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Abstract:

 Around one third of all anthropogenic CO2 emissions have been absorbed by the oceans, causing changes in seawater pH and carbonate chemistry. These changes have the potential to affect phytoplankton, which are critically important for marine food webs and the global carbon cycle. However, our current knowledge of how phytoplankton will respond to these changes is limited to a few laboratory and mesocosm experiments. Long-term experiments are needed to determine the vulnerability of phytoplankton to enhanced pCO2. Maintaining phytoplankton cultures in exponential growth for extended periods of time is logistically difficult and labour intensive. Here we describe a continuous culture system that greatly reduces the time required to maintain phytoplankton cultures, and minimises variation in experimental pCO2 treatments over time. This system is simple, relatively cheap, flexible, and allows long-term experiments to be performed to further our understanding of chronic responses and adaptation by phytoplankton species to future ocean acidification.
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1. Introduction

A human-induced increase in atmospheric pCO2 is changing the carbonate chemistry of the oceans. Termed “ocean acidification”, these changes may threaten a range of marine organisms [1,2,3,4,5,6]. To better understand and predict the impact of ocean acidification on marine organisms, experimental research must simulate natural changes in ocean chemistry.

A range of methods have been applied to manipulate seawater pH and CO2 concentrations in ocean acidification experiments, with different effects on the carbonate chemistry [7,8]. This has made it difficult to compare results [2,9,10] and therefore this issue has been addressed by the publication of a number of best practice guides for ocean acidification research [11,12,13,14]. There is no consensus on the need or duration of acclimation periods prior to experiments [12], however, it is now common practice to acclimate cells for about 7–9 generations [2,15] before any measurements are taken. Furthermore, medium- to long-term ocean acidification experiments performed over many generations are recommended to assess natural plasticity [12].

In phytoplankton experiments on the effects of perturbations, such as altered seawater carbonate chemistry, algae are commonly maintained in exponential growth phase, so that changes among treatments are not masked by differences due to growth stage [16,17,18]. Maintaining constant cell physiology also translates into consistent rates of CO2 draw-down, which makes it easier to maintain stable carbonate chemistry for the duration of the experiment.

There are two ways to maintain phytoplankton in exponential growth, either semi-continuous or continuous cultures. Semi-continuous culturing requires dilution of the exponentially growing culture with fresh medium at regular intervals. The frequent culture dilutions can be time consuming and labour intensive, particularly for long-term experiments. Depending on how often the dilutions are performed, periodic variations in nutrient concentrations can also affect the physiological state of the cells [19,20]. For ocean acidification experiments with phytoplankton, reduction of culture medium pCO2 by photosynthesis is of particular concern and this is affected by cell density. Preliminary experiments by the authors showed that an exponentially growing semi-continuous diatom culture decreased the average pCO2 to around 159 µatm despite being continuously bubbled with 390 ppm ambient air (data not shown).

The problems commonly associated with semi-continuous culturing can be minimised by use of a continuous system, which provides constant dilution of cultures and supplies fresh nutrients, thereby avoiding episodic changes in the cell physiology. Through the continuous influx of pCO2-adjusted media, carbonate chemistry is stabilized even at higher cell densities. Furthermore, the portion of the culture that is replaced by fresh media can be collected for analysis, thereby circumventing the issues arising from episodic large removal of cells such as during semi-continuous culturing. The use of an automated system can also reduce the time and effort needed to maintain experimental conditions. Therefore our aim was to design a simple, flexible and comparatively cheap continuous culture system for use in ocean acidification experiments that automatically supplies fresh media at the target pCO2 with a pCO2 stability comparable to that of other long-term experiments. Our experiments used three Antarctic phytoplankton species namely, the prasinophyte Pyramimonas gelidicola, the haptophyte Phaeocystis antarctica and the diatom Fragilariopsis cylindrus.



2. Materials and Methods


2.1. Experimental Design and Materials

Our continuous culture system was used to grow phytoplankton species with triplicate culture bags for each of three CO2-enriched treatments and one control treatment supplied with ambient air. Dilution rates of the bags were controlled by varying the effective culture volume within each bag, rather than the flow rate of nutrient addition to each bag. This allowed use of two 12-channel peristaltic pumps rather than 24 single-channel pumps that would otherwise be required. The two 12-channel pumps (Masterflex, John Morris Scientific Pty Ltd, Chatswood, NSW, Australia) supplied a constant flow of fresh culture medium to 24 phytoplankton cultures (in this case with two separate species, 12 bags per species, 3 bags per CO2 treatment) to maintain the cells in exponential growth (Figure 1). Each culture bag was inoculated with a clonal culture of phytoplankton and randomly attributed to the treatments and subsequently the peristaltic pumps delivered a total volume of 1.8 L of medium to the cultures. Initial cell densities for each species were: Fragilariopsis cylindrus ~2400 cells/mL, Pyramimonas gelidicola ~8000 cells/mL and Phaeocystis antarctica ~ 9500 cells/mL. We chose f/2 medium [21,22] as it lacks any buffer that could affect the carbonate chemistry and trace metal speciation in the growth medium, which would thereby affect medium pH and phytoplankton growth [7]. Nitrate and phosphate were adjusted to concentrations reported where these species were isolated from (near-shore coastal waters around O’Gorman Rocks, off Davis Station Antarctica [23,24]). Silicate concentrations were lower than around O’Gorman Rocks but not limiting [25,26]. Once the species had reached exponential growth, the peristaltic pumps were set to a rate that maintained exponential growth at a constant cell density.

Figure 1. Overview schematic diagram of the ocean acidification continuous system. For simplicity only one CO2 treatment and culture bag is shown (a) Eight 28 L media reservoirs supplied the cultures with media of the respective pCO2. The reservoirs were continuously bubbled with CO2-enriched air of the respective concentration; (b) Air/CO2-mix bubbling through the reservoirs, all culture bags and overflow bottles was first dehumidified by passing through a silica-gel filled cylinder with an activated charcoal stage at the end to remove any organic contaminants; (c) Peristaltic pumps delivered the media from the reservoirs to each culture bag at a rate equivalent to the growth rate of the culture; (d) Culture bags and overflow bottles were continuously bubbled to maintain stable carbonate chemistry. Dilution of culture with fresh medium caused the culture to overflow into a sterile 1 L bottle, the content of which was used for subsequent analyses. Further details of the overflow bottle arrangements are depicted in Figure 2 [27].
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For a constant supply of fresh medium there were eight media reservoirs, two for each CO2 treatment. The reservoirs were made out of transparent, sterile, polyethylene plastic culture growth bags (Entapack Pty Ltd, Dandenong, VIC, Australia). The peristaltic pumps were connected to the media reservoirs via manifolds that allowed the switch from one reservoir to the other once one was depleted. The empty reservoirs were filled with filter sterilized media and bubbled with CO2-enriched air of the respective pCO2. Culture bags were custom-made from the same material (Entapack Pty Ltd, Dandenong, VIC, Australia), heat-sealed to a prescribed pattern and held up to 2.3 L. The culture bags tapered towards the base where the CO2-air inlet was positioned (Figure 2). The conical shape of the culture bag and the position of the air inlet ensured mixing of the entire bag contents and minimized cells settling out of the water column. The bags were hung from a metal frame in three rows of eight.

Figure 2. Schematic diagram of a culture bag and its attached overflow bottle. As the peristaltic pump added media to the bag, excess culture flowed through the 1 mm Teflon overflow line into a silicone tube and dripped from there into the overflow bottle. The height of the top of the Teflon overflow line relative to the culture bag controlled the flow rate of culture out of the bag: the lower the tip of the Teflon line compared to the culture bag, the greater the flow rate. The position of the Teflon overflow line was adjusted by moving it up and down a metal rod, fastened next to each overflow bottle. Individual adjustment of the outflow relative to the constant rate of influx from the peristaltic pump (Figure 1) could be used to determine the overall volume of each culture bag. The silicone tube was open to the outside pressure via a 0.2 µm air filter to prevent the culture from siphoning out of the culture bag. For simplicity air lines and air outlets are not included in this diagram.
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We used 2.06 mm internal diameter (ID, silicone tubing (Masterflex, John Morris Scientific Pty Ltd, Chatswood, NSW, Australia)) for media transport and 5 cm long Teflon tips (2.13 mm ID) to puncture the culture bags for media supply. Dilution of each bag caused the culture to overflow via 2.13 mm ID Teflon tube connected to large silicone tubing (2.57 mm ID) into a sterile 1 L glass overflow bottle (Figure 2). Each overflow bottle was located next to the culture and flushed with CO2 mixture to ensure the same treatment conditions (light, temperature and CO2) as the experimental culture. The contents of the overflow bottle were then sampled for experimental analyses.



Teflon tubing was used for the overflow line as it is chemically inert, can be autoclaved and is very smooth, thereby avoiding settlement and/or adhesion of cells to the tube wall. The overflow silicone tubing was open to outside pressure by means of a 0.2 µm air-filter on top. This ensured excess culture gently overflowed into the bottles rather than establishing a siphon.

The dilution rate of each culture was adjusted by changing the culture volume of each bag rather than the flow rate, since the multichannel pumps delivered the same inflow of media to each bag. The position of the Teflon overflow line in relation to the culture bag controlled the rate of culture flowing out of the bag gravimetrically. The lower the tip of the Teflon line compared to the culture bag the more culture overflowed. The rate of culture overflowing determined the overall volume of each culture bag. Adjustment of the culture volume in this way, while influx of media was constant, was a flexible method to adjust dilution rates individually for each culture bag. Thus cell abundance could be maintained in each bag, despite any differences in growth rate among species and CO2 treatments. The position of the Teflon overflow line was adjusted by moving it up and down a metal rod, fastened next to each overflow bottle.





2.2. Experimental Conditions

The cultures, overflow bottles and media reservoirs were kept in a temperature controlled refrigerator, maintained at an average 2.9 °C. The culture bags were positioned in front of fluorescent lights with irradiance of 267 ± 6.9 µmol·m−2·s−1, approximating the light intensities at 5 m water depth around Davis Station, East Antarctica [28]. Each culture and overflow bottle was continuously bubbled with ~270 mL/min CO2–regulated air to achieve the target pCO2 concentrations for the experimental treatments. On the basis of an average atmospheric pCO2 of 390 ppm and constant air flow rates, the required addition of food grade CO2 gas (BOC, Hobart, TAS, Australia) was calculated and added with mass flow controllers (Horiba STEC SEC-E-40). CO2 could also be added to control cultures to compensate for photosynthetically-driven CO2 draw-down in dense cultures. The CO2-enriched air passed through silica gel to absorb moisture and reduce condensation in air lines once it entered the refrigerator. Activated charcoal removed any organic contaminants, and 0.2 µm filters at the entry to each culture, overflow bottle and media reservoir assured sterility. To maintain constant pCO2, the medium supplied to each culture was continuously bubbled with CO2-enriched air of the respective concentration.



2.3. Carbonate Chemistry

To monitor carbonate chemistry daily in the culture bags, pH was measured with a Mettler Toledo Multi Seven pH meter (Mettler-Toledo Ltd., Port Melbourne, VIC, Australia), calibrated to fresh Tris- and Aminopyridine artificial seawater buffer, made according to the SOP 6a in “Guide to best practices for ocean CO2 measurements” [11]. Alkalinity samples (50 mL) were taken at regular intervals, poisoned with 25 µL saturated mercuric chloride solution and stored refrigerated in the dark until analysis in a closed cell on a Total Alkalinity Titrator ATT-05 (Kimoto, Osaka, Japan). A temperature probe logged the air temperature inside the refrigerator every 30 min. CO2 concentrations were calculated with the CO2SYS.BAS Excel programme [29] based on total alkalinity, pH (seawater scale), temperature (average of 2.9 ± 0.5 °C) and nutrient concentrations using the constants after Mehrbach et al. [30] as refitted after Dickson and Millero [31].




3. Results and Discussion


3.1. Stability of the Carbonate Chemistry and Cell Densities

The performance of the continuous system can be measured by how close the actual culture pCO2 was to the target pCO2. Deviations from the target CO2 concentration are mainly due to photosynthetic CO2 draw-down, which is a function of the culture cell density and metabolic activity, and/or the accuracy of the CO2-air mixture concentration.

Minimising the deviation of the experimental CO2 concentration from the target concentration for each CO2 treatment is vital for ocean acidification experiments. More critical for the detection of changes in biochemistry and physiology among CO2 treatments, however, is the stability of CO2 concentrations within each treatment and whether or not they overlapped. Standard deviations in pH and calculated pCO2 for each treatment were relatively small using a continuous system (Table 1). The scatter in pCO2 was larger in higher CO2 treatments than in the control treatments (Figure 3) and this is likely due to small variations in air flow rates to which constant volumes of CO2 gas were added. Variations in air flow rates will lead to larger variations in final pCO2 in the high CO2 treatments, where more CO2 is added.

Figure 3. Calculated pCO2 over time in the four CO2 treatments of the three phytoplankton species. Average pCO2 levels in µatm are indicated above each panel. Individual circles represent the three replicate culture vessels per treatment. (a) Fragilariopsis cylindrus; (b) Pyramimonas gelidicola; (c) Phaeocystis antarctica.
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Table 1. Measured pH and calculated pCO2 during the continuous culture experiments. Headings are target pCO2 (µatm). SD = standard deviation, range = difference between highest and lowest recorded pH, measured pCO2 values were calculated using CO2SYS from alkalinity and pH, positive (negative) values mean the actual CO2 concentration was higher (lower) than the target value.


	Fragilariopsis cylindrus
	390
	570
	750
	950





	Average pH ± SD
	8.02 ± 0.03
	7.88 ± 0.03
	7.77 ± 0.04
	7.69 ± 0.03



	pH range
	0.13
	0.15
	0.20
	0.17



	Calculated pCO2 ± SD
	428 ± 34
	590 ± 46
	771 ± 67
	950 ± 78



	Difference from target
	+38
	+20
	+21
	±0



	Pyramimonas gelidicola
	390
	570
	750
	950



	Average pH ± SD
	8.04 ± 0.04
	7.87 ± 0.03
	7.75 ± 0.04
	7.67 ± 0.04



	pH range
	0.17
	0.13
	0.16
	0.17



	Calculated pCO2 ± SD
	400 ± 41
	612 ± 54
	806 ± 80
	977 ± 106



	Difference from target
	+10
	+42
	+56
	+27



	Phaeocystis antarctica
	390
	570
	750
	950



	Average pH ± SD
	8.02 ± 0.03
	7.86 ± 0.04
	7.76 ± 0.04
	7.67 ± 0.03



	pH range
	0.14
	0.15
	0.19
	0.14



	Calculated pCO2 ± SD
	413 ± 31
	644 ± 62
	805 ± 76
	993 ± 83



	Difference from target
	+23
	+74
	+55
	+43










Cell densities reached approximately 265,000 cells/mL for Fragilariopsis cylindrus cultures, with an average growth rate of 0.47 d−1, SE ± 0.02 and 14 generations through the course of the experiment. Pyramimonas gelidicola cultures reached approximately 45,300 cells/mL, had an average growth rate of 0.38 d−1, SE ± 0.03 and went through 6 generations and Phaeocystis antarctica reached approximately 105,800 cells/mL with an average growth rate of 0.53 d−1, SE ± 0.03 and went through 6 generations.



3.2. Discussion

Our aim was to develop a phytoplankton culturing system that could facilitate fully replicated, long-term ocean acidification experiments with stable carbonate chemistry. Natural phytoplankton assemblages in the Southern Ocean experience large variations in seawater pH and pCO2 (~300 µatm seasonally), in seasonal and diurnal cycles, particularly during intense blooms [32,33]. Photosynthesis by prolific phytoplankton blooms in summer can reduce pCO2 to approximately 100 µatm, while in autumn and winter the absence of light and upwelling of CO2 rich deep water can increase pCO2 to about 450 µatm [32,33]. Phytoplankton species exposed to such naturally variable CO2 environments are likely to tolerate a broad range of pH and pCO2. Indeed Berge et al. [15] reported that diurnal changes in pH of 1 unit did not affect growth rates of a range of species in the laboratory, but sustained changes of such magnitude may elicit more significant responses as cells are not able to capitalise on intermittent favourable periods. Alternatively, cells may acclimate to the new pCO2 environment and increase their tolerance. Arguably reasonably small changes in experimental pCO2 due to natural processes like photosynthesis may be acceptable when trying to mimic natural surface ocean conditions [7]. Yet, the aim of controlled laboratory experiments is to accurately maintain experimental conditions to detect biochemical and physiological changes among pCO2 treatments.



Our continuous culture system was found to be a less labour intensive approach and provided stable carbonate chemistry conditions that compared well with other systems. The continuous culture experiment by Crawfurd et al. [34], run over 12 weeks, was subject to a pH range of ~0.4 units. Crawfurd et al. [34] controlled the carbonate chemistry by bubbling with CO2-enriched air and by automated addition of pre-equilibrated media when the pH deviated by 0.01 units. Lefebvre et al. [35] maintained cultures of the coccolithophore Emiliania huxleyi for close to 6 months in a cyclostat, where culture pH was maintained by continuously bubbling with CO2-enriched air. Due to the labour intensity of their system they could not incorporate replication. Furthermore the actual pCO2 levels of the cultures deviated greatly from their target values. The average pCO2 of cultures with a target pCO2 of 400 µatm averaged between 166 and 194 µatm and cultures aimed at 1000 µatm averaged between 308 and 367 µatm. The pH standard errors were between ±0.02 and ±0.04. Li and Campbell [36] reported pH standard deviations of up to 0.07 using a turbidostat system. The continuous culture system we describe here maintained pCO2 levels equally well, with little deviation from our target values and the ease of maintenance allowed full replication of up to four treatments (Table 1).

The Antarctic phytoplankton species used in our experiments at low temperatures had relatively low growth rates (0.4–0.5 d−1) compared to the species used by Crawfurd et al. [34] (~0.9 d−1) and Lefebvre et al. [35] (~0.9–1.3 d−1). The lower metabolic rates in phytoplankton in our study reduced biologically-induced variations to carbonate chemistry. Furthermore, macronutrient concentrations mimicked the abiotic environment from which the phytoplankton were isolated. This kept cell densities at lower concentrations than would be supported by traditional, nutrient rich, culture media, and this also helped minimize changes in pCO2 due to biological activity. To accommodate faster growing species, at potentially higher cell densities, either the pump rate of fresh CO2-enriched media to the cultures and/or the volume of CO2 gas added to the inflowing air would need to be increased. Both options can be easily facilitated in the above described system. A higher pump speed of inflowing media would also improve the accuracy with which media is delivered to each culture bag, as we were operating at the lowest limits of pump speed on our peristaltic pumps.

We did not test the robustness of our setup to the regular perturbations caused by day-night cycles in photosynthesis and respiration since we used continuous light throughout the experiments. Diurnal light cycles, though potentially more representative of the natural environment, induce diurnal cycles in the physiology and biochemistry of the algae [37]. Laboratory studies have shown that diurnal variations in C:N:P were of similar magnitude to CO2-induced differences [38] and may mask the effects of experimental pCO2 treatment. Furthermore, light dark cycles can cause large variations in the culture pCO2 due to the changes in the ratio of photosynthesis to respiration. Lefebvre et al. [35] measured significant daily variations between dark (580 µatm ± 40 µatm) and light phase (340 µatm ± 20 µatm) in cultures that were bubbled with CO2-enriched air of 1000 ppm.

In order to simulate natural changes in carbonate chemistry, the culture medium can either be altered by addition of CO2 as gas, as equimolar volumes of HCl and Na2CO3 [12] or in doses of pre-equilibrated seawater [39]. McGraw et al. [39] developed a very stable (pH deviation of 0.02 units), individually adjustable and automated system for ocean acidification experiments with coralline algae. However, the system described by Mc Graw et al. [39] requires a self-developed software and sophisticated electronics. Furthermore, since their culture vessels are flushed numerous times per hour to maintain stable pH in the presence of photosynthesis and calcification, this flow-through setup is not suitable for slow growing phytoplankton cultures. Therefore, we chose to bubble our cultures with CO2-enriched air as recommended by Gatusso and Lavigne [14], despite some reports of adverse effects of small-scale turbulence on the growth rates of delicate taxa [40,41,42]. To avoid damage by bubbling of fragile species, the CO2-enriched air can be continuously pumped into the headspace and will equilibrate from there into the underlying culture medium, especially when some form of agitation is provided. This works well for small culture vessels and low cell densities. For larger culture vessels, such as those used in this study, the surface to volume ratio is insufficient and rates of gas diffusion into the culture are too slow. Thus flushing the headspace with CO2-enriched air is often insufficient to attain elevated pCO2 in cultures. Bubbling CO2-enriched air directly into the culture is an easy and simple alternative that also provides the culture with continuous agitation to reduce settling of cells on the bottom of the vessel [27].

Fluctuations in CO2 concentrations of the local ambient air can be a possible source of pCO2 variation in experiments. While we did not find this to be an issue in our setup, CO2 can be removed from the air source before adding the required volume of CO2 to achieve the target concentration. For smaller volumes of air this can be done by passing the ambient air through a soda lime-packed column.

The peristaltic pumps in our system allowed two different species (housed in 12 separate cultures) to be studied simultaneously. If a precise estimate of growth rate is required, however, we recommend the use of individual pumps for each culture vessel. That way flush rates can be adjusted individually for each culture and influx of media and outflux of culture can be accurately monitored to calculate growth rates. However, this would greatly increase the cost of the system.




4. Conclusions

Phytoplankton form the basis of marine food webs and understanding the effects of enhanced CO2 on their physiology, biochemical composition and abundance is vital to predict the effects of ocean acidification on marine ecosystems. Long-term laboratory based ocean acidification experiments are an important tool in answering these questions. A continuous culture system reduced the amount of work required to maintain the algae in exponential growth and, by continuous addition of media at the desired pH and pCO2, stabilized the carbonate chemistry. Automatic continuous dilution and addition of nutrients eliminated the requirement for manual dilutions, reduced disturbances to the culture by removal of large volumes of culture, and eliminated periodic changes in cell physiology with changing nutrient availability. The system described here provides several advantages over batch cultures, such as ease of maintenance, stable nutrient concentrations and carbonate chemistry at higher cell densities. However, its suitability depends on the experimental design and/or resources available. While automated dilution facilitates greater replication, the number of replicates is limited by the number of channels of the peristaltic pumps and the constant supply of sterile culture medium can become resource intensive. In summary, the continuous system we describe here is relatively inexpensive, and easy-to-use compared to other systems. It has proven effective for slow growing cultures at low temperatures and continuous light intensities, can easily be adjusted for faster growing species and represents an effective alternative to the use of batch experimental cultures.
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