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Abstract

The algal biofuels industry is under development and being investigated at large scale all around
the world. To improve the viability of algal biofuels the ability to use closed loop systems that
recycle waste and water thereby decreasing the overall waste produced while increasing
profitability is being investigated. The aim of this work was to investigate closed loop systems
associated with the algal biofuel production, focusing on its effects on the production of algal
biomass and lipid and on the natural microbial community. The key areas of algal production
that have been the focus of the research are the introduction of water, and the recycling of
water and the recycling of waste produced during the biomass to biofuel stage of the
microalgal biofuel process. Water is a key part of microalgal biofuel production; the source of

water can contain many different microorganisms that can affect microalgal growth.

Recycling waste streams back into the culture as a nutrient stream is an effective way to reduce
the cost of production. Within this thesis | investigated two waste streams as a potential
nutrient stream, microalgae digestate and the hydrothermal liquefaction aqueous phase
(Chapter 3 and 4). | observed that high concentrations of either of the waste streams resulted
in reduced growth in comparison to F/2 media. Negative growth was associated with high
concentrations of ammonia, and the effect of the use of waste streams was species

dependent.

There is currently little known about the changes in the bacterial and algal communities during
the harvesting/recycle process. Within chapter 5 and 7 | investigated the bacterial and algal
diversity present during these processes. It was observed that while the electroflocculation
stage had little impact on the bacterial community, the centrifuge stage was shown to have a
much higher impact on the bacterial community. The recycling process also increased the

dominance of Tetraselmis MUR233 over various recycle stages. A benefit of recycling is the
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prevention of undesired microorganisms entering into the culture. One microorganisms that is
of interest is Protozoa, due to the potential damages to microalgae biomass production.
Within chapter 6 | observed the effects of protozoa within the culture; it was observed that
was no significant difference between the final total lipid or final total dry weight produced in
the presence and absence of protozoa. This study shows the ability of Tetraselmis MUR233

to outgrow any potential damage caused by the presence of the protozoa.

Developing further understanding of these processes can help improve potential outcomes when

these processes are undertaken.
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Chapter One.



Chapter 1: Introduction

Objectives and achievements

The main aim of this research was to develop a deeper understanding of the closed loop systems

that has been highlighted as a crucial component of any future algal biofuel technology.

Large scale microalgal biofuel production is widely regarded as a significant potential future fuel.
The first goal of large scale microalgal biofuel production is to continuously grow sufficient
amounts of algal biomass to feed downstream processes. After production algal biomass has
to undergo harvesting and dewatering. Various methods in combination can be used within

this stage, including electroflocculation, settling tanks, centrifugation and filter press.

The concentrated microalgae biomass is then converted into fuel; some conversion methods
include lipid extraction of followed by transesterification, digestion of biomass to methane and

hydrothermal liquefaction.

These processes produce various waste streams that can be reincorporated within the microalgal
biofuel system. With the development of large scale biofuel, various closed loop systems
have been introduced to reduce the cost of operations and overall economic feasibility of the
process. Closed loop systems can involve the reuse of water and nutrients, for the growth of
microalgae biomass to re-feed the downstream processes. Within this thesis | examined
closed looped systems used within the microalgal biofuels field and determined its impact to
the microalgae, the natural bacterial community, algal biomass and lipid production. As there
are many different microalgae used within the biofuel industry various closed loop systems
will have varying effects on the microalgae of interest, therefore this thesis will examine the

potential of applying these closed loop systems as a method of improvement.
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Figure 1. A summary of some of the processes used for the production of Tetraselmis sp.
biomass for large-scale biofuel production. Blue arrows represent water sources for the open
pond, green arrows represents the biomass processes, and black arrows represents
potential nutrients sources from waste production; HTL: Hydrothermal liquefaction). The
lightning bolts indicate sections that were focused on within this thesis, and are investigated

in various chapters.

The specific objectives were:

1) Evaluate the use of microalgal digestate as a nutrient source to from a closed loop

nutrient system.

The use of digestate as a biofertilizer for microalgae growth is a popular method of
increasing the economic and environmental sustainability of microalgae biofuels. The
digestion of microalgal biomass is used to produce methane; this process is commonly
applied to lifecycle analyses that produce a biomass waste stream commonly seen with
the transesterification process. Within this study | assessed the use of microalgal

digestate, a by-product of the digestion for methane production that utilised microalgal
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biomass. As the digestate effluent has been determined as a potential source of
ammonia | examined its potential use as a nutrient source for Tetraselmis sp. and how it

may be incorporated into a closed loop nutrient system.

Evaluate the use of the hydrothermal liquefaction aqueous phase as a nutrient source to

grow microalgae.

Hydrothermal liquefaction is a method used to convert biomass into type Il kerogen; this

method has recently become increasingly popular within the future development of
microalgae biofuels. During the hydrothermal liquefaction process four phases are
produced, the oil, liquid, gas, and aqueous phase. Within this study | assessed the
potential for the use of the hydrothermal liquefaction aqueous phase as a nutrient source

for microalgal biofuels.

Analyse the effects of multiple recycle stages on the microalgal and bacterial

communities.

Water reuse is a process that is applied to ensure the low consumption of water and

increase the economic stability of a large scale process. Little is known about how the
bacterial and microalgae community are affected by multiple water recycling. Within this
study | examined the effects the Tetraselmis MUR233 over various recycle cycles with
non-sterile seawater sourced from Whyalla SA, together with an investigation into the

impact on the bacterial and algal populations.

Analyse the impact of protozoa within a microalgae culture, by comparing a filtered and

non-filtered seawater culture.

Protozoa have been identified as a potential problem for large scale microalgae growth,

although there have also been various reports stating that microalgae and protozoa can
be successfully co-cultured. | assessed the potential problems that may be caused by
sourcing seawater containing protozoa and directly culturing microalgae with no filtration.
This study will also assess what could potentially happen if water is not recycled and

fresh seawater is used to replenish the water lost during the harvest.
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5) Analyse the bacterial community throughout the harvesting process within a large scale

open pond raceway.

Recycling water has been practiced at large scale at Karratha Western Australia to harvest
the water and concentrate the biomass. | investigated the recycling and harvesting cycle
to determine its overall effects on the bacterial community. Bacteria are an important
symbiotic partner with microalgae, therefore understanding how they are affected within
a large scale microalgae open raceway pond is important and novel. Within this study |
investigated how the bacterial community was affected by a two stage harvesting recycle
process which involved firstly electroflocculation and then centrifugation. The first stage,
electroflocculation had little effect on the size and diversity of the bacterial community.
The second stage, centrifugation resulted in a significant reduction in both the size and
diversity of the bacterial community. Each stage re-introduced the water back into the
raceway pond; however after one cycle there was little difference in terms of the bacterial

community within the raceway pond.
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Chapter 2.



Literature review: recycling of water and nutrients to form a self-
sustained microalgal biofuels process.

1 Overview

The concept of algal biofuels has been evolving over many years; one area in particular is the
way to increase the self-sustainability of the process by recycling waste streams. The unique
aspect of algal biofuel research is the involvement of many different research fields from
engineering, chemistry, microbiology and biotechnology. With the input from all the different
research fields the ability to practice large-scale algal biofuel production has become a reality
at various locations around the world. Large scale biofuel production however still has many
different aspects that can further improve the economic viability of algal biofuels production.
Recycling waste streams to produce algal biomass is an effective method of reducing
production costs; two main waste streams within the algal biofuel production process are
water and nutrient rich effluent (Du et al., 2012; Yang et al., 2011). The first waste stream
produced by algal biofuel production is the water that is discarded during the harvesting and
recycling process; the second main waste stream is the nutrient rich effluent produced during
the conversion of biomass into biofuels. Utilising these waste streams to produce microalgal
biomass is an effective way to form a self-sustained closed looped process. Reusing these
waste streams and forming closed loops systems can increase the economic viability of the
algal biofuel process and reduce the overall nutrient and water footprint of algal biofuel
plants. Monitoring how these closed loop systems affect biomass production and evaluating
their effects on the algae of interest is essential to prevent any negative impacts on biomass

and biofuel production.

Applying waste streams within the algal biofuels process is desirable, though the effects on the
algae of interest are not always similar to other what was observed in other studies.
Research has shown that the impact of using waste streams can be beneficial for some algal
species while negative for other algae species (Du et al., 2012). Understanding the potential
problems at large scale and the compatibility of the species of interest to function with
different waste streams is important; additionally, understanding how other non-desired
organisms function with waste streams is important to monitor and determine any potential

change in the dominance within the culture.
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2 Recycling water

Water is a key part of the production of algal biofuels; recycling of water has been shown to be
effective at reducing the water footprint of the microalgal biofuel process along with capturing
nutrients that would otherwise have been lost within the harvested water. Water has always
been a topic of priority within the algal biofuel sector, this is due to competition for water with
agriculture and human consumption. The main argument is that the use of water for
microalga production will be in direct competition with other uses (e.g. crop production) and
will eventually lead to increased water prices. The selection of microalgae has to be tailored
to the water environment surrounding the location of interest for potential large scale
production. Within Australia, freshwater is not as abundant as seawater, therefore marine
algae are a more desirable option for large scale due to their reduced cost. Additionally,
sourcing water from a natural source that is unrestricted and not purchased can greatly

reduce costs in comparison to sourcing water from a water utilities company.

Recycling water during the harvesting stage has been shown to have an improved effect on
microalgal growth (Singh & Olsen, 2011; Yang et al., 2011). The benefit of recycling the
water back into the open raceway is the minimization of introducing new microorganisms
from external water sources (Day et al., 2012), the recovery of nutrients that have not been
utilised (Fon Sing et al., 2014), and the reduction of the water footprint (Singh & Olsen,
2011). There has been little research that has investigated the changes in the microalgal and
a bacterial community during the harvesting/recycle processes of water. Understanding how
these processes affect the microalgal and bacterial communities can help develop an
understanding of what may be occurring when harvesting and recycling is undertaken. As
this water has to be reused it is important to determine if there is any potential negative
impact to the microalgae of interest, for example understanding if some species are
unaffected by the harvesting recycle system may increase competition with the microalgal
species of interest. Bacteria are important to microalgae due to the close symbiotic
relationship shared between the two microorganisms; bacteria utilise microalgae and their
metabolites as a source of carbon, while the microalgae utilise the bacteria for as a source of
vitamins (Cole, 1982; Kazamia et al., 2012).

The recycle and harvesting process will be used multiple times over a year as harvesting of
biomass is conducted; how this affects the species of interest and the microbial community is
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important to monitor. Fon Sing (2014) investigated the effects of a large scale recycling
process over multiple stages. They observed an increase growth of Tetraselmis MUR233
within the recycled pond in comparison to a pond that received fresh media after each
harvest (Fon Sing et al., 2014).

If the water during the harvesting and recycle process is not recycled and new water is sourced
each time the potential of introducing new microorganisms into the culture increase.
Seawater has all different types of microbes presence such as bacteria, algae, and protozoa
(Cole, 1982; Day et al., 2012). The presence of other microorganisms besides the
microalgae of interests has to be accepted as the complete removal of every other micro-
organisms is not feasible and not economically wise, therefore evaluating the performance of
Tetraselmis MUR233 in the presence of other microorganisms is important. Protozoa have
been identified as a major concern due to their ability to consume microalgae; there have
been varied results in the terms of effects on algal biomass production with the presence of
protozoa within a culture. Some studies have reported the complete clarification of an algae
culture in the presence of protozoa (Day et al., 2012), while others have reported that the
presence of protozoa has little impact on the growth of microalgae. For example, Sananurak
(2009) observed that in a large scale open pond, Tetraselmis sp. was not greatly affected by
the presence of protozoa, while the rotifers growth was observed to be unstable (Sananurak
et al., 2008).

The reuse of water has often been discussed by proponents of algal biofuel due to its beneficial
effects on both the economical and water foot print; however there are a number of additional

benefits and they are summarised below:

e |tis more economical to reuse the water generated from the harvesting/recycle process.

e The water footprint is reduced.

e The species of interest will become more dominant over various recycle cycles.

e The bacterial that have the strongest symbiotic relationship will be maintained and thrive.

e The mitigation of new other microorganisms entering the microalgae pond such as
protozoa.

e The harvesting system can be used to clean the water of all microbes if needed.

3 Recycling nutrients
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Nutrients are one of the most important aspects of large scale microalgae production; nitrogen,
phosphorus, carbon and trace elements are essential to the successful production of
microalgae (Chen et al., 2011; Yang et al., 2011). There are many variations to concentration
and forms of nutrients that can be used to culture microalgae, this is often due to the ability of
the species of interest to utilise different nutrient sources and the most economical viable

source.
3.1 Carbon

Carbon is a highly important nutrient for the production of lipid and biomass as it has the highest
requirement for algae growth according to the Redfield ratio (Tett et al., 1985). Algae can
utilise carbon as a form of chemical energy such as sugars or as CO2 which is converted to
carbonic acid (Tsuzuki et al., 1990). Different waste streams have been utilised as a carbon
source such as flue gas, dairy waste and industrial effluents (lyovo et al., 2010a; lyovo et al.,
2010b). Carbon dioxide is naturally present within the atmosphere and has been the cause of
much concern due to its negative environmental impact with its increase atmospheric
concentration (reference). The ability of algae’s to use CO> as a source of carbon from the

atmosphere is essential when forming a future sustainable source of algae.

Various studies have investigated the effects of using CO2 from waste gaseous streams for the
production of algal biomass. Chiu etal.(2009) investigated the difference in lipid accumulation
under different CO> concentrations for Nannochloropsos oculata. The study tested various
concentrations of CO2, 2%, 5%, 10% and 15% CO.. It was observed that growth under 2%
COz resulted in the highest lipid accumulation in comparison to the other CO2 concentrations
used (Chiu et al., 2009). Jiang 2011 cultivated Nannochloropsis sp. under 15% CO; at a
continuous flow rate of 0.1 L min-, and under high light and nitrogen deprivation conditions
they achieved 2.23 g L cell density with a total lipid content of 59.9% (Jiang et al., 2011).
Another study compared lipid and growth production of Dunaliella viridis under various CO2
concentrations (0.035% and 1% CO.) and under different nitrogen and light conditions. A 1%
CO: enriched-air with sufficient O2 and nitrogen resulted in the highest growth rates of
Dunaliella viridis; triglycerides were also increased by 22% when D. viridis was grown in 1%
CO2 enriched-air under N deprived conditions (Gordillo et al., 2001).

The effects of adding either 10% CO: or a real flue gas containing 5.5% CO: on the growth and
lipid production of B. braunii and Scenedesmus sp. were compared. While there was no
significant difference between the yields obtained using the two carbon sources (Yoo et al.,
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2010). Zeiler (1995) also investigated the assimilation and utilization of CO from flue gas. At
laboratory scale they showed efficient utilisation of simulated CO2, as well sulphur oxide and
nitrogen oxide when used as feedstock to produce biomass. Additionally at their large scale
facility (Two 0.1 hectare ponds) in New Mexico they demonstrated there was no significant
engineering barrier to prevent moving from small scale to large scale (Zeiler et al., 1995).
Other studies have also shown direct utilisation of actual flue gas at demonstration-scale
ponds with seawater (Negoro et al., 1993). Currently in Hawaii flue gas produced by power
plants is being used as a CO source for the production of algal biomass (Pedroni P, 2001).
Doucha (2009) investigated the use of flue gas as a source of CO2 in pilot plant
photobioreactors at large scale. The investigation observed that 38.7% of the CO; in flue gas
was utilized for the biosynthesis of biomass with 4.4 kg of CO2 in flue gas required for the
production of 1 kg of dry algal mass (Doucha et al., 2005). Douskova (2009) investigated the
bioremediation of flue gas as a means of reducing microalgal biomass production costs.
Their investigation compared flue gas to different concentrations of CO2 and Oz. The highest
growth of C. vulgaris strain P12 was observed under cooled flue gas which contained 13-
20% (viv) of CO2. Higher growth was observed in flue gas in comparison to a controlled
mixture of clean CO2 and Oo; this was due to lower partial pressure of Oz in flue gas
(Douskova et al., 2009). Oxygen concentrations can influence the phenomena of
photorespiration and photoinhibition which may have caused the lower growth in the clean
COz and O2 mixture (Foyer & Noctor, 2003). Another large scale study was conducted for a
100 L air-lift photobioreactor for the cultivation of S. obliquus WUST4. Flue gas from a
combustion chamber was captured and utilized as a carbon source. Under optimal conditions
a CO2 removal ratio of 67% (Li et al., 2011) was observed. However, the use of flue gas has
also been shown to have an inhibitory effect on algae production due to presence of NOx
(Hauck et al., 1996; Matsumoto et al., 1997), though other studies have shown no inhibitory
effects of flue gas on algae productions due to the presence of NOx (Doucha et al., 2005).
Overall the use of flue gas appears highly beneficial in comparison to the use of clean CO:
due to the higher growth rates and environmental benefits for using flue gas.

Industrial effluents that are rich in carbon have also been investigated for their potential for use in
the production of microalgae biomass. Yeh (2012) investigated the growth of C. vulgaris
ESP-31 under heterotrophic growth conditions. His investigation showed that C. vulgaris
ESP-31 did not grow well under heterotrophic conditions but did grow well under
photoheterotrophic conditions with a 15 fold increase in biomass. The highest carbohydrate
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concentration was obtained when carbon was added to the media, although the highest lipid
content (19%-53%) was obtained when using MBL media due to its low nitrogen
concentration (Yeh & Chang, 2012). Organic carbon from industrial dairy waste has been
used for the mixotrophic cultivation of C. vulgaris. A comparison was formed between
phototrophic and mixotrophic growth with dairy waste as an organic carbon source showed
that lipid productivity was shown to be at the highest with mixotrophic growth (253 mg/L d)
while phototrophic growth only achieved 42 mg/L d. In terms of biomass, once again
mixotrophic growth led to greater biomass production (3.58 +- 0.12 g/L d compared with 1.22
+_0.12 g/L d) (Abreu et al., 2012). The use of carbon waste streams is certainly effective
and can be incorporated in the production of algal biomass, though as discussed each

species will vary in the production rates that can be achieved with different waste streams.
3.2 Phosphorus

Phosphorus is an essential nutrient due to its high use in cell synthesis e.g. for phospholipids and
DNA production. Wu et al. (2012) investigated the limitations of phosphorus and the effects
on C. raciborskii. They concluded that inorganic phosphorus played an important role in
regulating growth, photosynthesis and metabolism. It was observed the synthesis of Chl-a by
Microcystis aeroginosa was inhibited by low P conditions (Wu et al., 2012). The composition
and concentration of stored chemical energy has been shown to change under different
phosphorus nutrient levels. Sigee et.al. (2007investigated the effects of different phosphorus
levels on algal growth and observed that t only at very low phosphorus levels was an
increase in carbohydrate synthesis demonstrated (Sigee et al., 2007). Cade-Menun (2010)
investigated the effects of phosphorus stress on algae and showed that in low phosphorus
conditions the algae had significantly higher C:P and N:P ratios (Cade-Menun & Paytan,
2010). Vanucci et al. (2012) demonstrated that over the whole growth cycle there was an
increase in cell volume under phosphorus limited conditions (Vanucci et al., 2012). B. braunii
KMITL2 was shown to produce higher biomass at high concentration of phosphorus (444mg
L-'). Ruangsomboon (2012) found there was a 7.3 fold increase in biomass when the
phosphorus concentration increased from 22- 444 mg L, although lower lipid content was
also observed. Within the study they observed maximum lipid production at a phosphorus

concentration of 222 mg L' (Ruangsomboon, 2012).

Algae have the ability to store phosphorus internally and utilise these internal source of

phosphorus when the medium is depleted. Anu Ruiz (2014) investigated the effects when
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microalgae are deprived of phosphorus within a continuous culture that is fed with nitrogen. It
was found that the microalgae were still capable of growth, though when phosphorus was
supplemented back into the culture over time the microalgae increased growth (Ruiz-
Martinez et al., 2014). The ability of microalgae to tolerate phosphorus deprivation and
continuously grow is a good indication of how well microalgae can survive within harsh

environments.

A potential source of phosphorus that can be used within the closed loop algal biofuels process is
the ash produced during the combustion and gasification, Lane et al (2014) observed that the
ash produced by the combustion of microalgae consists of a high content of trace metals and
phosphorus that can potentially be utilised for the growth of microalgae. To date there has
been little research within this area as the need for phosphorus is much lower in comparison
to the carbon and nitrogen (Lane et al., 2013). Utilising ash as a source of phosphorus for the
production of microalgal biomass can potentially help reduce the overall costs of microalgae
biomass production, though determining the effectiveness of this ash as a phosphorus

source still needed to be investigated.
3.3 Nitrogen

Nitrogen is one of the most important nutrients for microalgae production. Its influence on lipid
and biomass production by microalgae has been well researched. The application these
waste sources of nitrogen for microalgal growth have been investigated due to the fact that
nitrogen availability generally leads to increases in lipid and biomass production. Different
waste sources can potentially be used as a nitrogen nutrient source; each form may have a
different effect on the algae in terms of growth and lipid production. The source and
concentrations of nitrogen in the media will also have an effect on the target species.
Nitrogen is commonly added for increasing the growth of algae; the Redfield ratio identified
the optimal molar ratio to be 16:1 (Tett et al., 1985). Under nitrogen deficient conditions algae
will increase the production of lipids and carbohydrates rather than proteins. The introduction
of a nitrogen rich stage for growth followed by a nitrogen limited stage for carbon energy
production is the common cycle used within the microalgae biofuel process (Richardson et
al., 1969). Therefore monitoring the ratio of nitrogen to carbon within a culture is important to
determine to potential products that are being produced.

As there are many waste streams that contain nitrogen, the waste streams can be utilised to form
closed loop nutrient systems. Closed loops systems can include the use of by-products
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produced during the biomass to biocrude conversion within the algal biofuel process.
Biomass can be converted into biofuels, with the digestion of biomass or the conversion of

biomass into biocrude with hydrothermal liquefaction.

After the extraction of lipid from microalgae a large amount of biomass is leftover, this biomass
can be used for digestion. Digestion works anaerobically with methanogens which are
capable of breaking down the microalgae biomass into methane (Rosch et al., 2012). After
digestion has taken place and methane production has ceased the digestate effluent can be
collected and reused as a source of nitrogen due to its high ammonia content. Studies have
shown that digestate can be used for the growth of microalgae (lyovo et al., 2010a). This is
important since it displays the use of waste streams as a nutrient source. The benefit of using
microalgae digestate for microalgae growth is due to its self-sustaining cycle. The reuse of

digestate has been shown to be an economical advantage for microalgae fuel production.

A problem with some of these waste streams is the high concentration of ammonia. Ammonia is
a common source of nitrogen for algal growth; the most common source of ammonia is
through manure, digestate and farming fertilizer (Uggetti et al., 2014). Studies have shown
that when the concentration of digestate is increased, lipid and growth production if
negatively affected. Xin et.al (2010) examined the growth of 14 different algae on digestate

effluent; only 4 of the 11 species were able to grow on the digestate (Xin et al., 2010).

Hydrothermal liquefaction has been shown to be the new focus of biomass to biocrude
conversion. This process has been shown to be an effective method for dealing with biomass
in comparison to the traditional solvent extraction and lipid conversion with transesterfication
(Biller et al., 2012; Brown et al., 2010). During hydrothermal liquefaction a waste product in
the form of the aqueous phase is produced which is rich in nitrogen. Current research has
shown that microalgae can utilise this waste stream for microalgae growth, though heavy
dilution, up to 500-fold is required (Biller et al., 2012). Studies have identified that the
hydrothermal liquefaction aqueous phase (HTL AP) is highly toxic to some microalgae, due
to its high concentration of ammonia, phenols, nickel and total organic carbon (Biller et al.,
2012; Jena et al., 2011). The concentration of ammonia within the HTL AP is much higher in
comparison to digestate effluent, although the composition is highly variable due to the
presence of hydrocarbons, high levels of organic nitrogen and other heavy metals not

commonly seen in digestate effluent.

Table 1, A comparison of different types of hydrothermal liquefaction aqueous phases observed.
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Uleraetal2o1l o Gam;fa'ba etal P. Biller 2012 Du. etal 2011

Chlorella

S. platensis Desmodesmus sp. ~ Chlorogloeopsis  Spirulina 3000¢ Chlorella  S. dimorphus Chlorella vulgaris

TKN 16200 - 5636 8136 6636 6888 3139 9650 + 1582
Ammonia 12700 1964 4748 6295 5673 5920 5280 1343+ 75
Nitrate 26.76 70 508 194 329 237 192 211+ 20
Phosphate 795 159 280 2159 3109 1121 1470 343+43
Phenols 50.9 58 178 98 108 158 80
Potassium - - 303 1506 1460 1419 1150 775.45
Nickel - - 3.8 0 0.1 0.4 0.8 0.005
TOC - - 9060 15,123 11,373 13,764 11,119 45700 + 1513

Totaldry  C. minutissima , 500, 100x 0.498g/L, 400x0.66g/L, 100, 0.88g/L, 200x, 0.09 g/L, 400x, 0.05¢/L, 50x, ~0.6g/L, 5

20x, 0.21g/L, 96 hours

weight 0.52g/L, 12 days 12 days 12 days 12 days 12 days 12 days days

The overall the growth that is achieved using HTL AP is very low even when high dilutions are
used to reduce the toxicity (Table 1). The use of the HTL AP as a potential nutrient source
may not be suitable for algae. As shown in table 1 various different microalgae have
undergone growth trials using the HTL AP, the highest growth is 0.6g/L by Du et.al 2011
which is very low for Chorella Vulgaruis (Du et al., 2012).

Many of these nitrogen waste streams contain of high concentrations of ammonia. Ammonia can
cause inhibitory effects at high pH levels (pH 8.5-10) Ammonia is capable to penetrate the
cell and elevate the internal pH, preventing the production of electron acceptors for
photosynthesis (Abeliovich & Azov, 1976). Exposure of microalgal cells to ammonia for
several hours at a high pH (pH 9-10) results in a long-term negative effect. At large scale C.
vulgaris has been shown to be effective at ammonia removal. Kim (2010) utilised C. vulgaris
to remove ammonia at a large scale waste water facility. A reduction of 7.6 mg/L to 3.4 mg/L
of ammonia occurred during the rapid growth phase (24 to 96 h) at a constant pH of 7 (Kim et
al., 2010). With effective control of pH the use of ammonia has been shown to be an effective

means of nitrogen at large-scale.

3.4 Trace metals

Trace metals are an important part of the production of algae for biofuels. There has been little
research in the alteration of trace metals concentration at large scale, but small scale studies
have been conducted to investigate the effects of trace metals on organisms. Understanding
what effects trace metals have at small scale will give a better understanding of large scale
production problems.

The function of iron has been well documental in the chloroplast structure, function and
development (Pushnik et al., 1984; Terry and Abadia, 1986; Guerinot, 2010). Iron has also
been shown to play a key part in regulating phytoplankton and microalgal biomass
(Behrenfeld et al., 2006). Hu (2004) reported that when there is an iron deficiency present it
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reduces the growth and overall biomass of the algae (Hu, 2007). Borowitzka (1990) identified
Fe as one of the major nutrients which was added to ponds for Dunaliella salina production at
large scale (Borowitzka and Borowitzka, 1990). High iron concentrations can help increase
total lipid and biomass concentration (Liu et al., 2008). Iron can also prolong the exponential
phase and increase final cell density (Liu et al., 2008). Chen (2011) investigated the changes
in concentration of metals during the growth of D. tertiolect. The investigation monitored the
concentrations of iron, cobalt, zinc, manganese, molybdenum, silicon, calcium and sulphur
over time. Only iron and molybdenum dropped statistically significantly in concentration, iron

(8 % decrease) and molybdenum (49 % decrease) (Chen et al., 2011).

Copper concentrations have been shown to have varying effects on different types of microalgal
growth. Bentley-Mowat and Reid (1977) found concentrations of lead and copper as high as
5 x 10 4 M were required to inhibit the growth of Phaeodactylum tricornutum, Tetraselmis
sp., Dunaliella tertiolecta, and Cricosphaera elongata in s88 medium (Bentley-Mowat &
Reid, 1977).

As trace metals are found in natural water sources it is essential to understand the
concentrations present to maximise lipid and biomass production. Iron has been shown to
play a major role in biomass and lipid production at both small and large scale and
represents a key element to monitor due to its impact on productivity. There has to date been
little research on the waste streams that can be potentially utilised as a source of trace
metals, although preliminary analysis suggests that they are commonly found within most

waste sources.
4 Conclusion

Forming closed loop systems to recycle the waste products to produce microalgal biomass is an
effective way of increasing the economic viability and maximising the benefits of producing
fuel using microalgal biomass. There are many different waste streams that can be used to
produce biomass; however their suitability needs to be assessed before implementation at
large scale. As discussed previously different waste streams will have different effects on
various species. Additionally not only should the impact on the algal species of interest be
determined but also the impact on the natural bacterial and microalgae communities should

also be assessed to prevent any potential shift in the culture dynamics
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This study investigated an alternative nutrient source arising from anaershically digested Terraselmis sp.
effluent (MDE) as a nutrient feed stock to fomm a closed loop nutrient system. To determine MDE suitabil-
ity the following Bctors were observed: growth, lipid content, and the bacterial diversity. MDE was
diluted according to the concentration of NH content (20, 40, &0, 80 mg/L) and compared against Ff2
medium a standard medium for Temraselmis sp. The growth rate on the MDE medium was not as rapid
as the F/2 medium and the less diluted MDE comelated (R*) with lower total lipid contents (i, 0.927),
additionally acyl carrier proteins (ACP) gene expression rates displayed lower gene expression within
MDE treatments. Lastly, higher concentrations of MDE were correlated with a higher bacterial diversity
thmughout the investigation. The suitability of MDE az a nutrient supplement for the production of
Terraselmis sp. biomass and lipid is feasible.

@ 2014 Elsevier Ltd All rights reserved.

1. Introduction

Microalgae biofuel production has recently become a viable
option as a feedstock source for fuel (Fon Sing et al, 2014;
Mashawi et al., 2010). The production of alternative sources of fuel
such as the oil from microalgae has been shown to be effective at
the laboratory and pilot scale {Fon Sing et al., 2014). Biomass and
lipid produced by microalgae can be converted into various fuels
with processes such as transesterification, pyrolysis, gasification,
and hydrothermal liquefaction {Lane et al, 2013; Yang et al,
2011). Therefore optimising the performance of growth and lipid
production of microalgae can be advantageous for those processes,
However this potential shift to alternative fuel sources could lead
o increasing pressure on the requirement for nutrients between
the microalgal biofuel sector and the agriculture sector, Due to
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the competiton for nutrients, alternative nutrient sources are
now being explored such as digestate effluent (Uggetti et al.,
2014). The use of microalga digestate effluent (MDE), following
anaerobic digestion of biomass or waste from the production of
methane could offer a potential source of future nutrients and
essentially form a closed loop system (Prajapati et al, 2014;
Ward et al., 2014).

However the use of anaerobic digestate as a nutrient source for
microalgae may affed growth rates, lipid production, and the
growth of undesired organisms when compared o levels achieved
with expensive defined media (Gao and Li, 2011; Vasseur et al,
2002; Xin et al, 2000). A major source of nitrogen within the
anaerobic digestate is ammonia; studies have observed microalgal
growth inhibition with the use of anaerobic digestate that is high
in ammonia (Cho et al, 20M3; Killgvist and Svenson, 2003)
Growth inhibition occurs due to the ability of ammonia to nega-
tively affect the photosynthesis process by restricting the electrons
available for photosynthesis with the cell (Konig et al., 1987). With
the use of an optimal concentration of anaerobic digestate, growth
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inhibition can be avoided and the growth of microalgae can be sup-
ported (Uggetti et al, 2004). Yang et al. (2011) observed the com-
bination of seawater and wastewater can eliminate the need from
all nutrient sources besides phosphate to support microalgal
growth (Yang et al., 2011 ). Alternatively growth trials are required
to determine the suitability of the microalgae species Lo grow on
anacrobic digestate effluent. Studies have shown that not all mic-
roalgae species are suitable to grow on high concentratons of
ammonia associated with digestate effluent. Microalgae species
isolated from waste water locations have had better success with
growth on substrates derived from waste {Abou-Shanab et al.,
2013; Xinet al, 2010). Xin et al. (2010) screened 11 spedes of mic-
roalgae on wastewater to identify the most suitable species; only
four of the spedes showed effedive growth on the undefined med-
ium (Xin et al, 2010). Recently Uggetti et al. (2014) investigated
the use of anaerobic digestate as a substrate for a microalgae cul-
ture; it was found that the growth was sabsfactory and the
increase of digestate and microalgae may of reduced the initial
growth (Ugeetti et al, 2014).

The effects of innovatve nutrient feeding regimes have to be
understood to ensure that adequate lipid productivity can be
achieved. Micoalgae lipid production with MDE has shown to
be directly affect by the concentration of ammonia in the dige-
state (Li et al, 2011; Uggetti et al, 2014; Wang et al., 2010} Lipid
gene expression is a valuable tool when monitoring lipid produc-
tion in microalgae due to its ability to show lipid activity
throughout the different growth phases (Lei et al, 2012). This
study will observe how lipid gene expression rates are affected
by the use of MDE. Acyl carrier protein (ACP) plays a crucial role
in fatty acid synthesis, its responsibility is to transfer acyl inter-
mediates during fatty acid synthesis (Byers and Gong, 2007).
Previous research has shown a positive correlation between ACP
gene expression and lipid production (Lei et al., 2012). Monitoring
lipid gene regulators like ACP represents a novel and simple
method which can be used to evaluate the performance of a
new nutrient source such as the wse of digestate for lipid produc-
tion. Additonally a traditional a pproach to monitor the final total
lipid content will help determine how effective MDE @n support
lipid production. The cmmbinaton of lipid gene expression and
final total lipid content is a novel aspect of this study that will
contribute to the understanding and the suitability of MDE for
microalgae lipid production.

Large scale sterilisation of an open pond system is not feasible
therefore the presence of bacteria has to be accepted and con-
trolled (Erkelens et al., 2014). Studies have shown the growth of
bacteria @an compete for nutrient resources with microalgae (Li
et al, 2011; Vasseur et al, 2012). Studies that have investigated
the bacteria present with microalgae have shown that they are
greatly affected by the use of digestate effluent {Vasseur et al.,
2012). The presence of bacteria with microalgae can be beneficial
as they are a natural symbiotic partner; studies have shown bade-
ria are capable of providing nutrients and vitamins to microalgae
(Croft et al, 2005) There has been minimal reported research on
the how the bacteria are influenced by the use of MDE for microal-
gal growth, A unique aspect of this work is the use of PCR-DGGE o
observed changes within the baderial diversity and how it is influ-
enced by MDE.

The suitability of MDE for the growth of Tetraselmis sp. was ana-
lysed to determine how effective it was as a growth medium for
biofuels production before lirge-scale applications. The suitability
of MDE was determined by observing the effects of the growth,
final total lipid content, and the effects to the bacterial diversity.

The aims of this research were:

1. To evaluate the potential suitability of anaerobic digestate as a
potential feed stock for microalgae at large scale.,

2. To assess how effective ACP gene regulation is for the assess-
meent of lipid produdion.

2 Methods
2.1, Set up and experimental design

The reported investigation was conducted at laboratory scale.
Plastic bag photobioreactors (5 L) were used with a light intensity
of 210 pm photon/m®/s with continuous illumination. The temper-
ature was maintained at mom temperature (23-25 “C) throug hout
the experiment period Each photobiore actor was allocted its own
air intake for the purpose of mixing the micoalgae. The flow rate
of air was regulated at 4 L per min for all treatment replicates. Salt
neentrations were achieved with the addition of Red Sea Salt to
the desired salinity concentration of 7% (wv). Sampling from pho-
tobioreactors was conduced daily; an aliquot (50 mL) was taken
from each photobioreactor and stored at —40 *C for later analysis,
Inoculation of the photobioreactor was conducted wsing a 10% (v/v)
inoculum sourced from a stationary phase culture. Fi2 medium
was made according to Keller et al. (1987 ) Microalgae digestate
was obtained from anaerobically digested Terraseimis sp. Nutrient
analysis of the digestate produced from the plug flow bioreactor
was found to contain 8332 NH; mg/l, 0.005 NO;_ mg/L, 8.16
NOz_ mg/L, 7.40 total phosphate mg/L. Other studies have shown
that ammaonia concentrations may be taxic to microalgae at high
mneentrations (Abeliovic and Azov, 1976; EFShafai et al, 2004 )
Therefore in this study MDE was diluted according to the level of
ammaonia, the dilutions used within this study where 20, 40, 60,
B0 mg /L of ammonia.

22 Anaerobic digestion plug flow reactor conditions

A3 L plug flow anaerobic digester with a working volume of 2 L
was utilised as the source of digestate for this experiment. The 3 L
plug flow anaerobic digester utilised Tetraselmis sp. as a feedstock.
The microalgae was disrupted by sonication pretreatment at
10 KHz for 15 min by a Branson sonifier prior to being fed into
the digester. Disrupted micoalgae feedstock was stored at 4C
to reduce any pre-digestion prior to digester feeding. A hydraulic
retention time was used and a feeding rate of 10g of ash free
dry weight of Teraselmis sp. biomass was applied to the reactor.
The equivalent volume of digestate was removed from the dige ster
prior to feeding, thus maintaining a constant volume within the
digester. Removed digestate was stored in a glass bottle and
allowed to accumulate until suffident volume was collected.

23. DNA and ENA extraction

DMA extractions were conducted on samples collected from the
photo-bioreactors. DMA extractions were undertaken using a MO
Bio DMNA extraction kit { MO Big, USA). An aliquot, (1.2 mL) of sam-
ple was used to conduct the DNA extraction which had a homoge-
nisation stage for 10 min as per the manufacturer’s instructions, A
yield of 100 pL of DNA was obtained and stored at —20°C

RMA was extracted using a MO Bio Power Plant RNA extraction
kit { MO Big, USA). Aninitial amount (1.2 mL) of sample was used as
directed by the supplier's instructions. The total yield of RNA from
the kit was 50 pl. RMA, which was then stored at —80 *C for later
wse if not used immediately. The MO Bio Power Plant RNA extrac-
ton kit included a DNAase stage.

PCR was @nducted with universal microalgal primers
(Sherwood and Presting, 2007), with the isolated RNA used as tem-
plate to identify the presence of DNAC If no PCR amplicons we re
identified, the production of RNA to cDNA was conducted using a
Turbo RMA to dDMA kit (Invitrogen Life Technologies, USA)L An
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aliquot (2 pL) of RNA template was used to provide a yield of 20 pL
of cDNA. cDNA products were verified on a 1.2% agarose gel with
SYBR™ Safe then stored at —20°C for later use (Invitrogen Life
Technologies, USAL

24. Real-time PCR for the quantification of spedfic genes of nterest

Real tme PCR assays where performed using a Corbett
Roto-Gene G000 (QIAGEN, USA) with a KAPA Master Mix 1X SYBR
green (KAPA, USA ) with a final volume of 20 pL per reaction. Tem-
plate DMNA (1 pL) was used for each reaction Each run included a
standard curve which was formed by serial dilutions of the target
gene, At the end of each run a melt curve was undertaken o
determine specific PCR products where present.

25. P(R identification of Terraselmis sp. inoculums

Identification of the Tetraseimis sp. was undertaken before the
inital inoculation of photo-bioreactors. Identification was con-
ducted using universal microalgal primers which targets the on-
served region on the 235 chloroplast DMA (Sherwood and
Presting, 2007). PCR amplicons underwent a cleanup stage using
a Promega Wizard 5V Gel and PCR Clean-Up System (Promega,
USA). Products were sent to the Australian Genomic Research
Fadlity for sequencing (AGRF). PCR was conducted using a KAPA
master mix on a BIORAD T100 Themocycler (KAPA, USA; BIORAD,
USA). Retrieved sequences were analysed using the BLASTN algo-
rithm of the Matioral Center of Biotechnology Information { NCIB)
database to determine their identities.

26, Microscopy of Tetraselmis sp.

The reported investigation was conducted under non sterile
nditons to simulate open pond conditions, The possibility of
ontamination of other microalgae represented an important con-
sideration. Morphological identifiation of Tetraselmis sp. was used
to differentiate it from possible contaminaton by other micoal-
gae, An Olympus IX50 Microscope at 40 magnification and haem-
ocytometer (0.2 mm deep) were used to determine total cell
wolume per millilitre. Cells were allowed to settle for 5 min before
cell counting was undertaken. Triplicate cell munts were under-
taken for cach sample.

27. Growth of bacteria via real-time PR

The final concentration of bacteria was analysed at the end
point to determine how it would affect harvested biomass rates.
The growth of bacteria was not selective to any individual bacteria.
The use of universal bacterial primers 314F and 581R (Muyzer
et al., 1993) with RT-PCR was used to determine final bacterial cell
concentration. Day 10 was selected due o it coinciding with the
harvesting day. Samples were conducted in duplicate, a mean
value was used to determine the concentration and form a stan-
dard error. Mean Ct values were caloulated from duplicates and
ompared to a standard curve to determine total cell number per
mL.

2.8. Total lipid content of Tetraselmis sp.

The total lipid produdion of the microalgae was investigated to
alculate the wal lipid yield expected from treatments, The final
volumes of each day 10 culture were centrifuged (3257g =« 5 min
at 21 °C). Samples were dried at 35 °C for 12 h before lipid extrac-
ton. Dried microalgae (700 mg) was used for the lipid extraction
stage. Samples underwent chloroform/methanol extraction and
was quantified gravimetrically {(Bligh and Dyer, 1959)

29 Lipid gene expression rate via real fme PR

ACP lipid gene regulation was investigated throughout the
growth phase of this study. Real time PCR was conducted on cDMA
libraries, with 1 pL cDMNA used as template. Each sample was run in
duplicates. Lipid gene expression primers were taken from Lei et al.
(2012) which were designed for Haematococcus pluvialis (Lei et al.,
2012). Tetraselmis sp. has the ability to produce lipid during the
exponential phase. Subsequently samples were seleced over the
exponential phase from days 2, 4, 6 and B (Guzmdn et al, 2010)
Gene expression was compared using normalisation o 235 rRNA
(BIORAD, USA) The amplification efficiendes of the standard
curves of both 235 rRNA and ACP genes were close (97-99% ). The
ACP target gene was normalised to the 235 rRNA target of the same
sample using the formula; AC{tlsample =average C[tJACP — aver-
age C[t)235 RMA. For the 279" analysis (Livak and Schmittgen,
2001).

2.10. PCR-INAGE of the bacterial community

Changes in the bacterial community were examined through
the use of PR-DGGE which identified diversity and dominance.
Selective bacterial primers 341F GC & 518R (Muyzer et al., 1993)
were used to observed the bacterial community. DGGE analysis
was conducted on a Universal Mutation Detection system Deode
system using a 6% polyacylamide gel {BIORAD, USA L The denatur-
ing gradient used for bacterial PCR amplicons were 40-60%. DGGE
run conditions were 60V at 60 °C for 20 h.

211, Sranstical ana lesis

DGGE gels were digitalized and then analysed using TotalLab
20.1 to determine the band intensity. The band intensites were
then analysed using the Shannon Weaver diversity index
(H=-%(Hlog(¥)) for each sample over time (Shannon and
Weaver, 1963)

3. Results and discossion

The use of digestate was investigated as a potential replacement
of F[2 medium. [ts suitability as a replace ment nutrient source was
quantified on its ability to grow Tetraselmis sp. and in terms of the
microalgae’s lipid production.

3.1, Genetic identification of Terraselmis MUR233

Initially the Tetrasefmis sp. strain used in this study was
assessed in terms of the similarity to other isolates, The PCR ampli-
cons which were produced were analysed on BLAST, and a high
similarity was observed to other Tetraselmis spedes. Due to the
high similarity of our sample to other Tetraselmis sp., it would be
considered to be a Tetraselmis sp.

22 Effect of microalgae digestate effluent on growth for Tetraselmis
5p.

The results show that Tetrseimis sp. was capable of growth in
MDE medium (Fig. 1) Higher rates of biomass production are
highly desirable when assessing the commerdal potential of a
new feeding nutrient source such as MDE. The growth of microal-
gae was monitored to determine the growth rate of Tetraselmis sp.
on MDE medium (Fig. 1).F/2 medium achieved the highest growth
rate of 1.8 = 10F cells perfmL over a 10 d period. For MDE medium,
there was little difference between each of the MDE dilutions
though the highest growth was observed in the 80 mg /L dilution
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(0.5 « 10% cells perfml). This indicates that the use of microalgae
digestate was not as effective as F2 medium for the growth of
Tetraselmis sp. and at large scale may be detrimental to the produc-
tion of biomass. Various studies have shown similar results when
growing microalgae on digestate, low growth was attributed 1o
poor nutrient ratios, shading and ammonia (Abou-Shanab et al.,
2013; Levine et al., 20011; Li et al., 2011; Arumugam et al, 2011;
Mielsen et al, 2012; Uggett et al, 2014). An example of a poor
nutrient ratio was shown when Li et al. (2011 ) compared TAP med-
ium to municipal waste water concentrate. TAP medium achieved
a growth rate of 0.4614 g/Ld~" while non-autoclaved raw munici-
pal wastewater concentrate achieved D677 g/Ld™" (Li et al.,
20011} Nielsen et al. (2012) grew Ulva boua on digestate and
found that lowering the concentrations of NH had a positive effect
on growth rates (Mielsen et al., 2012). In the reported study there
was no significant difference between growth rates of Tetraselmis
sp. on the various dilution of digestate effluent, indicating that
20 mg/L NH; may have been too high for Tetrmselmis sp. Uggetti
et al. (2014) observed a similar trend with a growth trial of micro-
algae on anaerobic digestate; it was observed that an increase of
both digestate and the microalgae initial concentratons may have
reduced the initdal growth rate of the microalgae. Their study con-
cluded that anaerobic digestate showed satisfactory growth rates
and biomass production [Uggetti et al., 20014) In addidon, the
low growth that occurred could be due to the potential unsuitabil-
ity of MDE for the growth of Tetraselmis sp. Xin et al. (2010) grew
11 various microalgal species on secondary effluent and found only
four were @ pable of growth on the secondary effluent (Xin et al.,
2010} Abou-Shanab et al. (2013 ) determined the best microalgae
to be grown on waste water was commonly found at the source
of the wastewater (Abou-Shanab et al, 2013). Other studies have
reported success in growing Chlorella vulgaris on piggery digestate
with a growth of 11.6 = 10F cells perjmL over 6 days { Kumar et al.,
2010} It is hypothesised that the microalgal species used in the
reported study may have not been optimal in terms of microalgal
productivity though the MDE medium was still capable to support
growth, The Tetraselmis sp. used within this study was solated
from hyper-saline ponds, and would not be expected to be found
around wastewater locations and may not be the best suited mic-
roalgae for the growth on MDE medium. The results confirm that
MDE medium is capable of growing Tetraselmis sp. but not as effec-
tively as Ff2 medium.

3.3 Total lipid and ACF gene regulation

The Tetraselmis sp. was chosen due to its production of lipid in
the exponential phase (Fon Sing et al, 2014; Gueman et al, 2010).
The total lipid content was determined at the end of the

exponential phase (day 10} Total lipid was found to be at its high-
est inthe F/2 medium (49%). The lipid content grown on the dige-
state varied from 48% total lipid in 20 mg /L NHz to 27% total lipid
in B0 mg/L NHZ and found to be negatively mrrelated with ammo-
nia concentrations (R = 0.927) (Fig. 3). The gene regulation of ACP
was used to guantify how alternative nutrient regimes would
affect lipid produdivity. ACP was monitored over the exponential
phase as it was the main stage in the life cycle of Tetraselme sp.
where lipid production was undertaken (Fig. 2). Day 0 was norma-
lised using 2-449% 1p determine changes in the expression rate
over the exponential phase. The inoculants used came from a sta-
tionary phase culture where lipid production does not commaonly
occur (Costa et al., 2004). Fj2 medium displayed the highest level
of gene expression rates with a 4.75 fold increase on day 4, slowly
returning to normal at day 8 which is close to the end of the
exponential phase. AP gene expression rates in the microalgal
digestate mostly decreased after day 0, although an ammonia
wneentration of 60 mg(L gene expression increased slightly for
samples taken on days 4 and 6 (Fig. 2). The overall performance
of AP gene expression in micoalgal digestate generally showed
a negative impact. The results suggested that ACP gene regulation
was not up-regulated when compared with that in ACP gene regu-
lation in F{2 medium, However, other pathways may have been
used for the production of lipid. Studies have shown other genes
such as FATA, KASII, acetyl CoA, and pyruvate decarboxylases are
implicated in the production of lipid (Lei et al, 2012; Li et al.,
2012). Mevertheless the overall lipid production was not signifi-
ntly different when compared to what was observed in the F(2
mesdium, suggesting the potential of MDE medium as a nutrient
SOUTCE.

The lower lipid production and low ACP gene regulation in
Tetraselmis sp. grown on MDE medium may have been due to
ammonia and its ability to change internal el pH and cause a bk
of electron donors for photosynthesis (Abeliovic and Azov, 1976;
Killgvist and Svenson, 2003) The reported results are similar to
those reported in other studies that investgated the use of digestate
effluent For lipid produdtion. Wang et al. (2010} investigated the use
of dairy digestate for lipid production in Chlorella sp. it was
observed that the growth of Chlorella sp. on higher dilutions of dig-
estate resulted in a higher percentage of total fatty aads (Wang
ctal, 2010). A 10% dilution of digestate had a total lipid content of
¥, while microalgae grown on digestate which was diluted 20%
and 25% had a higher total lipid content of 13.6% and 13.7% (Wang
et al, 2010} Levine et al. (2011) investigated the growth of
Neochloris oleogbundans in the presence of ammonia and its ability
to grow on anaerobically digested dairy manure. N. oleoabundans
grown on modified Bold's Basal Medium with 50 mg L™' NHE pro-
duced no lipid whie growth in the 10mg L' NH; digestate
achieved 36 +06mg L' d~' of lipid N. cleoobundans grown on

74
64 T mDay o
54 »Day 4
44 1 mDay &
34 B Day &
24

Fold Changes in ACP gene expression

=]

2J

Fg. 1L ACP gene regulation for Fi2 medium and digestate medium over the
expanential phece

pg. 37



M. Erkslens ot al, (lioresoures Technology 167 (2014) 81-85 a5

]
RE=(0.9843
elcs)

ED.ED 1

040 -

Jor
guzo .
oo

oo -
Flimedia 0mgl  Omgl  G0mad

Fig. 3. Total Lipid content of Terrasshmis sp_at day 100

B0 mafl

1:50 dilution of digestate achieved a 257 mgL-"d~". A 1:200 dilu-
tion had a lipid productivity of 4.7 mg L~ d =" Levine ot al., 20011}
The reduced level of lipid production reported may have been
cused by the increasing presence of ammonia in the mediom
(Levine et al., 20011) Therefore the trend seen within the results
was similar to that observed within other studies, the less diluted
the digestate the lower the total lipid content.

34. Bacterial community dynamics

PCR-DGGE was used to determine the baderial community
dy namics with the use of microalgal digestate effluent The growth
of bacteria with the micoalgae is expected to occur, and it is
essential that there is a positive symbiosis between bacteria and
mitroalgae {Croft et al., 2005). There was a significant increase in
the bacterial diversity in the MDE medium treatments, which indi-
cted that the MDE mediom may have influenced the bacterial
mmmunity. MDE medium was also observed to influence the ini-
Hal bacterial diversity on day 0 for all the MDE treatments; as
the onentration of MDE inreased the bacterial community
diversity also increased on day 0 (F? = 0852)

The bacterial content on the harvest day (day 10) were investi-
gated to determine if the MDE medium may have influenced the
bacterial cell content during the harvest stage. The final bacterial
cell counts on the harvest day were the following: Ff2
919 « 107+ 560 =« 10'; 20mg/L NHE 1.19x 10"+ 332 « 107
A0 mgll NHE 3.14 x 10° £8.60 =« 10°; G0 mg/L NHZ 104 « 107+
827 « 10% 80 mg/L NH; 355 = 10'9+ 7.80 « 10% The final bacte-
rial growth in the MDE medium treatments were observed to be
higher in comparison to F/2 medium, this indicates that the use of
MDE medium enhanced the bacterial content on the harvest day.
The enhanced bacterial growth @n be associated to the high
diversity of bacteria on day 0 within the MDE treatments (Fig. 4),
the bacteriawithin the hypersa line MDE would have already under-
gone natural selection for the best suited bacteria to grow within a
hypersaline emvironment. The bacterial diversity of the Ff2 medium
treatment on day 0 was very low and remained low throughout the
investigation( Fig. 4), this indicating the bacterial community within
the F|2 me dium was notwe lladjusted to the hypersaline conditions
and had litte effect on the bacterial content during the harvesting
stage.

The presence of bacteria within this study was similar to that
found with other studies that have utilised digestate effluent as a
nutrient source for microalgae, Li et al. (2011} grew Chlorela sp.
on non-sterile municipal wastewater and found that 105 aof the
final biomass was bacteria Levine et al. (2011) also detected bac-
terial growth with the growth of N. oleogbundans on anaerobiclly
digested dairy manure {Levine et al, 2011} Vasseur et al. (2012)
investigated the relationship between microalgal and bacterial
growth on digestate, They observed that with the presence of

a5 — 2 media
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Fig. 4. Bacterial diversity in photobioreactors for Fi2 medium and microalgal
digestate efffusnt

bacteria increased the carbon conversion effigency, bacteria from
the anaerobic digesters were capable of recyding the carbon lost
during photasynthesis (Vasseur et al, 2012). Therefore the use of
anaerobic digestate at large-scale should be monitored closely as
the reported data indictes that non-sterile digestate effluent an
influence the bacterial community, though as shown in other stud-
ies the presence of bacteria can be beneficial.

4. Conclusion

The overall performance of MDE for biofuel production is feasi-
ble but needs further development to optimise performance with
regard to providing a commerdally viable medium. The final eval
uation of MDE for Tetraselms sp. production was; (1) lower micro-
algal growth in low diluted MDE medium when compared to F/2
medium, (2] higher lipid production rates at lower MDE concentra-
tions, (3] low lipid ACP gene expression found in MDE medium in
comparison to Ff2 medium, (4) high bacterial diversity was found
to be parallel to low dilution of MDE, (5) Tetraselmis sp. growth and
lipid producton can be supported by MDE
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The aim of this study was to determine how the treatment of the HTL AP with activated carbon would
affect both growth and chemical composition of the microalgae. Tetraselmis MUR233 was grown in HTL
AP (filtered and unfiltered) at 500, 1000, and 2000 dilutions in hyper saline conditions. The organic
nitrogen and carbon component of the HTL AP was greatly reduced with the activated carbon treatment

(TKN 52,000 + 520 mg/L to 5900 + 59 mg/L; TOC 19,000 + 190 mg/L to 13,000 + 130 mg/L). Growth of
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Hydrothermal liquefaction
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Tetraselmis MUR233 was achieved on all dilutions of HTL AP, with a maximum growth observed in the
AP filtered 1000 dilution treatment (0.41 + 0.09 g/L), this compares to a yield of 0.49 +0.10 g/L when
grown in traditional culture media.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The production of green crude via hydrothermal liquefaction
(HTL) is a now a popular method proposed to be implemented into
design plans for large scale microalgal biofuels production (Orfield
et al,, 2014). HTL is capable of converting biomass into renewable
crude oil (known as green crude) under sub-critical water condi-
tions and produces solid/organic, aqueous and gas phases
(Anastasakis and Ross, 2011). The organic phase produced from
HTL is predominately hydrocarbon and the solid, gaseous and
aqueous phases generated are by-products. Current research activ-
ities are focussing on potential applications of the AP by hydrother-
mal gasification and the utilisation of the AP for nutrient recycling
(Biller and Ross, 2011; Garcia Alba et al.,, 2013; Orfield et al., 2014).

* Corresponding author at: Gate 5, Frome Road, Adelaide, 5005 South Australia,
Australia. Tel.: +61 8 83133959.
E-mail address: mason.erkelens@adelaide.edu.au (M. Erkelens).

http://dx.doi.org/10.1016/j.biortech.2015.01.129
0960-8524/© 2015 Elsevier Ltd. All rights reserved.

The AP has been shown to be capable of supporting the growth
of some microalgae with varying success, though the success was
only achievable with significant dilution (Biller and Ross, 2011;
Garcia Alba et al., 2013; Jena et al.,, 2011). Previous studies have
investigated the use of growing microalgae on the AP with the
same species used as a biomass source for HTL. Garcia Alba et al.
(2013) reported the generation of 0.21 g/L of Desmodesmus sp. with
a 20x dilution of the AP. They also showed that increased biomass
can be generated by combining the AP with commercial medium
(Garcia Alba et al., 2013). Jena et al. (2011) also investigated the
ability of Chlorella minutissima to grow on the AP; the highest total
dry weight achieved within their study was 0.52 g/L with a 500x
dilution. Du et al. (2012) observed the highest total microalgal
biomass produced on the AP with a total dry weight of 0.5 g/L at
a 500x dilution (Du et al, 2012). High dilutions of AP is required
due to the high concentrations of ammonia, phenols and nickel
compounds that are all known to have inhibitory effects on micro-
algae growth (Azov and Goldman, 1982; Fiorentino et al., 2003;
Garcia Alba et al., 2013).
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The use of the HTL AP has been focused on reducing the concen-
tration of toxic compounds by heavy dilutions, though little
research has been conducted on the active carbon pre-treatment
on the HTL AP before utilising it for microalgal growth. The appli-
cation of using pretreatments for the HTL AP before utilising it for
microalgae growth is a novel step forward to ensuring its potential
future success as a nutrient source. Removing some of the com-
pounds within the AP could potentially increase the growth of mic-
roalgae on the AP. Activated carbon has been used within various
industries such as water purification, wastewater treatment, air
filters, purification of gases and medical uses (Apul et al., 2013;
Kovalova et al,, 2013). One application that is relevant to the AP
is the use of activated carbon to remove organic contaminants
(Apul et al., 2013; Petrova et al., 2011).

Within this study we demonstrate the first step towards the
application of activated carbon upon the AP and determine its
effects on composition and the overall effects on the growth of
Tetraselmis MUR233. The aim is to observe the effects of the use
of active carbon on the HTL AP and its effects to microalgae growth.

2. Methods
2.1. HTL aqueous phase

The HTL aqueous phase was obtained from a proprietary contin-
uous sub-critical water reactor (SCWR) (www.muradel.com.au). A
20% slurry was reacted with the continuously operated SCWR at
350 °C with a 10 min reaction time. At the end of the process the
HTL product was collected, cooled, and the AP was collected stored
at 4 °C for future use.

2.2. Chemical composition

The chemical composition of the HTL aqueous phase was ana-
lysed by Eurofins (Eurofins, South Australia, NATA accredited) to
determine the composition in comparison to other studies that
have utilised the HTL aqueous phase as a growth medium. Analysis
consisted of total recoverable hydrocarbons (TRH; 2013 NEPM
Fraction), phenol (USEPA 8270 Phenols), ammonia (Method: APHA
4500-NH3; Ammonia Nitrogen by FIA), total nitrogen (nitrate and
nitrite) (Method: APHA 4500-NO5;/NO, Nitrate-Nitrite Nitrogen
by FIA), total organic carbon (Method: APHA 5310B Total Organic
Carbon), total nitrogen (Method: APHA 4500 TKN), total phosphate
(Method: APHA 4500-P E. Phosphate), nickel (Method: USEPA

Days

6010/6020 Heavy Metals), and potassium (Method: USEPA 6010/
6020 Heavy Metals).

2.3. Experimental design

Within this investigation we observed how the growth of Tetra-
selmis MUR233 was affected using the HTL AP. Powdered activated
carbon (20 mg/L) (AJAX chemicals) was used to treat the HTL aque-
ous phase for 10 min; the concentration of active carbon used
within this study is similar to the concentration used within other
waste water studies (e.g. Margot et al., 2013; Namasivayam and
Kadirvelu, 1999). After the HTP AP was exposed to the active
carbon it was centrifuged at 3270g for 3 min to separate the acti-
vated carbon from the treated HTL AP. As the HTL AP is highly con-
centrated a series of dilutions were required using MilliQ water;
the dilutions selected within this study were 500x, 1000x, and
2000x for both the filtered and non-filtered AP. The HTL treatment
was compared against a standard microalgal growth media, F/2
media (Guillard and Ryther, 1962) to give an indication of the com-
petiveness of the HTL AP for the growth of Tetraselmis MUR233.
Each treatment was carried out in triplicate using conical flasks
(500 mL) on a shaker table at 210 pm photon/m?/s continuous illu-
mination and a temperature of 21 °C. All treatments were supple-
mented with salt to hypersaline conditions (70 g Red Sea Salt per L)
as described previously (Erkelens et al.,, 2014).

2.4. Growth analysis of Tetraselmis MUR233

The growth rate of Tetraselmis MUR233 using HTL AP was ana-
lysed by monitoring absorbance over time. An appropriate wave-
length was determined by placing isolated species of Tetraselmis
MUR233 within a full spectrum to determine the peak absorbance
(680 nm). Each treatment received a 10% inoculum of Tetraselmis
MUR233 from a stationary phase culture. On the final day of the
investigation the dry weight (g/L) was assessed. Samples (50 mL,
in duplicate) were taken from each treatment to determine the
final total dry weight. The samples then underwent a wash cycle
where the samples were centrifuged at 3000g then washed with
MilliQ water. This wash step was repeated four times to com-
pletely remove salts that would affect the final weight. The pellets
were then stored at 40 °C for 24 h. The pH of the culture medium
was measured every second day over the whole investigation to
determine the uptake of carbonic acid of the algae.

—F2
—— Fitered 500
" —a—Fitered 1000
—— Fitered 2000
Non-filtered 500
oo Non-fillered 1000
- Non-fillered 2000

Fig. 1. Cell absorbance at 680 nm over the investigation for each treatment.
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Fig. 2. Changes of pH over the investigation between each treatment.

3. Results and discussion

Within this investigation the effects of activated carbon on the
composition of HTL AP and the subsequent effect upon the growth
of Tetraselmis MUR233 was assessed. The successful growth of the
microalgae using the HTL AP would represent a key step in the
formation of a closed nutrient loop for this emerging environmen-
tal biotechnology.

3.1. Chemical composition of the HTL AP and effect of activated carbon

The chemical composition of the HTL AP was investigated
before and after treatment using activated carbon. Other studies
have identified that compounds such as phenols, nickel and ammo-
nia found within the AP can all cause growth inhibition of algae
(Garcia Alba et al., 2013).

The active carbon had the following effects on the HTL AP; NH4"
before 2800 + 28.00 mg/L, after 3100 + 310 mg/L; Total nitrate and
nitrite before 0.2 +0.00 mg/L, after 1.7 +0.51 mg/L; TKN before
52,000 + 520 mg/L, after 5900 +59 mg/L; Total phosphate before
1.25+£0.01 mg/L, after 0.49 +0.1 mg/L; Potassium before 2400 +
336 mg/L, after 3500 + 35 mg/L; Nickel before 0.1 +0.00 mg/L and
after 0.067 +0.02 mg/L; Total organic carbon before 19,000 +
190 mg/L, after 13,000 + 130mg/L; TRH (Total C10-36) before
500 + 5 mg/L, after 300 + 3 mg/L; Total phenols before 1+ 0.01 mg/
L, after 0.1 £ 0.00 mg/L.

The concentration of ammonia in the AP was not significantly
affected by the activated carbon treatment. The concentration of
ammonia found within this investigation was very high
(2800 mg/L ammonia) in comparison to other waste streams that
have been utilised to grow microalgae. Erkelens et al. (2014)
utilised anaerobic digestate to grow Tetraselmis sp. The anaerobic
digestate had a concentration of 823 mg/L and the study reported
that the less dilute the anaerobic digestate the less the growth
(Erkelens et al., 2014). Therefore the high concentrations of ammo-
nia present in the AP causes concern due to the heavy dilutions
that are required to prevent growth inhibition. The total Kjeldahl
nitrogen (TKN) was shown to be the largest component of the AP
at 52,000 + 520 mg/L, though after the activated carbon treatment
the concentration was shown to reduce to 5900 + 59 mg/L. Acti-
vated carbon therefore significantly reduces the nitrogen compo-
nent of the AP by absorption (Sabio et al., 2004).

The total recoverable hydrocarbon (TRH; C10 to C36) concen-
tration within the non-treated AP was 500 +5 mg/L; following
activated carbon treatment of the AP the TRH was reduced to

300 +3 mg/L. The TRH present within the AP was very low com-
pared to other forms of hydrocarbon contamination (Simons
et al., 2013). The total organic carbon was also observed to drop
from 19,000 + 190 mg/L to 13,000 + 130 mg/L with the use of acti-
vated carbon. This suggests that the overall absorption of the
organic carbon with the activated carbon within the AP was not
as significant as the nitrogen component implying a stronger
absorption relationship between the active carbon and TKN.

Toxic compounds identified within the AP such as phenol and
nickel were found to be at low concentrations. Phenol was found
to be present at 1+ 0.01 mg/L initially and 0.1 +£0.00 mg/L after
the activated carbon treatment. Nickel was present at a concentra-
tion of 0.1 +0.00 mg/L initially and 0.067 +0.02 mg/L after acti-
vated carbon treatment. As the AP was heavily diluted the
dilution of the nickel and phenol would potentially have minimal
effect on microalgal growth. The increase in concentration of some
of the HTL components following active carbon treatment may be
due to the removal of other components of the HTL AP by the
active carbon, thereby increasing the concentration of non-effected
compounds within the HTL AP. Additionally active carbon is known
to leach potassium, this may have also contributed to the increase
in potassium seen after the active carbon treatment (Altland and
Locke, 2012).

Overall, the application of activated carbon to the AP resulted in
some beneficial changes in the composition of the AP, with the
removal of selective compounds including organic nitrogen and
organic carbon; this result is consistent with previous studies
(Apul et al., 2013; Kovalova et al., 2013; Petrova et al., 2011). The
active carbon used within this study could potentially be recharged
by combustion and reused, this type of process has been displayed
to be effective (Sabio et al., 2004).

3.2. Growth analysis of Tetraselmis MUR233 on the HTL aqueous phase

Growth of Tetraselmis MUR 233 was assessed on various dilu-
tions of the HTL AP and was compared between activated carbon
filtered, non-filtered treatments and F/2 medium. Tetraselmis
MUR233 was capable of growth on the HTL AP on all dilutions
(Fig 1). Unsurprisingly the F/2 medium was found to have the high-
est absorbance (ODggp) overall (0.70); the next highest growth was
observed by the filtered 500x dilution (0.30), followed by the
filtered 1000x dilution (0.30) and the non-filtered 500x dilution
(0.30) (Fig 1). These results suggest that the activated carbon filter
treatment can increase the growth of the Tetraselmis MUR233 when
compared to a non-filtered culture.

Please cite this article in press as: Erkelens, M., et al. The application of activated carbon for the treatment and reuse of the aqueous phase derived from the
hydrothermal liquefaction of a halophytic Tetraselmis sp.. Bioresour. Technol. (2015), http://dx.doi.org/10.1016/j.biortech.2015.01.129

pg. 44



Tetraselmis sp.
5900 + 59
3100 £ 310

1.7+051
049+0.15
0.1£0.00
3500 35
0.067 +0.02

(After)

1£0.01

0.2+0.00
1.25+0.01
2400 + 336
0.1+0.00

19,000 + 190

This study
Tetraselmis sp.
{Before)
52,000 £ 520
2800 + 28.00

Duet al. (2012)
Chlorella
vulgaris

9650 + 1582
134375
211£20
343+43
77545

0.005

3139
5280

80
1150

S. dimorphus
192
1470

Chlorella
5920
237
1121
i1
1419

6888

Chlorella 3000c
6636
5673
329
3109
108
1460

Spirulina
8136
6295

194
2159
98
1506

38

508
280
178
303
9060

Biller and Ross (2011)
Chlorogloeopsis

5636
4748

Garcia Alba et al.
Desmodesmus sp.
1964

70
159
58

(2011)

Jena et al.
S. platensis
16,200
12,700
26.76

795

50.9

Ammonia
Nitrate
Phosphate
Phenols
Potassium
Nickel
TOC

TKN

Comparison between studies that have utilised HTL AP to produce microalgae biomass.

Table 1

13,000 £ 130

45,700 + 1513

1000x, 0.41 g/L,

12 days

500, 023 gL,

12 days

50, ~0.6 gL,

5days

400%, 0.05 gL,

200x, 0.09 g/L,

12 days

100x, 0.88 g/L,

12 days

400x, 0.66 gL,
12 days

100x%, 0.498 g/L,

12 days

20%, 021 gL,

96 h

C. minutissima, 500,
0.52 g/L, 12 days

Total dry

12 days

weight

M. Erkelens et al./Bioresource Technology xxx (2015 ) xxx-xxx

Examination of the changes in pH during growth of the micro-
algae in HTL AP is shown in Fig. 2. The pH was found to be signif-
icantly higher within the F/2 medium in comparison to all the HTL
AP treatments (Fig 2). This may have occurred due to the higher
growth of Tetraselmis MUR233 observed within the F/2 medium
in comparison to the HTL AP treatments; the growth of Tetraselmis
MUR233 would increase the amount of carbonic acid removed from
the water leading to an overall increase in pH. As the absorbance
was much lower within the HTL treatments the uptake of the car-
bonic acid was lower. This is a concern as if the pH rises above 8.5,
ammonia is capable of passing through the cell membrane and
inhibiting photosynthesis by reducing the electron donors (Azov
and Goldman, 1982; Uggetti et al., 2014). All HTL AP treatments
reached a pH of 8.5 on day 2; pH then slowly decreases back to
7.5 by day 8. The presence of ammonia may therefore be responsi-
ble for the poor growth of Tetraselmis MUR233 within these
cultures.

Examination of the final dry weight of microalgae at the end of
the experiment were observed, the following dry weights were
achieved; F/2 0.49+0.10g/L; Non filtered 500 0.23 +0.01 g/L;
Non Filtered 1000 0.11 + 0.07 g/L; Non filtered 2000 0.17 + 0.01 g/
L; Filtered 500 0.24 +0.04; Filtered 1000 0.41 + 0.09 g/L; Filtered
2000 0.21 + 0.01 g/L. Growth using F/2 media resulted in the high-
est biomass (0.49 +0.10 g/L). The highest biomass produced with
the HTL AP treatments were observed in the 1000x dilution of
the filtered AP (0.41 + 0.09 g/L). The lowest dry weight was found
in the non-filtered 2000x dilution AP (0.11 + 0.07 g/L). Generally
within the HTL AP treatments, the total dry weights varied with
dilutions and no trend was observed. Similar observations were
made by Biller and Ross (2011) suggesting a high sensitivity to
the various inhibitors found within the AP and/or the balance of
nutrient required for growth vary throughout the each dilution.

Overall the growth within this study was similar to what has
been found within other studies that utilise the HTL AP as a nutri-
ent source (Table 1). These results confirm that AP is highly vari-
able in content due to the HTL conditions and the biomass that is
used as feed. The AP used in this current study was found to have
the highest nitrogen and TOC content together with the lowest
ammonia concentration. Phenol content was also low in studies
(Table 1). The growth achieved within this study is also similar
to that observed within other studies, with most studies ranging
in the less than 1 g/L range. This suggests that with the application
of activated carbon, growth can be improved although growth tri-
als need to be undertaken to determine the right dilution to use for
the growth of microalgae.

4. Conclusion

Overall the growth of microalgae on the HTL AP fraction is an
option, though within a large scale operation where large amounts
of the AP are produced this may because a significant build-up due
the high dilutions that are required for microalgal growth. With the
application of activated carbon upon the AP growth of Tetraselmis
MUR233 was possible. The optimal condition to grow Tetraselmis
MUR233 on AP was obtained by treating the AP with activated car-
bon and a dilution of 1000 x.
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The use of recycled media has been shown to be a necesary step within the lifecycle of micmalgl bio-
fuels for economic sustainability and reducing the water footprint. However the impact of the harvesting
of microalgae on the bacterial load of the recycled water has yet to be investigated. Within this smdy
PCR-DGGE and real-time PCR was wsed to evaluate the bacterial community dynamics within the recy-
cled water following harvest and concentration steps for a pilot scale open pond systemn (120,000 L),
which was developed for the production of green crude oil from Terraselmis sp. in hyper saline water.

;’T’_:::Te Two stages were used in the harvesting; Stage 1 electmflocculation, and Stage 2 centrifugation. Electro-
p—— flocculation was shown to have litthe effect on the bacterial cell concentration. In contrast bacterial diver-
Recycle sity and cell concentration within the centrifugation step was greatly reduced.

Micx tualg 3¢ biafuels & 2014 Elsevier Lid. All rights reserved.
Hectraflacculation

1. Introd uction algal cells via centrifugation results in the rapid harvesting of up to

Improvements in the locculation methods to increase the effi-
ciendes of harvesting microalgae have been well researched and
has been demonstrated with dissolved air locculation (DAF){Chu
et al, 2011; Haarhoff and Edswald, 2013), electroflocculation
(Lee et al., 2013 ) and centrifugal force (Pahl et al., 2013). Combina-
tions of these technologies has been shown to shorten the time re-
quired for recovering microalgae; for example by combining
electroflocculation with dissolved air fotation, the flocculation
time was reduced from 30 min to 14 min (Xu et al., 2010). Floacu-
lation methods have been shown to be both effective for low con-
centrations of microalgae and inexpensive, this makes it suitable
for the initial concentration of the biomass (Molina Grima et al.,
2003 ). The wastewater industry has long made use of centrifuga-
tion for the dewatering of solids. Similarly, the recovery of micro-

* Comespanding suthor at: Frome Rosd, Gate 5, Adelaide 5005, South Australia,
Australia Tel: +G1 8 83133959,
E-mail acldress : masones rkelens @ad elai de sdu asu (M Erkalens |

hitp: s daoiorg [1 1100 & j b ortech 2014 02 (56
E60-8524 8 2014 Bsevier Lid All rights reserved.

94% of the algal biomass {Molina Grima et al, 2003).

Reduction and reuse of waste isa key part of the environmental
and economic sustainability for the production of microalgal biofu-
els{Cho et al., 2011 ). One aspect of this is the use of recycled water
from the harvest process. The large volumes of water which are
found in open systems together with the low density of microalgae
provide challenges in efficiencies and cost effectiveness; therefore
it is essential to redaim the water from the harvest process. An
example of why recycling water is essential was shown by Yang
et al. (201 1); their life cycle analysis of biodiesel production from
microalgae showed that the recycling of water from harvest re-
duces the water and nutrient usage by 84% and 55% respectively.
These authors also showed that by reclaiming the water following
microalgal harvest no further additions of potassium, magnesiom
and sulphur to the open pond system were required (Yang et al,
2011). Furthermore the use of recyded water collected from har-
vesting stages prevents new input of water from external sources
(which may also contain undesired organisms), significantly reduc-
ing the msts associated with the amuisition of water.
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Previous research has focused on the ability to use recycled
water, with a main focus on nutrient recycling. To date minimal re-
search has been conducted on the bacte rial community dy namics
within the recycled water {(Cho et al., 2011). When developing a
harvesting system it is important to influence the growth towards
the desired organism; previous studies have shown that recycled
water can enhance the growth of unwanted microorganisms dur-
ing the flocculation process, which is not desired when growing
organisms of interest {Guo et al, 2011). Bacteria have shown to
have avarying effect on microalgal growth: the symbiosis between
microalgae and bacteria has shown to be benefidal due to bacterial
ability to produce B12, an essential vitamin for microalgae (Goedke
et al., 2013; Kazamia et al., 2012); particular negative aspects of
enhanced bacterial growth are the introduction of competition
for nutrients and loss of nitrogen through denitrification proce sses
(Christenson and Sims, 2011} To maintain alarge scale open pond
ina sterike condition is impractical as it is exposed to the environ-
ment; however ensuring that the conditions are selective towards
desired microorganisms is achievable. Monitoring the bacterial
population in terms of biomass and diversity within the recycled
water from a harvesting system is essential o prevent an increase
in the bacterial load with each harvest cyde.

The aim of this investigation was to determine the effects on the
bacterial community dynamics during the harvest of Tetraselmis sp.
This study also assessed the effectiveness of using molecular bio-
logical methods such as poly merase chain reaction { PCR) combined
with denaturing gradient gel electrophoresis {DGGE) and real time
PCR (RT-PCR) as tools to effectively determine the overall efficiency
of a pilot scale microalgal biofuels harvest system. These tools have
been commonly used to evaluate micobial communities and ef-
fects of treatment in other systems (Erkelens et al, 2012),

2. Methods
21. Process description and plant design

Harvesting of Tetraselmis sp. in hyper saline water was con-
ducted on a daily basis from an open pond system (120,000 L)
(Muradel, Australia). The harvest of the microalgae was conducted
over a two stage system involving firstly electroflocculation and
secondly continuous centrifugation. The electroflocculation unit
wonsisted of aluminium sheets with a separation of 0.15m be-
tween each electrode and a DC power supply. The electrofloccula-
lor unit was 2.4m = 12m = 0.15m with a linear flow velocity
0.075-008 m s~ with an eledtroflocculation duration of 305 A
voltage between 10 and 20V was used. This electroflocculation
unit has been previously described (Lee et al, 2013} Water recy-
ded from this process was returned to the open pond system.
The harvested Tetraseimis sp. would then undergo stage 2 of the
harvesting process. The centrifuge system which was used in this
harvesting process was an Evodos type 10 (Evodos, Netherlands)
Harvested microalgae from stage 2 would then undergo down-
stream processes for bioconversion to green crude oil while the
supernatant from the centrifuge was discharged.

22 Experimental design and sampling plan

Samples were collected from the 120,000 L open pond system
developed for the continuous production of microalgae biomass,
An initial water sample of 5 Lwas taken from the ponds and a final
water sample was taken from the open pond system after five days
a5 a comparison over ome o observe bacterial community
changes. Throughout the five days the harvesting process was cmon-
tinuous with regeded water reintroduced into the open ponds, In

addition, samples from the electroflocculation (100 mL) and centri-
fugation { 100 mL) stages were taken.

23 Molecular analysis

The extracion of DNA was cmnducted wsing a Mo Bio Ulira
Clean DMA extraction kit (Mo bio USA) with 1.2 mL of sample used.
Extracted DNA was stored at =20°C for future use if not used
immediately. The presence of DNA was confirmed on a 0.8% aga-
rose gel with SybrSAFE. The eubacterial PCR primers set 34 1FGC
and 518R were used to determine changes in community dynamics
[Erkelens et al, 201 2). DNA template {2 pl)was used toge ther with
a KAPA master mix. PCR-DGGE was performed using a D-Code sys-
tem (BioRad) with a 6% polyacrylamide gel (35.5:1 acylamide bis-
acrylamide) with a denaturing gradient of 40-60%. The DGGE run
conditions were G0V at 60 *C for 20 h. Following electrophoresis
the gel was stained with silver (Girvan et al., 2003).

2.4, Identification of bands of nterest

Bands of interest were exdsed from the PCR-DGGE gel; excised
bands were left overnight at 55°Cc in 50 pL molecular grade water.
The bands where then reamplified using 2 pL of template using
primers 341F 518R (Ralleke et al., 1996). Reamplified PCR ampli-
cons underwent the MoBio PCR clean-up kit {MoBio, USAL Clean
PCR amplicons were quantified using a Mano-drop lite (Thermo-
fisher Scientific Australia) and then sent to the Australian Genom-
ics Research Facility (AGRF, Australia) according to submission
requirements, Sequences were analysed using Mational Centre for
Biotechnology Information using a BLAST algorithm [<htip:|/
www, ncbinlm. govlibrary. vueduaw BLAST +), and a comparison
was formed against a nudeotide sequence database for
identification.

25 Quantifiation of bacteria with Real-Time PR

For real-time PCR analysis for bacerial quantification, DMNA
template {1 pl) was used together with a 20 pL reaction of KAPA
Sybrgreen Master Mix on a2 Qiagen Rotor Gene G000. Bacterial
selective primers 314F and 518R were used toquantify the number
of pene copies (Rolleke et al, 1996) After the run was completed a
melt curve was mnduded to ensure the product of interest was
produced, the melt curve conditions were: 50-95 *C with a 0.5 °C
increase every 5s. Two negative controls were added within the
samples where added within the run to screen for contamination.

2.6 Statistical analysis

PCR-DGGE gels were digitalised and quantified to determine
the changes within the bacterial community. Digitalised gels were
analysed using Total Lab Quant to determine the bacterial commu-
nity dynamics occurring at each stage (Total Lab, UKL A Shannon
Weaver index was applied to the PR-DGGE gels to determine
the diversity within each bacterial community sample { Marzorati
et al, 2008) Equitability index was also assessed to determine
the evenness of the bacterial community (Marzorati et al, 2008}
The results from the real time PCR analysis of samples were statis-
tically analysed using a T-TEST to determine significant difference
between bacterial cell counts,

3. Results and discussion
3.1 Bacterial cell counts with real time PCR

The results of the QPCR analyses showed that the microalgal
harvesting stage had a significant impact on the number of bacteria

pg. 50



366 M. Erkelens et al fRioresoune Technology 157 (2074) 364-367

present in the recycled water (Table, 1). The use of real time PCR
was shown to be a highly sensitive tool for the detection of organ-
isms. A standard was formed with a known bacterial cell count: the
standard used gave an B value of 098 The overall bacterial cell
concentration  was  higher in the final pond sample
(34,983 + 8798 gene copies/mL) than in the initial pond sample
(21,102 + 1286). There was no significant increase in the bacterial
cell concentration following the reintroduction of recycled water
to the open pond system (P=0.43). The most significant observa-
tion was that following centrifugation, cell concentrations in the
recycled water was significantly reduced (P=0.014) (Table. 1) In
contrast eledroflocculation had no impact on the bacterial popula-
tion, as it was optimised for pre-concentration of micoalgae bio-
mass prior to centrifugation.

3.2 Boacterin community dynamics via POR-DGGE

Having established that the harvesting process had a signifiant
effect on bacterial numbers, PCR-DGGE was used to assess the im-
pact of harvesting and the subsequent reuse of recyded waters on
the diversity of the bacterial community (Fig. 1)

The presence of baderia in a large scale open pond system is
inevitable as it is impractical to maintain selective growth solely
towards the desired organisms. Monitoring and controlling the
bacteria is essential to prevent competibon with the target micro-
algal spedes. The initial bacterial diversity in the pond was low
with only a few bands evident from the PCR-DGGE profile
(Fig. 1) The bacterial diversity in the recycled water from the elec-
troflocculation stage was much higher, as evidenced by the large
number of bands compared to the initial pond sample; this indi-
cated that the electroflocculation unit concentrated the bacerial
community greatly in comparison to the open pond samples. This
also indicates that the bacteria may have been present within the
open pond system but in low numbers: due to the concentration af
bacteria in the electroflocculation stage they appeared on the PCR-
DGGE gel (Fig. 1). In contrast no bands were detectable within the
recycled water from the centrifuge stage, which indicates that the
centrifuge had a significant effect in redudng the bacterial diver-
sity. However real-time PCR results confirmed their presence, al-
beit at low concentrations (1,216 cells £ 602 mL™'). Real-time PCR
displayed a higher sensitivity in comparison to POR-DGGE which
indicted no dominant bacteria were present in the centrifuge
samples. The bacterial community within the recyded water from
the centrifuge was effective at removing the bacteria suggesting
that the use of a centrifuge may be an effective means of control-
ling undesired micoorganisms in the water, These observations
were confirmed following further analysis of the PCR-DGGE. The
Shannon Weaver Diversity Index between the samples confirmed
the high bacterial diversity associated with the electroflocculation
process {Fig. 2 ).

Further analysis of the data was carried out to assess whether
the different treatments resulted in changes in dominance of mem-
bers of the bacterial community. The dominance was determined
by the Equitability index (Fig. 3). In the initial open pond sample
an even spread of dominance was observed. Throughout the

harvesting process there was no increase in the dominance in the

Table 1
Enumeration of bacteria (expresied a5 gene apies per mil) with real -time
PCR at different stages of the harvest proces_

Sample Loction Cell count (gene copies fml)

Initial pand zample 21,102 + 1286
Electrofloculation recy ded water 18270 9497
Centrifuge recy cled water 1216 + 602
Final pand sample 34983 + 8798

M FP FP 1] F C L= E E L]

Fig. 1. PR-DCCE af the hacter al community present inthe apen pond system and
recycled water. (M, Marker; FP, Final pond sample; IP. Initial pond sample; C
Centrifuge recycled water; E Hedrallocculation recpcled water |

bacterial community, suggesting the bacterial community re-
mained stable throughout the process (Fig. 3} The recyded water
from the centrifuge stage had no bands present within the sample
s0 an Equitability index analysis was shown as zero, Studies have
shown bacteria present in recycled water have the ability to re-
main and recover after a water treatment process: for example
Jjemba et al, (2010} found that bacteria were able to regrow in a
recyded water distribution system after various filration stages
{Jjemba et al, 2010}

Bacteria within the PCR-DGGE gel which were of interest were
identified to determine their role within the open pond system
(Table. 2). Band one was identified as Cyanobacterium, suggesting
the presence of a competitor within the open pond though it
should be pointed out that the cell density of this organism was
relatively low, so it was assumed to have little effect on the total
biomass yield (Table. 1), The other bacte ria found within this study

.
e

&

=

Shonaoe Weover Deemily hoes
= -
e in
=

-

Intisl pand sample Electroficoculation Centrfupe (Stage 1) Final pond sampie
{stage 1)

[Fig- 2. Shannon Weaver diversity of the bacterial diversity at differe nt stages in the
pol.
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Table 2
Mdentification of bacteria from the PCR-DGGE
Band Species Mentity® Accession
1 Unicellular Cynobacknium a2 CLES34033 2
Prochlorales Cynobaderium a1 DO053300.1
2 Uncultured bacteria a8 H43682491
Uncultured bacteria a8 ELM430371
3 Phasobacter sp 88 HCA23273.1
Phacobacte sp a8 KPRO{87545.1
4 Ruegeria sp. &7 ABTE3 1041
Ruegeria sp. &7 JXB615741

where Phorobacter sp. and Ruegeria sp. (Table, 2] These bacteria
are known for their production of antibacterial compounds, their
main use is as a probiotic for the aquaculture industry (Porsby
et al., 2008; Rao et al, 2007). Additionally studies have observed
that Ruegeria sp. is @pable of utilising Tetraselmis indica as a
carbohydrate source, degrading the cell wall for carbohydrates
and additionally prolonging the life of T. ndica (Arora et al.,
2012). PCR-DGGE has been shown to be an effective tool for
observing the bacterial community, espedally as this is one of
the first studies to imvestigate the bacterial community within
the recycle process of 2 120,000 L raceway pond designed for mic-
roalgae biofuel,

4. Condusion

It was observed the bacterial community from the water recy-
ded at the electroflocculation stage stll onsisted of bacteria,
while the centrifuge stage greatly reduced the bacterial commu-
nity. It is recommended that total removal of the bactera is not
essental but can be @ntrolled much better with the centrifuge
process, thoug h the removal of organisms which are not of interest
from the recycled water may not be beneficial as the removal of
symbiotic partners with the microalgae may occur. In addition it
was observed realtime PCR was more sensitive than PCR-DGGE
in terms of the detedtion of low numbers of bacteria.
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In this study a filker was used to remove protozoa and its effects on a Tetraselmis sp. culture were
evaluated in terms of final total lipid, final total dry weight, cell counts, and both the bacterial and algal
communities. The pmtozea species obsemved within this study was identified as Colurlembues reniformis It
was observed that on the final day no C rendfirmis weme present in filtered cultures compared to the non-
filtered culture which contained 40+ 3 C rendformis iml. The presence of C. rendfimmis within the culture

did not affect the total lipid or the total dry weight recovered, suggesting that Temoselmis sp. was capahble
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Biafusk
PCR-DCCE
Filters

significant effect

of surviving and growing inthe presence of C. renifirmis. Overall it is sugzested that an 11 pm filter was
effective at removing protozoa, though growing a micmalgae culture without filtration did not show any

@ 2014 Elsevier Ltd All Aghts resered

1. Introducton

The concept of microalgal biofuels is now highly advanced and
practiced at large scale all over the world (Fon Sing et al, 2014;
Stephens et al., 20010} Microalgal biofuels are highly desirable
due to their potential to be carbon neutral (Fon Sing et al, 2014;
Sharif Hossain et al, 2008) Mioalgae can be prooessed into
biofuels by transesterifiation, where lipids are extracted and con-
verted to biodiesel (Sostaric et al, 2012), or the use of hydrother-
mal liquefacion that converts biomass into type 2 kerogen
(Eboibi et al., 2014) These processes require a onstant feedstodc
of microalgae that has been economically produced with minimum
amount of losses due to grazing microorganisms, There are many

* Corresponding suthor st: Frome Rasd, Cate 5, Adelaide S005, South Aastralia,
Australia Tel: 461 8 83133950
E-mail address: masoner kelens@ad slaide sduau (M Efkelens)
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methods that are used to produce microalgal biomass; however
the production of microalgal biomass requires water, nutrients
and sunlight. The most important aspect of microalgal biofuels is
the source of water for the culture, In Australia due to the drought
conditions, seawater is more favourable as it is highly abundant
and does not interfere with agricultural industries,

A problem with the intreduction of any water source for the
culturing a target microalgae is the ontrol of other microorgan-
isms within the source water. The prevention of non-desired
MICToOrgansms is essential to ensure that the desired microorgan-
ism is dominant within the culture (Day et al., 2012; Erkelens et al.,
2014). Inopen raceway ponds it is impractical to maintain the cul
ture in a sterile condition due to its constant exposure to the envi-
ronment and also from an economic stand point, therefore control
methods targeting non desired organisms should be im plemented.
The species of interest in this study & Tetraselmis sp. which
recently was used in a study that reported this microalga’s ability
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to produce biofuels at large scale (Fon Sing et al, 2014). However,
many organisms are known to graze on Tetraselmis sp which
causes concerns for large scle culturing of Teraseimis sp. (Day
et al, 2012)

One method of control is the use of flters to prevent the entry
of these non-desired microorganisms into open raceway ponds,
Ideally selecting a filter that can prevent the entry of seleced
undesired organisms can be advantageous. Most protozoa range
between 16 and 70 pm in size; therefore a Alter that can prevent
the entry of these large microorganisms may have a positive
effedt on biomass production (Day ot al, 2002). It is essential to
assess how filters are able to prevent non desired microorganisms
entering the micoalgae cultures, as well the effects on the micro-
algae culture with and without the flter in place. Moreno-Garrido
and Canavate (2001) observed the clarificaton of a dense culture
of Dunalielo sofing within 2 days due o the introduction of graz-
ers. To prevent grazer damage they introduced formalde hyde,
metronidazole, ammonia, hydrogen  peroxide and  quinine
sulphate. The most successful treatment within the study was
quinine sulphate which only affected the grazers and not the mic-
roalgae {Moreno-Garrido and Canavate, 2001). Another method to
combat the damage of rotifer was investigated by Richmond
(1986); he observed that maintaining the optimal values of pH,
temperature and light can incease the growth of microalgae
and minimise the damage caused by grazers (Richmond, 1986).
Sananurak et al. (2009) was able to create a large scale dosed-
recirculating system, continuous culture of Tetraselmis suecica
and rotifers {Brachionus plicatilis] for larval fish culture, Within
their study they showed that the microalgal density was very sta-
ble throughout the 28 days even with rotifers present (Sananurak
et al, 2009)

Within pilot scale open ponds the presence of bacteria is nor-
mal; it has been shown however that the bacterial dynamics of a
pond can be easily controlled within a harvesting  system
(Erkelens et al., 2014) Bacteria are an important symbiotic part-
ner with microalgae; recent research has shown that baceria
are capable of producing vitamins that are important for the
growth of microalgae (Croft et al., 2005). Studies have also
observed that the presence of protozoa within a culture can cause
shifts in algal dominance. Grobbelaar et al. {1981) abserved a cul-
ture of Chiorella sp. that was infected by Stylonychia sp., the dom-
inant algae then changed from a Chiorella sp. dominant culture to
a Scenedesmus sp. culture, This change in dominant algae was
associated with the large size of Scenedesmus sp, as it was too
large to be cnsumed (Grobbelaar et al, 1981). Monitoring the
effeds on the bacterial and algal community is therefore impor-
tant to ensure there are no negative impacts on the beneficial
bacteria and the algae of interest. Introducing a selective method
such as a filter to allow beneficial bacteria to enter an open pond
system and exduding microorganisms such as protozna could be
maore beneficial,

This study selected a 11 pm filter to selectively remove proto-
zoa that are known to commeonly be 16-70 pm in size {Day et al.,
2012} This pore siee will still allow for other microorganisms to
pass through and ensure less clogging for large volumes of water,
Currently there is litde known about how effective an 11 pm fil-
ter can be to prevent the introduction of theses larger protoana
that may destroy the micoalgae culture. The aim of this study
is to compare a filtered seawater culture against a non-filtered
seawater culture to evaluate the effects on microalgal biomass
and total lipid production together with changes in the bacerial
and algal population. To monitor effects to the bacterial and algal
communities we used polymerase chain reaction denaturing gra-
dient gel electrophoresis (PCR-DGGE); this has been shown to be
an effective tool for evaluating micmalgae processes {Erkelens
et al., 2014)

2 Methods
21. Experimental design

Seawater (40 L) was obtained from the Spenoer Gulf at Whyalla,
South Australia. Two vessels (each 2 L) were prepared to compare
between filtered and non-filtered seawater. The filtered sea water
was vacuumed filtered through an 11 pm sterile glass flter, Filtered
water was collected in a sterile container and placed directly into
the culture vessel. Both cultures were nutrient enhanced with F/2
media; this was conducted by treating the cultures volume as the
total water and enhancing it with F{2 nutrients (Guillard, 1975), &
wonstant fow of air (4 Limin) was used with the culture; the light
source used within this study was a 100 W Muorescent light globe
with continuous illumination, The microalgal cultures were incu-
bated in a 21 *C constant temperature room. A culture of Tetraselmis
sp. was obtained and used as an inoculum. The inoculum was in a
stationary phase and was added to achieve a 10% (v /v) inoculum
of the inital volume, An aliquot (50 mL) of water was sampled
every second day over 10 days from each treatment. On the final
day the cultures were centrifuged and the pellet harvested for fur-
ther analysis such as dry weight and total lipid content. All samples
were stored at —20 *C if not used immediately.

22 [DNA exdroctions

An aliquot (5 mL) of sample was taken from the initial 50 mL
samples and was centrifuged and resus pended with 300 pLof ster-
ile PBS. The resuspended pellets underwent DNAextraction using a
MoBio PowerPlant DNA extracion (MoBio, USA). An aliquot
(50 pL) of solution six was used to elute the DNA at the final step
and stored at =20 *C il not used immediately. To confirm the pres-
ence of DMA, samples were run on a 0.8% agarose gel with SybrSafe.

23. PCR-DNGGE

To determine the influence of an 11 pm filter on the bacterial
and algal communities PCR-DGGE was conducted. PCR was an-
ducted on the extracted DMA using a KAPA POR mixture {KAFA,
South Africa) Primers uwsed to amplify the microalgal community
targeted the 185 rRNA region; these primers have previously been
shown to have been used successfully for analysing microalgal
wmmunites (Diez et al., 2001} The baderial community was
amplified by targeting the 16s rRNA region; the primers were
developed for 314FGC and 518R which is known as a marker for
bacterial communities (Erkelens et al, 2014; Muyzer et al,
1993). PCR amplicons were analysed on a 1% agarose gel with
SybrSafe. PCR amplicons from both the bacteria and microalgal
mmmunities were then loaded onto a 68 polyacrykmide gel with
a denaturing gradient of 40-60%. The run conditions for the 6%
polyacrylamide gel were on a BioRad D-Code mutation over 20 h,
60 °C at 60v. After the run was completed the DGGE gels were
developed via silver staining (Erkelens et al., 2012; Radojkovic
and Kusic, 2000). The developed gels where then digitalized with
a scanner for further analysis with Total Lab,

24 Growth of Tetraselmis sp. and total Epid & dry weight content

After day 10 culture aliquots were prepared into separate 50 mL
tubes and centrifuged at 3000g for 10 min. The samples were
washed three times with milliQ water and centrifuged at each step
for 10 min at 3000g. Alter the final wash the samples were dried at
37°C for 2d and the initial and final weights were taken to deter-
mine the total dry weight content. The total lipid content was
determined by a chloroform-methanol extraction (Bligh and
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Dyer, 1959). Dried microalgae (500 mg ] was used for each sample
(n=2). Following lipid extraction the change in mass was taken o
alculate the total percentage of lipid present within the pellet. At-
test was conducted to determine significant differences between
the total lipid and total dry weight content between the filtered
and non-filtered samples. An Olympus D50 Microscope at 20=
magnification and haemocytometer (0.2 mm deep) was used o
determine total cell count of Tetraselmis sp. per a millilitre. Cells
were allowed to setde for 5 min before cell counting was under-
taken. Triplicate cell counts were undertaken for each sample.

3. Results and discussion
2.1, Microscope observation of cultures

The cultures were observed with a micoscope to visually
inspect differences within the micoalgal cultures. It was immedi-
ately observed within the non-filtered culture that Cohnilembus
reniformis was present; it was compared to other studies to deter-
mine the species (Day, 2013} The final counts of C. reniformis were
taken from both cultures; the non-filtered culture was observed o
have 40 + 3 C reniformis/mL present at day 10, In contrast no C ren-
fformis were present within the filtered culture. Therefore the use
of an 11 pm filter can prevent protozoa entering into a culture,
Protozoa are known to consume microalgae, in particular
Tetraselnis sp. {Lubzens, 1987, Luna-Andrade et al, 2002)

Tetraselmis sp. growth was determined by observing the cell
wounts every second day throughout the investigation (Fig 1) It
was clearly seen that the growth of Tetraselms sp. was steady in
both the filtered and non-filtered cultures. The stationary phase
was achieved in days 8 and 10 respectively. There was no
significant loss of azll numbers within the non-filtered culture in
comparison to the filtered culture.

32, Final total Epid and dry weight

The final total lipid and the final biomass dry weight were
observed within both cultures. There was no significance differ-
ence between the Alered and non-fltered seawater (Total lipid
P-value: 0.23; Total dry weight P-value: 0.38) (Fig. 2). The presence
of protozoa in the non-filtered seawater over 10 days did not result
in a reduction of total dry weight. It would be expected that the
presence of protazoa within the micoalgal culture would add o
the total biomass on day 10 (Day et al, 2012; Moreno-Garndo
and Canavate, 2001). There was also no significant difference
between the total lipid content of the filtered and non-filtered sea-
water. The total lipid achieved after day 10 was also similar to that
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Fig. 2 The final otal dry weight (A) and total lipid (B) content Bund on day 10
comparing non-filkered and filkered sea water. In panel B change to state non
filtered.

reported for other studies (Huang et al., 2013). Protozoa are known
to consist of lipid and must have also contributed to the final total
lipid content.

While some studies have reported that the presence of protozoa
can ause complete loss of cultures, other studies have shown that
this is not always the case. Within this study the Tetraselmis sp.
was grown at the optimal growth conditions (iLe. nutrient, light
and temperature) suggesting that Terreselmis sp. may have out
grown any significaint damage that the protozoa may have caused
to the cultures (Richmond, 1986). Sananurak et al. (2009) investi-
gated the growth of Tetraselmis sp. and rotifers (B phoedle) within
a continuous culture for 28 days at large scale. The microalgal den-
sity was found to be much more stable in comparison to the rotifer
cell count; this was attributed to the optimal photosynthetic con-
ditions {Sananurak et al., 2009). Therefore the presence of protozaa
within a culture does not necessarily always lead to comple te loss
of a microalgae culture; instead if optimal growth conditions are
maintained the microalgae culture is @pable to outgrow maost of
the damages caused by protozoa. Other studies have also observed
the relationship between the algal and protozoa. Additonally some
microalgas maybe too large to be consumed by the protozoa, pre-
venting losses (Grobbelaar et al, 1981). This maybe the case for
this study as well.

33 Boderia community anafysis

Bacteria are known to be a symbiotic partner with microalgae;
this symbiosis has been shown to be essental for microalgae to
grow (Croft et al., 2005). The bacerial community present in the
filtered and non-filtered seawater was compared to determine

the influence on the Tetraselmis sp. cultures (Fig 3] It was
observed the bacterial community was influenoed by the filtration
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step. There was a difference between the filtered and non-filtered
bacterial community since two clusters where formed within the
dendrogram, a duster for filtered and non-filtered (Fig. 3). The
impact of protozoa on the bacterial community was not clearly
observed within this study. This may have ocaurred due to bacte-
rial colonisation; for example bacteria that would have grown as
colonies larger than the filter size would have been excluded.
Berdjeb et al. (2011 investigated the effects of grazers on the bac-
terial community; they observed that there was no dear influence
on the bacterial community within the presence of grazers
(Berdjeb et al, 2011). Therefore the filter may have had a larger
impact on the bacterial community rather than the presence of
protozoa.

Bands that were deemed dominant within the bacterial PCR-
DGGE gel were excised and sequenced to identify key bacteria
present within the samples (Table 1). The bacteria identified as
dominant within this study are all known to be naturally present
within marine environments (Table 1). Some of the bacteria within
this study are known to have a relationship with microalgae and
plants. For example Rhizobiales sp. is known for its role in plant
defence mechanisms; these defence mechanisms were assodated
with arbohydrate metabolism (Kutuzov and Andreeva, 2012).
Tetraselmis sp. is known for its production of carbohydrates which
may assist in the growth of Rhizobiales sp. (Ho et al,, 2012). Rhizo-
biales sp. may have been utilising Tetraselmis sp. as a carbon source

and in return providing nitrogen fixation (Kutuzov and Andreeva,
2012). Additionally the presence of Methylobacterium sp. was
observed within the culture as a dominant bacterium. Methylobac-
terium sp. is a consumer of methanol compounds and is capable of
produdng methane. Their role within the cultures may have been
with the degradation of dead micoalgae under anaerobic condi-
tions (Skovran et al, 2011). Rhodospirilaceae sp. was also observed
to be a dominant bacterium within the filtered and non-filtered
cultures. Rhodospirillaceae sp. is also known to have the ability to
fix nitrogen within the environment (Madigan et al, 1984
Madigan, 1995). Phaeospirilflum sp. is a phototropic non sulphur
bacteria, there has been little research regarding its relationship
with micoalgae (Takaichi et al, 2011). The presence of bacteria
within the seawater suggested that it may be acting a positive
symbiotic relationship for the growth of micoalgae within the
cultures. The use of filtrations has caused an overall change in
the bacterial community, though beneficial bacteria were still able
to pass through the filter.

34. Algal community analysis
Maintaining a monoculture within the large-sale raceway
ponds is important to ensure the micoalgae of interest with the

desired properties remains dominant. One concern is the ability
of small non-valuable microalgae to move through the filter and
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Table 1 Both macro and microalgae were identified within the study.
Dominant bacteria found within the baderid cmmunities in both the filtered and Interesti macroal nd 2.5, ) was found within
imfineied micnipa ciltincs SO D IS both mltr:xglr; indicatitg\;eth(]:r abilitymms:u)ough the small fil
Band  Species Identity A L b ter (Table 2) The presence of the other algae within the filtered

1 Phasospirillum sp 32 HF5590041 cultures was not unexpeced as there are many spedes of algae
Phacospirillum sp 92 NR_108482.1 smaller than 11 pm. Even with the presence of other algae within

2 Uncultured Rhizbiales a4 Q40031 the culture Tetrasebnis sp. was still able to dominate in both
Uncultured Rhimbiales 94 Joa018381 filtered and non-filtered cultures. This investigation confirms

3 Rhodaspirillaceas hacterium 89 KC545306.1 Tetraselmis sp. as a key microalga for mass production with seawa-
Rhod aspirillaceas hacterium 89 FRG693291.1 ter due to its ability to dominate cultures and compete against the

4 Methylobacterium sp 94 DI22311 other microalgae present in the seawater. The presence of grazers
Alphgprosrobacterium CMD37D2 94 AY162081.1 within the non-filtered culture did not appear to cause any large

change in the algal community. It is suspected that the algae

flourish. It was observed there was no signifiant difference

between the filtered and unfiltered algal communities. The effects 52
of the filter was observed to have an impact on day 0, there was @ = Algae identified within both filtered and non-filtered cultures sccarding to Fig. 4
dear difference seen between the two treatments (Fig. 4). Algae =

that may grow larger than 11 pm would not have the ability to ':"“’ Z:;‘H — ; ity ;o”“i‘ =
vt some s cneng i th e couing S dlfrnce | DAt o
D iriy o i At idbtaes thron gha ot T ettt e 3 ::f;::;ﬁm Y
i T seepert S ot AR , e w e
e e ST~ I
the initial inoculum of Tetrasebmis sp. was strong enough to remain 3 :zﬁzﬂﬂ g g;:gg:}

dominant within both the filtered and non-filtered cultures.
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within the non-filtered culture out grew the grazers and their abil-
ity to cuse damage within the culture in the 10days,

4. Conclusion

This study showed that the presence of protozoa did not signif-
icantly affect the final total lipid or fnal dry weight of the study.
The 11 pm filter did affect the bacterial community ; the algal com-
munity was only initially impacted by large change in the algal
community on day 0. Overall this study confirmed that (1) an
11 pm filter is effective at removing protozoa, (2) and the presence
of protozoa had little observed impact on the Tetraselnis sp.
cultures within the 10 days.
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Abstract

In order to enable microalgae derived biocrude competitive with fossil fuels, it is essential to
increase microalgal production rates coupled with reduced operating costs. One method is to
recycle the water used in production. However the effects of this water recycle process on
both the microalgal and bacterial communities is unknown. The aim of this study was to
compare the use of fresh seawater and the reuse of the harvested water to replenish the
microalgae cultures, and how that effected the bacterial and algal communities. PCR-DGGE
was used to evaluate the bacterial and algal communities. The dominating bacteria were

identified as members of Vibrio sp., Cyanobacterium sp., and Rhizobium sp.. It was also

pg. 63



observed that the algae culture was more monoculture when reusing recycled media in

comparison to using fresh seawater.

Keywords: Tetraselmis sp.; Bacteria; Recycle Media; Microbial community; PCR-DGGE

1 Introduction.

Biofuels produced from microalgae has raised significant attention as a potentially sustainable
alternative to fossil fuels (Chisti 2007; Singh and Gu 2010; Stephens et al. 2013). The
popularity of microalgal biofuels is due to the carbon neutral process that can be utilised to
produce a renewable energy resource. Furthermore, microalgal biomass requires less land
and production energy than traditional biofuel crops such as palm oil (Biller et al. 2012;
Tilman et al. 2009). Tilman et al. (2009) determined that the use of land for microalgal
biofuels does not compete for fields that are used for agriculture, or the freshwater that

additionally would be used for food crops (Tilman et al. 2009).

Tetraselmis sp. has generated a lot of attention recently as a suitable microalga for biofuel
production due to its fast growth rate, high biomass content and presence of lipid during most
stages of growth (Fon Sing et al. 2014; Griffiths and Harrison 2009; Huerlimann et al. 2010;
Montero et al. 2010). Studies have shown Tetraselmis sp. to have an average lipid
production of 3.9 to 32 mg/L/day (Griffiths and Harrison 2009; Huerlimann et al. 2010;
Montero et al. 2010). However, technical challenges still exist for commercialising microalgae
to produce biocrude economically. Large scale production of microalgal biocrude encounters
difficulties such as inconsistent microalgal growth rates due to environmental influences
(Mata et al. 2010), the requirement of nutrients, and the need to develop more economical
harvesting techniques (Lee et al. 2010; Pienkos and Darzins 2009; Scott et al. 2010). To help

reduce operating cost and the water footprint, the harvested water containing some nutrients
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that otherwise would have been disposed of can be recycled back to the microalgal culture

(Biller et al. 2012; Yang et al. 2011).

It is well known that complex interactions between microalgae and bacteria exist in natural
habitats (Mouget et al. 1995). Some studies have shown a coherent growth of bacteria
attached to phytoplankton cells (Sapp et al. 2007). Bacterial symbiosis with microalgae has
been observed to be due to their production of vitamin B12 (Kazamia et al. 2012) and
nitrogenous compounds by bacteria (Ceh et al. 2013), in exchange for the microalgal supply
carbon sources such as lipid and starch, both of which are critical elements for bacterial
growth (Goecke 2013). Erkelens et.al (2014) observed that the bacteria community was
present throughout a harvesting/recycle cycle process during continuous production of
microalgae; the bacteria observed within were Cyanobacteria sp, Phaeobacter sp, and
Ruegeria sp. (Erkelens et.al 2014). Therefore, maintaining such beneficial bacteria within the

microalgae cultures may be crucial for maintaining high yields of microalgal biomass.

The aim of this study was to observe the growth of Tetraselmis subcordiformis and the bacterial
and algal community over multiple harvesting and recycle cycles with non-sterile seawater
adjusted to hypersaline conditions. Achieving this aim will give a novel insight on the effects
of harvesting and recycle of both the bacterial and algal communities over multiple
harvesting/recycle cycles, and the effects on the growth rate of the Tetraselmis

subcordiformis.
2 Materials and methods
2.1 Experimental design.

Tetraselmis subcordiformis was grown in 5L photo-bioreactors for a total period of 17 d at 25°C
under 24 h cool-white fluorescent lamps. The medium was initially made from seawater

obtained from the Spencer Gulf near Whyalla, South Australia, and enhanced with F/2
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media; additionally the salt content was also increased to hyper saline conditions (7%) using
RedSea Salt (Red Sea USA). Duplicate photo bioreactors (PBRs) were created to cultivate
Tetraselmis subcodiformis. The investigation was carried out over four recycle periods with a
harvesting threshold of 500,000 cells/ml, after the fourth time the threshold of 500,000 cell/ml
is reached we will finalise the investigation. Depending on the treatment the water, reclaimed
recycled media was returned back to the PBR for the recycled treatment (RT), or fresh
hypersaline seawater was used for make up for the water discarded after harvesting (FT).
Recycled media was obtained by collecting supernatant from chemical flocculation of 2.5L
microalgae medium (20 g/L aluminium sulphate solution, with 35 mL added for each harvest).
When either the RT or FT was replaced back into the PBR it was enhanced with F/2 medium.
Samples (40 mL) were taken from the middle of the PBRs on day 0, the final day, and prior to

harvest. Samples were stored at -200C for future analysis.
2.2 Cell counts.

Cell counts were conducted daily using an Olympus IX50 microscope with a Neubauer improved
haemocytometer (Precicolor, HBG, Germany). Cell counts where undertaken daily with

triplicate samples.

2.3 DNA extraction & polymerase chain reaction (PCR).

Duplicate aliquots (12 ml) of each sample were defrosted at room temperature and centrifuged at
3270 g for 10 min. 0.2 g of wet sample was placed in PowerBead Tubes, and Solutions C1 to
C6 was added according to the MoBio PowerSoil DNA extraction Kit instructions (MoBio,
USA). DNA amplification of the bacterial community was performed using PCR in a 48 pl
solution with 16S rDNA primers pairs (Muyzer et al. 1993). The PCR solution consisted of 38
pl dH20, 5 pl 10xbuffer, 5 ul ANTP, 2 pl 314F GC, 2 pl 907R, 0.2 pl Tag. The PCR cycle

conditions were: 94°C for 10 min, then 33 cycles of 94°C 1min, 55°C for 1 min, 72°C for 1
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min, then 72°C for 10 min and 8°C for the final hold stage. PCR amplicons where then stored
at -20 °C for future use. Microalgae DNA was amplified using 18S rRNA primers pairs (Diez
et al. 2001). The PCR solution for the algal community was 38 ul dH20, 5 ul 10xbuffer A, 5
MIANTP, 2 pl R0580, 2 ul P0579, 0.2ul Tag. PCR cycle conditions were: 94°C for 2:10 min,
34 times cycles of 94°C 0.5 min, 56°C for 45 s, 72°C for 2:10 mins, then 72°C for 7 min, and
8°C for the final hold stage. PCR amplicons were validated on a 0.8% agarose gel using

SYBRsafe.
2.4 Denaturing Gradient Gel Electrophoresis (DGGE) and identification of bands of interest.

PCR amplicons were analysed on a DGGE gel with a 40% -60% gradient. An aliquot (15 pl) of
each sample was loaded into a well with 2l of loading dye. The PCR-DGGE gels were then
run for 60°C at 60V for 20 h. After a successful run, the PCR-DGGE gels were developed by
silver staining (Girvan et al. 2003). Bands that were of interest were excised from the PCR-
DGGE gel with a sterilised razor blade and transferred in molecular grade water (100 pl), the
bands were left at 55°C overnight. Re-amplification was then carried out using PCR with the
isolated band as the DNA template and the addition of the primer sets described above,
though this time without a GC clamp present on the forward primer for both 18S and 16S
bands. PCR amplicons were then adjusted to the submission requirements of the Australian
Genomics Research Facility (AGRF). The sequences where compared to a nucleotide
database (National Centre for Biotechnology Information) via a BLAST algorithm to
determine the band of interests identification

(http://www.ncbi.nlm.gov.library.vu.edu.au/BLAST).
2.5 Statistical analysis

Gels obtained from PCR-DGGE were digitalised and Total Lab Quant 1.02, software was used to

quantify the changes in the bacterial and algal communities at each harvest stage. Shannon
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Weaver and Equitability indices were calculated using the Gaussians volumes obtained from
Total Lab Quant 1.02. This allowed the determination of the diversity and evenness of

bacterial and algal community distributions respectively (Girvan et al. 2003).
3 Results and Discussion.

3.1 Growth of Tetraselmis sp. in FT and RT treatments.
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Figure 1. Tetraselmis subcordiformus growth curves in recycled and fresh medium the four

harvests.

Over the harvest and recycling stages cell counts were performed daily (Figure 1). There was no
significant difference between the growth rates of the FT and RT, though a slight

enhancement of the growth rate was seen in the RT on day 7.

3.2 Bacteria community dynamics between the use of recycled media and fresh seawater.
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Figure 2. Bacteria selected for identification within the bacteria PCR-DGGE gel.

Table 1. Bacteria identified within the RT and FT treatments.

Band Species Similarity ~ Accession number
Band 1 Vibrio sp. 86% JQ068793.1
Vibrio corallitlyticus 86% JQ307097.1
Band2  Cylindrospermum stagnale 79% NR_102462.1
Cylindrospermum stagnale 79% NR_117352.1
Band 3 Rhizobium sp. 96% KF647254.1
Rhizobium sp. 96% HG518324.1
Band 4 Uncultured organism 85% IN447524.1
Uncultured bacterium clone 85% KF817477.1
Band 5 Uncultured marine bacterium 91% KF185572.1
Uncultured marine bacterium 91% KF185463.1

The bacterial community for the RT and FT treatments were investigated using PCR-DGGE. It is
important to investigate the bacteria communities present within a microalgae culture since
bacteria can play a significant role in microalgal growth, as bacteria has been found to either
stimulate or prohibit microalgal growth (Cole 1982). Therefore understanding how the
harvesting and recycling process effects the bacterial community is essential (Goecke 2013).

Some bacteria are able to provide essential growth element such as vitamins and nitrogen

pg. 69



sources to microalgae (Kazamia et al. 2012; Mouget et al. 1995). Promoting such bacteria

growth could contribute to a higher Tetraselmis subcordiformis production rates.

It was observed that the bacterial community through the whole investigation was stable and
there was little differences seen within the bacterial communities (Figure 2). A dominating
bacterium found within both the FT and RT treatments was Vibrio sp. (Figure 2), studies have
observed that Vibrio sp. has the ability to fix nitrogen within aquatic environments (Chimetto
et al. 2008; Criminger et al. 2007). The other bacteria found within this study were uncultured
Cyanobacterium sp. (band 2), and Rhizobium sp. (band3), these bacteria where found both
in RT and FT treatments. Cyanobacterium sp. are a group of phototropic bacteria that have
the ability to fix nitrogen and photosynthesize (Meeks and Elhai 2002). Many Rhizobium sp.
bacteria also specialise in nitrogen fixation (Masson-Boivin et al. 2009), though studies have
recently found that Rhizobium sp. also aid in plant defence (Soto et al. 2006; Yang et al.
2009). Cyanobacteria sp. does not require specific environmental partners to survive (Meeks
and Elhai 2002), however Rhizobium sp. requires a host plant, normally legumes, to
generate nitrogen. There might be a link between Rhizobium sp. and Tetraselmis

subcordiformis though further research will be required to show this symbiosis.

Figure 3. Bacterial communities analysis with recycled media and fresh media: (a) Shannon
Weaver Index (b) Equitability Index (c) Bacteria dendogram (“F” represents Fresh Media, and
‘R” represents Recycled Media. Also F4 (1), F4 (2), and R4 (1), R4 (2) are samples from the

last date of growth period.)

The dendogram indicated further distinctions between the FT and RT treatments. For the RT
bacteria community there is a gradual shift between the first harvest and last harvest
samples, while the bacterial community within the FT treatments is more randomly distributed

throughout the dendogram (Figure 3c). The gradual change of bacterial community within the
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RT treatment may indicate that the bacteria present within the RT culture were under a
higher selective environment; therefore bacteria more suited to the hypersaline conditions

and are able to grow with Tetraselmis subcordiformis and become more dominant.

To further estimate the diversity and distribution of the bacterial community within the RT and FT
treatments, Shannon Weaver index and Equitability indices were calculated (Figure 3a and
3b). The diversity of RT bacterial community tended to increase before the first harvest, and
remained stable during the other harvest cycles, and finally decreased at the last harvest
cycle of the investigation. The diversity of the bacterial community from FT did not show a
clear trend in this study, exhibiting increases and decreases in bacterial diversity throughout
the experimental period (Figure 3a). The RT bacterial diversity would have had fewer
introductions of new bacteria during each harvest cycle stage in comparison to the FT
treatment which used fresh seawater to replenish the water loss during the harvesting stage,
this may explain why the RT treatment bacterial diversity was much more stable in

comparison to the FT treatment.

The Equitability index shows how evenly the bacterial communities are distributed (Figure 3b).
The Equitability index of the RT treatment declined gradually from the first harvest to last
harvest (El: 0.7 — 0.5), this may indicate that a few bacterial strains such as Vibrio sp. where
becoming dominant over the investigation. Again, the Equitability index of the FT treatment
bacteria community did not follow a trend, this could be a result of the harvesting and

reintroducing new bacteria during each harvest cycle.

3.3 Algal community dynamics between the use of recycled media and fresh seawater.
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Figure 4. Microalgae selected for identification within the algal PCR- DGGE gel.

Table 2.Algae identified within the both the recycled and fresh media.

Band Species Similarity Accession number

Band 1 Tetraselmis subcordiformis 99% FJ559380.1
Tetraselmis cordiformis 97% HE610165.1

Band 2 Tetraselmis striata 98% FN563077.1
Tetraselmis carteriiformis 98% L42992.1

Band 3 Chlamydomonas pitschmannii 99% Z15152.1
Chlamydomonas Moewusii 97% X68916.1

The algal community was investigated to observe how competitive Tetraselmis subcordiformis

was in comparison to other algae in unsterile conditions. It was observed that there were two

Tetraselmis sp. present throughout all of the samples; they were identified as band 1 and

band 2 (Figure 4). Additionally it was observed that there were more microalgae present

within the FT culture in comparison to the RT culture (Figure 4), this suggests that the

environmental pressure in hyper saline conditions help Tetraselmis subcordiformis (Band 1)

to become dominant over time. The FT would have introduced new algae as fresh seawater

was added to replace the lost water during the harvest cycles, as a result of the continuous
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introduction of the new algae into these hyper saline conditions caused constant changes in

the algal diversity.
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Figure 5. Algal communities analysis for recycled and fresh seawater media: (a) Shannon
Weaver Index (b) Equitability Index (c) Dendogram (F: Fresh seawater medium, R: Recycled

medium, and F4,1; F4,2; R4,1;R4,2 represent the last day of growth period.).

The FT and the RT treatments were separated into two groups according to the algal dendogram
(Figure 5c¢). The FT was found to have similar algal communities over the whole
investigation. The RT algal communities were separated into two clusters in the dendogram
(Figure 5¢). The Shannon Weaver index illustrates that the FT had a higher diversity over the
whole investigation in comparison to the RT, additionally a similar trend was observed with

the algal Equitability Index, where a more dominant microalgae where observed in the RT
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treatment in comparison to the FT treatment. This indicates that the use of a RT can maintain
a microalgal monoculture better than if adding fresh seawater to replace lost water during

harvesting.

3.4 Water footprint.
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Figure 6. RT and FT treatments seawater usage comparison in litres.

In order to compare the water footprint of RT and FT treatment, the seawater usage was
compared for recycled and fresh media treatments. It was obvious that RT used the same
amount of seawater throughout the period, while FT required continuous addition of
seawater. For three repetitive harvests, eliminating the minor loss of water from evaporation,
a total of 15 litres of seawater was saved. Therefore a large sum of seawater usage could be

reduced for larger scale production.

4  Conclusion.

It was observed within this investigation that the use of recycled media helped control non-

desired bacteria and was slightly selective towards Tetraselmis subcordiformis. The
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dominating bacteria found within both the RT and FT treatments where Vibrio sp.,

Cyanobacterium sp. and Rhizobium sp.. The water footprint was significantly reduced using
recycled media. Hence it is suggested for large-scale production to use recycled media not
only to be selective towards certain beneficial bacteria, but also to obtain higher microalgae

growth rate with reduced water footprint for the bio crude oil production.
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Chapter 8



Conclusion

This thesis presented the different closed loop systems that are used within the microalgae
biofuels sector. Previously there was little known about how these closed loop systems
affected the algae of interest and the microbial community present within the culture.
Developing a greater understanding of closed looped systems provide insight into the

future research goals within the algal biofuel industry.
Nutrient closed loops

Nutrient recycle loops are an important research area within the algal biofuel industry due to
the potential economic benefits. Digestate in particular was identified as a key nutrient, its
benefits are associated with a high nitrogen content and potential methane production.
Digestate may be an alternative nutrient source although it may only be suitable for some
microalgae as studies have also shown negative growth on digestate. With this consideration

the application of digestate as a nutrient source is feasible but is highly species selective.

With the current trends in algal biofuels, HTL is becoming more popular. The use of the HTL
AP is now seen as a potential nutrient source. HTL AP has a much higher nitrogen content of
in comparison to algal digestate effluent. As discussed in chapter 4 the use of the HTL AP
has it draw backs due to its negative impact on microalgal growth and high levels of dilution
required for the growth of Tetraselmis sp.. However it was shown that it was possible to
introduce the use of active carbon filtration to improve the growth of microalgae digestate. |
believe that future research within the algal biofuels field will be more focused on the HTL AP
and utilising it to produce biomass or energy. There is plenty of scope with the various
microalgae that it can be applied too. However further research is required to firmly seed the

HTP AP as a nutrient source.

Nutrient recycling has been identified as a process that would be applied at large scale. Initial
testing of the suitability of the microalgae of interest is suggested to determine its potential

performance on waste streams.
Water closed loops

The recycling of water is an essential step within the algal biofuels sector to ensure that the water
footprint is reduced and that the technology is economically viable. Within this thesis | have
displayed that there are many additional benefits of recycling water; the culture tended more
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towards a monoculture of Tetraselmis sp. with each recycle period, whilst the beneficial

bacteria associated with the growth of the Tetraselmis sp. were preserved.

Additionally it was shown that the introduction of new water into a culture can introduce
undesired microorganisms such as other microalgae, bacteria, and protozoa. Interestingly
the presence of protozoa was found to have no impact on our culture over 10 days. This was
an interesting outcome as the perception of large-scale microalgal growth was if protozoa are
present, there exists a high potential for biomass losses. The rotifers were more varied in
terms of their growth patterns in comparison to Tetraselmis sp. which exhibited highly stable
growth patterns throughout the experiment. This indicates that the impact of protozoa may be
may be species and culture dependent, with optimisation of the algal culture preventing
culture damage. Further research within this area may lead to enhanced understanding of
why some different studies report very different outcomes in terms of microalgal growth in the
presence of protozoa. | believe that future research on closed loop water systems will be
focused on tracing nutrients through large scale open ponds, and on how symbiotic
organisms grow and improve microalgal growth within these closed loop water systems.
There is little known about the nutrients loads within each section, the changes to the
chemical composition, trace metals and vitamins over each recycling stages, and how the
harvesting systems after electroflocculation effects the chemical composition of the water. In
addition, following algal death and lysis during the water recycle process, and how the
microorganisms consume the dead algae and the products will also lead to significant

increased knowledge.

Overall this thesis expanded the understanding of closed loop systems used within the algal

biofuels sector.
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