 ppm CO2/ambient temperature) and a greenhouse treatment 
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(~900 ppm CO2/~3 °C warmer than ambient temperature).  The results showed that the 

total DMS concentration accumulated over the entire experiment in the acidified and 

greenhouse mesocosms was 80% and 60% (respectively) higher than the ambient control 

mesocosms.  Kim et al (2010) attributed the rise in DMS production to increased grazing 

of phytoplankton species by heterotrophic dinoflagellates as their abundance was 

considerably higher in the acidified and greenhouse mesocosms than in the control 

mesocosms.  Grazing allows the mixing of DMSP and DMSP lyase enzymes that would 

otherwise be separated in the algal cells.  However, statistical analysis using one-way 

ANOVA at a 95% confidence level reported the increases in DMS production to be only 

statistically marginal (P=0.05).  

   Hopkins et al (2009) analysed DMSP and DMS in the mesocosms that were 

used to prepare the in situ bottle incubations reported here.  They reported 57% lower 

DMS concentrations under elevated CO2 conditions for the bloom period of May 10
th

-

17
th

 (days 5 – 12), a 63% reduction post bloom period May 18
th

-23
rd

 (days 13 - 18) and a 

60% reduction over the entire experiment May 6
th

-23
rd

 (days 1 – 18) (Hopkins et al., 

2009).  This is contrary to our hypothesis that a decrease in the abundance of marine 

Roseobacter-like bacteria will result in a shift in the DMSP degradation pathway from 

the demethylation to the lyase pathway leading to a net increase in DMS concentration.  

However, the post bloom data reported by Hopkins et al. (2009), for the same period 

when a decrease in Rhodobacteraceae was observed, is based on measurements from 

mesocosms M3 and M4 reported to be high CO2 and ambient CO2 mesocosms 

respectively (Hopkins et al., 2009).  In fact, mesocosm M3 cannot be called a high CO2 

treatment in the post bloom stage of the experiment as CO2 was not reintroduced into the 

system at the start of phase 2 in order to reduce the pH.  Consequently, this mesocosm 

had a lower CO2 concentration and a higher pH than mesocosms M1 and M2 which were 

subject to a further CO2 treatment at the start of phase 2 (Chapter 3, Figure 3.1).  For 

comparative analysis, it would be more logical to compare mesocosms M1 and M6 (high 

and ambient CO2 respectively) which were used in this analysis, or data from mesocosms 

M2 and M5 (high and ambient CO2 respectively) which were treated with 
15

N-labelled 

nitrate.  Water samples from these mesocosms were not used in the dark incubation 
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experiments of this study as the 
15

N label may have interfered with 
13

CO2 SIP 

experiments (Chapter 5).  DMS data for mesocosms M1 and M2 and M5 and M6 

obtained from unpublished data of Hopkins et al (2009) revealed that in the post bloom 

phase of the experiment, May 16
th

-22
nd

 (days 11 – 17) DMS concentration in the 

elevated CO2 treatment was only 6% lower when comparing M1 versus M6 (Figure 

6.19A).  Comparison of the 
15

N-labelled treatments M2 versus M5 (Figure 6.19B) 

revealed that DMS concentration under elevated CO2 was 46% higher over the same 

period.  Interestingly, the high CO2 mesocosm with the lowest pH and highest CO2 

concentration was mesocosm M2, which exhibited the highest levels of DMS.  Statistical 

analysis of the data using a non-parametric Mann-Whitney test revealed no significant 

differences between the treatments with P= 0.81 (M1 v M6) and P=0.09 (M2 v M5).   

However, a significant difference was observed when comparing mesocosms M2 and M5 

between days 14 -17 (P=0.03).  Further examination of the graphs (Figure 6.19A/B) also 

shows that DMS concentration rises more steeply in the high CO2 treatments (M1, M2) 

than their ambient CO2 counterparts (M5, M6) towards the end of the experiment.  We 

can only speculate as to what this rise means and more importantly is it significant? But 

it may be beneficial in future experiments to measure DMSP/DMS concentrations over a 

longer time period than the typical mesocosm experiment and to include a higher degree 

of true replication to permit less ambiguous interpretation of the data.    

Community composition of the phytoplankton assemblage may play a significant 

role in controlling DMS as the link between the algal cell and atmospheric DMS is 

DMSP (Simó, 2001).  Generally, haptophytes (including coccolithophorids and small 

flagellates) produce more DMSP than diatoms (Keller et al., 1989, Liss et al., 1993).  In 

this study, the phytoplankton community was dominated by picoeukaryotes belonging to 

the order Mamiellales (Micromonas and Bathycoccus) whereas coccolithophores only 

represented ~3% of the total biomass (Hopkins et al., 2009, Newbold et al., 2012).  

However, the PeECE III mesocosm experiment conducted in 2005 was dominated during 

the bloom period by the coccolithophore E. huxleyi (Vogt et al., 2007, Wingenter et al., 

2007), and it was suggested that phytoplankton community composition is the major 

factor in the evolution of DMS.  In the PeECE III mesocosm experiment the maximum 
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DMS concentration for the 1xCO2 mesocosms (ambient) was 29.5 nmol L
-1

 while in the 

2xCO2 and 3xCO2 it was 27.4 nmol L
-1

 and 25.3 nmol L
-1

 respectively (Vogt et al., 

2007).
 
 In contrast, the maximum DMS concentration in this study was 12.8 nmol L

-1
, 

20.7 nmol L
-1 

and 10.6 nmol L
-1

 for the high mesocosms (M1, M2 and M3) and 31.4 

nmol L
-1

, 16.9 nmol L
-1 

and 11.6 nmol 
-1

 for the ambient mesocosm (M4, M5 and M6).  

In the Korean mesocosm experiment conducted by Kim et al (2010), it was the 

autotrophic nanoflagellates (which are known to be significant DMSP producers) which 

showed increased growth under elevated CO2 conditions (Kim et al., 2010).  This was 

accompanied by significantly higher grazing rates which not only liberated the cytosolic 

DMSP into the surrounding environment but also released DMSP lyase enzymes (which 

are segregated in healthy cells) that are found in phytoplankton species such as E. huxleyi 

(Stefels et al., 2007, Steinke et al., 2007).  It has been established that the lysis of algal 

cells can lead to the cleavage of DMSP into DMS and acrylic acid.  Culture studies 

investigating DMSP cleavage on two axenic strains of E. huxleyi during viral lysis and 

grazing found that levels of DMS and acrylic acid were an order of magnitude higher 

during grazing as opposed to cell death by viral infection (Evans et al., 2007).  This 

shows that grazing is a more significant pathway in DMS production (at least in E. 

huxleyi) as viral infection in algal cells been found to decrease DMSP lyase activity in 

infected cultures (Evans et al., 2007).  
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Figure 6.19. Temporal changes in DMS concentration for phase 2 (post bloom) of the mesocosm 

experiment (day 11 - 17 = May 16
th
– 22

nd
).  High CO2 treatment (M1) is depicted in red while 

ambient CO2 treatment (M6) is in green (A).   
15

N-labelled nitrate treatments with high CO2 

treatment (M2) depicted in red and ambient CO2 treatment (M5) in green. 
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No analysis of specific bacterial populations involved in DMSP metabolism were 

made in those studies, however a reduction in the abundance of Roseobacter-like bacteria 

due to ocean acidification may have contributed to the increased DMS production 

observed in response to elevated CO2 and seawater acidification.   

DMSP flux (the rate in which it is released and consumed) can vary between 

several hours and a couple of days depending on bacterial sulfur demand which in turn is 

inextricably linked to heterotrophic bacterial production.  Therefore, the higher the sulfur 

demand the more DMSP will be assimilated and less will be converted to DMS (Simó, 

2001, Allgaier et al., 2008).  Clearly, it will be important to take account of the effect of 

ocean acidification on DMSP degradation pathways in global climate models.  I believe 

that selection against bacteria that convert DMSP to MeSH and thus enhanced DMS 

release to the atmosphere may represent an important new negative feedback in the 

global climate system. 

qPCR analysis (Chapter 4 section 4.3.5) revealed a decrease of ~56.4% in the 

abundance of 16S rRNA genes from Rhodobacteraceae-like bacteria from 8.85 ± 0.9 x 

10
5
 copies/ml in the ambient CO2 treatment to 3.86 ± 0.3 x 10

5
 copies/ml in the high CO2 

treatment.  A decrease of 33.6% was also observed in the abundance of 16S rRNA genes 

from the Flavobacteriaceae with 4.08 ± 0.1 x 10
6 

copies/ml in the ambient CO2 treatment 

to 2.71 ± 0.28 x 10
6 

in the high CO2 treatment.  In contrast, total bacterial 16S rRNA 

gene abundance was 5.51 ± 0.37 x 10
6 

copies/ml in the ambient CO2 treatment which 

decreased to 4.00 ± 0.43 x 10
6 

copies/ml in the high CO2 treatment (27.4% lower).  Based 

on these numbers, Flavobacteriaceae represented 74% and 67.7% (respectively) of the 

total 16S rRNA gene abundance of the ambient and high CO2 metagenomes, whereas the 

Rhodobacteraceae represented 16.1% and 9.3% (respectively).  The substantially larger 

decrease of Rhodobacteraceae in relation to Flavobacteriaceae was reflected in the 16S 

rRNA gene clone libraries (Chapter 4 section 4.3.2).  In these libraries, the abundance of 

Flavobacteriaceae relative to Rhodobacteraceae (16S rRNA clones) was 63.3% and 

21.5% respectively in the ambient CO2 library whereas in the high CO2 it was 80.5% and 

2.4% respectively.  These libraries gave the impression that Flavobacteriaceae numbers 
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actually increased in response to elevated CO2 when in fact what they actually depicted 

was an increase in abundance of Flavobacteriaceae relative to the Rhodobacteraceae.  

6.4 Conclusions 

The results of this study have established a link between a reduction in ocean pH 

and a significant decrease in representation of bacteria from the marine Roseobacter 

clade within the Rhodobacteraceae.  We hypothesize that if the current trend in CO2 

emissions continues unabated the resulting decrease in ocean pH will initiate a cascade 

effect which could severely disrupt marine carbon and sulfur cycles as well as having a 

potential impact on DOM cycling.  Consequently, marine organisms on all trophic levels 

will be severely affected as the flux of organic sulfur is diverted from the ocean to the 

atmosphere via conversion of DMSP to DMS rather than MeSH.  This represents a novel 

negative feedback mechanism in the global climate system as enhanced atmospheric 

DMS would increase cloud formation and solar reflectance thereby decreasing the global 

temperature. 
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7.1 Summary 

There is substantial scientific evidence that human induced climate change will 

negatively impact marine biota, affecting whole ecosystems and biogeochemical cycles.   

Although there have been a great many studies investigating ocean acidification over the 

past decade, the majority have focused on the effects of calcification, photosynthesis and 

primary production.  In this thesis I have attempted to address the balance and hopefully 

contributed to the missing gaps in our current knowledge.  Firstly, I will provide a brief 

synopsis of the key points and results from each experiment.  Secondly, I will make 

suggestions for future work and experimental improvements which may lead to a more 

complete understanding of the consequences of climate change. 

7.2 Synopsis 

7.2.1 Effects of elevated CO2 and reduced pH on marine microbial communities 

Analysis of the high and ambient CO2 mesocosms revealed a reduction in 

primary production of 27.3% in the elevated CO2 treatments.  The largest decrease was 

observed in the large picoeukaryotes and Synechococcus which decreased by 64% and 

74% respectively in comparison to the ambient CO2 treatment.  Coccolithophore 

abundance was also lower in the high CO2 treatment by 45%.  Bacterial abundance in 

both the mesocosms and dark incubation bottles was reduced in the high CO2 treatments 

in phase 2 of the experiment (post-bloom).  Over the five day incubation period bacterial 

abundance in the high CO2 dark incubations was 10.9% that of the ambient CO2 

treatments.  

7.2.2 Effects of CO2 driven ocean acidification on microbial community composition 

Distinct DGGE profiles of 16S ribosomal genes from mesocosm bacterial 

communities were observed which correlated with the effects of elevated CO2 and 

reduced pH.  Based on the reproducibility of the DGGE gels, samples were chosen for 

the construction 16S rRNA gene clone libraries and qPCR analysis.  Libshuff analysis of 
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bacterial 16S rRNA gene clone libraries revealed significant differences in the 

community structure of the ambient and high CO2 libraries.  Phylogenetic analysis 

indicated that the majority of sequences were closely affiliated to two main families of 

bacteria; the Rhodobacteraceae within the class Alphaproteobacteria and the 

Flavobacteriaceae within the class Flavobacteria.  Approximately 91% of 

Rhodobacteraceae sequences were derived from the ambient CO2 clone library whereas 

the Flavobacteriaceae were more evenly distributed between both libraries.  qPCR was 

employed to enumerate Rhodobacteraceae and Flavobacteriaceae species in the ambient 

and high CO2 samples using 16S rRNA primers designed specifically to target these two 

groups.  The results showed a significant reduction (P=0.001) in the abundance of 

Rhodobacteraceae 16S rRNA genes of 56.4% in response to elevated CO2.  qPCR 

analysis of total bacteria 16S rRNA genes showed that the ambient CO2 library 

comprised of 74% Flavobacteriaceae and 16.1% Rhodobacteraceae whereas the high 

CO2 library comprised of 67.7% Flavobacteriaceae and 9.6% Rhodobacteraceae. 

7.2.3 Increased importance of CO2 fixation by bacterial spp. from the Roseobacter 

clade in a marine mesocosm exposed to elevated CO2 

In order to examine the response of chemoautotrophic bacteria to elevated CO2 

and reduced pH, samples incubated with 
13

C bicarbonate were subjected to stable isotope 

probing.  The fractionation of the DNA was conducted in triplicate (3 x ambient CO2, 3 x 

high CO2) and the bacterial community investigated using DGGE analysis.  Distinct 

profiles were observed from the ambient and high CO2 treatments and based on the high 

degree of reproducibility they were pooled into their respective treatments.  16S rRNA 

gene clone libraries were constructed and selected clones sequenced.  No 

chemoautotrophic bacteria were detected in any of the libraries suggesting that inorganic 

carbon uptake in this system was dominated by heterotrophic CO2 fixation rather than 

autotrophic CO2 fixation.  The 
13

C 16S rRNA gene clone libraries were dominated by 

Rhodobacteraceae both in the 
13

C ambient and 
13

C high CO2 treatments with 61.4% and 

45.7% of sequences respectively (n =96), suggesting that this particular group may play 

an important role in the assimilation of inorganic carbon.  Metagenomic libraries 
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constructed from total DNA (not SIP) revealed that the majority of Rhodobacteraceae 

reads were closely associated with members of the marine Roseobacter clade which have 

been reported to fix CO2 through anaplerotic pathways (Swingley et al., 2007, Tang et 

al., 2009). 

7.2.4 Metagenomic assessment of the effect of ocean acidification on marine 

bacterioplankton 

Analysis of ambient and high CO2 metagenomic libraries confirmed that the 

treatments contained bacterial species primarily from the family Rhodobacteraceae and 

Flavobacteriaceae.  The analysis also confirmed a decrease in the percentage of reads 

associated to Rhodobacteraceae with 37.7% in the ambient CO2 metagenome and 8.8% 

in the high CO2 metagenome.  The majority of Rhodobacteraceae reads recovered were 

from members of the marine Roseobacter clade particularly species from the genera 

Roseobacter, Ruegeria, Sulfitobacter, Loktanella and Roseovarius.  Analysis of 

functional assignments revealed a reduction in the number of reads associated with key 

metabolic processes of the marine Roseobacter clade.  Reads associated with metabolic 

functions such as sulfur assimilation, carbon assimilation and aerobic anoxygenic 

phototrophy were lower in the high CO2 metagenome compared to the ambient CO2 

metagenome.  These decreases further support the repression of Roseobacter-like 

bacteria in elevated CO2 and have important implications for the sulfur cycle and the 

global climate system.  Furthermore, analysis of the DMSP data from the Bergen 

experiment revealed a significant increase in DMS production between days 14 – 17 in 

the high CO2 treatment (M2) when compared to the ambient treatment (M5).   

Although there may be some concern regarding the small size of the 

metagenomes, I believe this allowed for a more rigorous analysis as it allowed a more in 

depth analysis to be conducted in order to verify phylogenetic and functional 

assignments of sequence data. 
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7.3 Conclusions 

Hypothesis I: Marine bacterial diversity will change in response to seawater pH. 

The results presented in this thesis showed that elevated CO2 reduced the 

abundance of Alphaproteobacteria from the marine Roseobacter clade which play 

important roles in carbon and sulfur cycles.  In the mesocosm experiment we saw a 

reduction in primary production and associated change in community structure as a result 

of elevated CO2.  It has been established that changes in phytoplankton composition can 

alter bacteria community structure due to the availability of different algal primary 

products (Grossart et al., 2006, Teeling et al., 2012).  Therefore, the decrease in the 

abundance of species from the marine Roseobacter clade was a consequence of elevated 

CO2 reducing the quantity or quality of phytoplankton derived dissolved or particulate 

matter.  

Hypothesis II: Decreasing seawater pH will alter biogeochemical cycling of 

carbon nitrogen and sulfur. 

Members of the marine Roseobacter clade are considered to play primary roles in 

global carbon cycles,  (Kolber et al., 2001, Jiao et al., 2007) sulfur cycles (Moran et al., 

2003, Howard et al., 2006) and the climate system (Charlson et al., 1987, Vallina and 

Simo, 2007).  A reduction in marine Roseobacter species could potentially alter the flux 

of organic sulfur from the ocean to the atmosphere thereby promoting a negative 

feedback mechanism which would increase solar reflectance and decrease global 

temperature.  The subsequent loss of reduced sulfur in the form of MeSH would have 

severe consequences on bacterial production which would affect marine organisms on 

higher trophic levels and impact DOM cycling. 

7.4 Future work 

A central governing body for climate change research is urgently required which 

would provide standard operating procedures for experimental design, collate data and 
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provide funding for researchers investigating all aspects of climate change.  Research to 

date has generated data using various different experimental procedures such as; pH 

manipulation, different stress variables, duration of experiment and even different 

statistical analysis.  Consequently, comparative analysis of ocean acidification impact 

studies has been difficult to interrupt (Liu et al., 2010).  Though a guide for the best 

practices in ocean acidification and data reporting has been published, it has yet to be 

widely adopted by the research community (Riebesell et al., 2010).  In order to make 

credible predictions of the effects of ocean acidification, experiments must be designed 

to simulate natural conditions as closely as possible.  Larger in situ experiments are 

urgently required that can manipulate temperature as well as pH, thereby promoting 

stratification.  Experimenters should allow for longer perturbations, firstly to introduce 

CO2 gradually rather than the abrupt manner currently employed and secondly, to allow 

for potential acclimation or adaptation by marine organisms.  

However, the consequences of ocean acidification are extremely difficult to 

predict as there are numerous interactive effects acting on a wide range of natural 

variables.  It would take a great many years and numerous studies to simulate every 

possible scenario not to mention the logistics and cost of such a large endeavor.   

Therefore, mathematical modelling and computer simulations may be the way forward.  

Using these methods a multitude of different simulations could be ran in silico and the 

most likely scenarios tested in a fully automated mesocosm facility.  Light, pH, 

temperature, salinity and nutrients could all be controlled by computers running the 

simulation and different phytoplankton blooms could be stimulated by the addition of 

cultured or wild type species from nursery areas within the facility.  Naturally, the initial 

cost of building such a facility would be considerable however, if a consortium of major 

universities and marine laboratories was formed coupled with government grants and 

loans this may be achievable.   

Alternatively, a mobile sea-going mesocosm facility could be constructed and 

conveyed to areas of the ocean such as CO2 venting sites or coastal upwelling systems 

where pH and saturation state are lower than the accepted average (Feely et al., 1988; 
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Feely et al., 2008, Manzello et al., 2008, Bates et al., 2009, Manzello, 2010).  However, 

the facility itself would at times be at the mercy of strong winds and unyielding waves 

making it a challenging work environment and costly to maintain. 
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9.1 Anaplerotic alignments 

9.1.1 Malic enzyme   
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9.1.2 PEP Carboxykinase 

 

9.1.2 PEP Carboxykinase 
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9.1.3 Pyruvate carboxylase 
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9.1.4 PEP carboxylase 
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9.2 Metabolic enzyme alignments 

9.2.1 DMSP demethylase
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9.2.2 Ammonium transporters  
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9.2.3 Carbon monoxide dehydrogenase
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9.2.4 Photoreaction centre subunits
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