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Abstract

Microalgae have a variety of commercial applicasioime oldest of which include utilisation
as a food source and for use in wastewater treatnidrese applications, however, are
seldom combined due to toxicity concerns, for ethieasons, and generally the requirement
for cultivation of a single algae species for useadeed supplement. These problems might
be negated if a “safer” wastewater such as thah fagricultural and/or commercial food
production facilities were to be utilised and $table algae population can be maintained. In
this investigation preliminary studies were carred using an Integrated Algae Pond System
(IAPS) for domestic wastewater treatment to deteemihe species composition in the
associated High Rate Algae Ponds (HRAPSs). The tetiedifferent modes of operation,
continuous versus batch, on nutrient removal, prodity and species composition was also
investigated. Furthermore, indigenous species enHRAP were isolated and molecularly
identified asChlorella, Micractinium, Scenedesmus andPediastrum. Additionally, the effect

of the nor amino acid, 2-hydroxy-4-(methylthio)-anbic acid (HMTBA) and its Cu-chelated
derivative, on the growth and biochemical compositiof Chlorella, Micractinium,

Scenedesmus, Pediastrum andSpirulina was investigated.

Species composition in the HRAP was stable undetimaous operation witMicractinium
dominating > 90% of the algae population. Undeclbaiperation the population dynamic
shifted; Chlorella outcompetedMicractinium possibly due to nutrient depletion and selective
grazing pressures caused by proliferatioaphnia. Higher species diversity was observed
during batch mode as slower growing algae were #blestablish in the HRAP. Nutrient
removal efficiency and biomass productivity washeigin continuous mode, however lower

nutrient levels were obtained in batch operation.

HMTBA did not significantly affect growth rate, hewer treatment with 10 mg:Lresulted

in slightly increased growth rate Micractinium and increased final biomass concentrations
in Chlorella, Micractinium and Spirulina (although this was not statistically significant fo
Micractinium and Spirulina), which areknown mixotrophic species. Algae treated with Cu-
HMTBA, showed reduced final biomass concentratidgih 0 mg.L*, caused by Cu toxicity.
Biochemical composition of the algae was speciesifip and differed through the growth
cycle, with high protein observed during early gtiovand high carbohydrate during late
growth/early stationary phase. Additionally, 0.1 .mij HMTBA and Cu-HMTBA



significantly reduced protein content i€hlorella, Micractinium, Scenedesmus and

Pediastrum.

In conclusion, operation of the HRAP in continuausdture provided suitable wastewater
treatment with high productivity of an ideal spegi®licractinium, for use in animal feed
supplementation. This species had 40% protein abwhering growth (higher than the other
species tested) and dominated the HRAP at > 90#techlgae population during continuous
mode. Addition of HMTBA (> 1 mg.L') to algae cultivation systems and those treating
wastewater, has the potential to improve produgtiand the value of the biomass by
enhancing protein content. Overall, the co-utii@aibf microalgae for wastewater treatment
and the generation of a biomass rich in proteinjrfoorporation into formulated animal feed
supplements, represents a closed ecosystem whsem@s nutrients and regenerates a most

valuable resource, water.
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Chapter 1. General Introduction

1.1 Mass culture of algae in high rate ponds and the generation of biomass
1.1.1 What are algae?

The term “algae” encompasses a diverse group oplsirarganisms, ranging from large
multicellular seaweeds to microscopic single-cebeganisms and includes both prokaryotic
and eukaryotic phyla (Mata et al., 2010). Algae tgpcally photoautotrophic and generate
organic compounds for growth and reproduction tghogphotosynthesis. Some algae are
however, mixotrophic, and hence are also able tailolenergy heterotrophically. Algae play
a very important role in ecosystems as primary peeds and contribute 40 to 50% of the

oxygen in the atmosphere (Anderson, 2005).

Algae are difficult to define in terms of phylogeag they do not descend from a common
ancestor and are categorized in a variety of ckaddelecular sequencing, however, proposes
eight or nine major phyla. These are the Eubac{eyianobacteria), Glaucophyta (sometimes
classified as red algae), Euglenophyta, Cryptophyégtophyta, Dinophyta (dinoflagellates),
Orchophyta (flagellates, diatoms, brown algae), d®iphyta (red algae) and Chlorophyta
(green algae) (Graham and Wilcox, 2000). Microalgaethe term implies, are microscopic
algae found freely as single cells or in colon@ni. The four most important classes of
microalgae, in terms of abundance, are the diat®aillariophyceae), the green algae
(Chlorophyceae), the blue-green algae (Cyanophyceard the golden algae
(Chrysophyceae). Although predominantly aquaticcrodlgae are found in terrestrial
ecosystems ranging from cold Arctic regions to awds and are also found in extreme
environments such as hot springs and alkaline almgesconditions (Masojidek and Torzillo,
2008).

1.1.2 Mass culturing of microalgae

Research in mass culturing of algae has been dastitin many parts of the world since the
early 1950s. Initial interest was for the use @faal as a food source. This was sparked by
early studies which indicated that the biochemamhposition of algae, mainly protein and
lipid content, could be manipulated by altering trewth conditions (Spoehr and Milner,

1949). It was believed therefore that algae cowdves as a rich source of protein at

1



potentially a low cost. Further research at theetinowever, was restricted to short term
studies which showed yields of less than 5gday* (Goldman, 1979). This changed in the
late 1950s when Oswald and colleagues revolutidnisgge-scale algae culture by
demonstrating simultaneous wastewater treatmentb@mdass production. In the process
microalgae were grown in large outdoor culturesetmove nitrogen and phosphorous from
wastewater streams and provide fOr the aerobic breakdown of organic compounds by
bacteria. The bacteria in return provided ;Cfor photosynthesis, thereby facilitating the

symbiotic relationship between these microorgani@fgure 1-1).

CO3 Light

Organic & Biomass

matter

Figure 1-1: Inter-relationship between oxygen prodging algae and oxygen consuming bacteria
found in algae ponds treating wastewater (Adapteddm Mufioz and Guieysse, 2006).

Algae biotechnology for wastewater treatment i ged today in the form of facultative
ponds and high rate algae ponds (HRAPSs). Facudtggonds are stagnant, deeper than one
meter and contain algae growing near the surfaeeliabic zones, creating a quiescent layer.
Below this layer, wastewater is injected and sudpdrsolids are allowed to settle into the
anoxic zone where fermentation takes place. Inulag suspended solids in the wastewater
are digested, and the release of methane,)(@Hd CQ results (Oswald, 1988). In an
Integrated Algae Pond System (IAPS), the wastewsiteam flows from a facultative pond
into a HRAP where nutrient removal and the breakd@ivorganic compounds take place.
HRAPs are designed to optimise algae growth by mikng light penetration and by
keeping the algae in suspension. HRAPs are shaloeways (approximately 30 to 50 cm
deep) which are mixed using a paddle wheel. UselRAPs is particularly prominent in

wastewater treatment because photosynthetic oxyigengreatly reduces operational costs



and prevents the volatilisation of organic polldsanvhich can occur with mechanical
aeration (Mufioz and Guieysse, 2006). Algae alsalittde wastewater treatment by
enhancing the removal of heavy metals and pathofferic and Ng, 1992; Mufioz et al.,

2006; Garcia et al., 2008), and have also beenrstiowdirectly remove pollutants such as
endocrine disrupting compounds (EDCs) through bétgphic or mixotrophic feeding

(Tarlan et al., 2002).

The first commercial-scale culturing of algae tgaéce in the early 1960s in Japan with the
production ofChlorella (Tsukuda et al., 1977). Since then a large amotimesearch has
been carried out on the mass culture of algae Her generation of valuable products.
Currently algae biomass can be generated in closegen photobioreactors, either indoors
or outdoors, or in closed fermenter systems hetgbically (Borowitzka, 1999). Generally
indoor cultures are limited to laboratory scale aaduire artificial illumination, whereas
commercial culturing of algae is commonly carrieat @ rather unsophisticated outdoor
systems as this is more cost-effective (BorowitZ&99; Ugwu et al., 2008). Whilst a large
amount of work has focused on closed photobiorescts they prevent G@nd evaporative
losses, and enable the maintenance of pure cultimesnajority of large scale production
takes place in open systems due to the high cabtmaintenance requirements of closed
systems (Ugwu et al., 2008). Frequently used cailllnethods are large open ponds, circular
ponds with a rotating arm to mix, raceway pond$witpaddle wheel, and large clear bags
(Borowitzka, 1999).

In developing countries, such as South Africa,ldbaefits of open systems out-weigh those
of closed systems due to ease of operation, minematgy requirements, and the availability
of large areas of non-arable land for the constvaaif ponds in remote areas. The utilisation
of HRAPs for wastewater treatment has been eskaali®on a pilot scale in South Africa in
the form of the IAPS. This system is based on tlhgalAIntegrated Wastewater Ponding
Systems (AIWPS) developed by William Oswald in 18§80s for low cost sewage treatment
and utilises both anaerobic and aerobic biologitatesses for the treatment of wastewater.
In 1990 the Environmental Biotechnology Researcht WUBBRU, now the Institute for
Environmental Biotechnology) at Rhodes Universitydertook a program to study the
application of IAPS for the treatment of differemhstewaters. This program was initiated by
the Water Research Commission (WRC) and over ageifi 9 years set out to determine the

value of IAPS for the treatment of domestic sewaage well as effluents from abattoirs,
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tanneries, wineries, distilleries and mines (acithandrainage) (Horan et al., 2007). The
results from the 9 year study showed that whenwlteHRAPSs were operated in series, the
effluent discharged was within the South Africaanstard for nitrogen and phosphorous
removal and for disinfection. Additionally, it watown that a HRAP can be operated as a
free-standing tertiary treatment and can be usedhasld-on installation in under-performing
treatment plants. The IAPS therefore demonstratemvecost, low-maintenance means for
treating wastewater from small communities by sitilg algae biotechnologies (Wells, 2005).
This is particularly important for South Africa aster scarcity is an evident problem and the

implementation of such technologies is vital fostsinability.

1.1.3 Commercial applications of microalgae

In order to add value to the wastewater treatmeotgss, a means of further utilising the
biomass is needed. To date, algae biomass has fowadety of uses, one of the foremost
being as a source of feed for fish, crustacea,l-bR| poultry, cattle, rabbits, pigs and
humans (Aaronson et al., 1980). Although the pradant reason for utilising algae as a
food source is due to its protein content, a vardtnutrients, namely carbohydrates, lipids,
vitamins, pigments, minerals and trace elements,adso present (Becker, 2007). In most
algae species the nutritional quality of proteietédmined by the amino acid profile) is
comparable to conventional protein sources (Be@@d4). After processing of the biomass
(usually to disrupt the cellulosic cell wall), theBgestibility and protein efficiency ratio
(weight gain per unit of protein consumed) are alsalar to that of more conventional plant
proteins (Becker, 2007). Although algae have beeorporated into a variety of products
such as pastas, snack foods, and beverages, thayamnly marketed as health foods and
supplements in the form of tablets, capsules aqulds. Despite the nutritional advantages,
microalgae have not gained favour as a food sulbstiibor human consumption due to its
powdery consistency, dark green colour and slighslyy smell (Becker, 2007). As health
foods, generally it is claimed that algae act asmimostimulators, an@pirulina has been
found to help maintain healthy intestinal bactgPallz and Gross, 2004; Spolaore et al.,
2006). Whilst it may not be feasible to utilise adgggrown on domestic waste streams for
human consumption due to sanitary and toxicity eomg, the use of this biomass for animal

feed is still plausible.



Nutritional and toxicological assessment of alga&mmass has shown that it is a suitable
source of feed for animals (Becker, 2007). In srdafies (5-10% feed supplement) algae are
reported to positively affect the immune systemtjlig/, weight control, and condition of the
skin and coat (Pulz and Gross, 2004; Spolaore,e2@06). Currently the predominant use of
algae as a feed supplement is in poultry produd¢tancrease the fatty acid composition and
carotenoid content of egg yolks, and the docosamia acid (DHA) content of the flesh
(Pulz and Gross, 2004; Fredriksson et al., 2006od&@opoulos et al., 2010). In aquaculture
microalgae are used as a food source for mollusalt growth stages, crustaceans and some
fish species in the larval stage, and for culturiggooplankton which feed late-larvae and
juveniles of some crustacean and fish species (Brtval., 1997; Mitra et al., 2007; Ferreira
et al., 2008). Of the total world production of @dgit is estimated that 30% is sold for animal
feed applications (Spolaore et al., 2006; Beck@®,72.

Other applications of algae include use as a ifegtiland soil amendment, as well as for the
production of pigments, vitamins, polysaccharidgsgars, pharmaceuticals, amino acids,
phytol, essential oils, enzymes and bioflocculdA&ronson et al., 1980; Borowitzka, 1988).

As a soil amendment, macroalgae have been usedastat regions all over the world to

increase water binding capacity and mineral contjpos{Pulz and Gross, 2004). Microalgae
in soil ecosystems contribute to the soil fertildy producing polymers which assist with

particle adherence and water storage. Some saleatge also able to fix nitrogen and
produce bioactive compounds which influence highlants by promoting germination, leaf

or stem growth, and flowering (Pulz and Gross, 2084 a soil additive dry algae biomass
can be used as a slow release fertilizer and sloowsparable results to synthetic fertilizer

with respect to dry weight production and nutrieatnposition (Mulbry et al., 2005).

Microalgae produce pigments such as chlorophylis,cpbiliproteins and carotenoids. In
some species such Bsinaliella salina andHaematococcus pluvialis, secondary pigmentg;
carotene and astaxanthin respectively, may be peatlin larger quantities than the primary
chlorophyll pigments (Borowitzka, 1988). The sturets of various carotenoids found in
algae are shown in Figure 1-2. Carotenoids haveargety of uses as “natural” food
colourings and feed additives. As a feed additives used to enhance, for example, the
colour of salmonid flesh and the colour of egg golend also to improve the health and
fertility of lot-fed cattle (Borowitzka, 1988; Keyband Stewart, 1988; Margalith, 1999).

Whilst naturally produced astaxanthin cannot compgeimmercially with the synthetic form,
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there are a few applications where the naturallgdpced product is preferred due to
enhanced deposition in tissues (Spolaore et abg)2®iliproteins occur in Rhodophyceae,
Cryptophyceae and Cyanophyceae and are sold dsralfdue pigment to be used in health
foods and cosmetic products (Borowitzka, 1988). ifoldally, they are used in industry and
research immunology laboratories as powerful arghliti sensitive fluorescent reagents
(Spolaore et al., 2006).

ﬁ’*\h&”ﬁf@ e, ‘Hp p-carotene
| \/\]/_\
fle\lﬁﬂxf%‘dj%ﬁvw\j/v-ﬁr%g Lycopene

HO™ ™7™
~.__OH
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0
ﬂ . ])L T,DH
Bf\l,»h/Jig%)‘\“/%/% POy K Astaxanthin
wo’
0

Figure 1-2: Structures of some commercially importat carotenoid pigments obtained from
algae.

Carotenoids are natural antioxidants produced tntsvact the cell damaging effects of
reactive oxygen species generated as by-produgihaibsynthetic activity (Pulz and Gross,
2004). In humans the free-radical scavenging c@paui antioxidants protects against
numerous life-threatening diseases including varioums of cancer, coronary heart disease,
diabetes, premature aging and arthritis. Humansisable to synthesise the full complement
of required antioxidants and therefore are dependenobtaining these from the diet

(Demmig-Adams and Adams, 2002; Dufosse et al., R0656r this reason microalgal
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carotenoids appear in the nutraceutical market erah though synthetic carotenoids are
cheaper to manufacture, carotenoids from microahgae the advantage of supplying natural
isomers in their natural ratio (Spolaore et alQ&0 In addition to its antioxidant activit@;
carotene is a provitamin A. Vitamin A is importamt the body as it acts as an
immunostimulator, it protects against eye diseamed helps to maintain healthy skin
(Dufosse et al., 2005; Spolaore et al., 2006).

Other carotenoids produced by microalgae which hlgo@d antioxidant properties include
lycopene, zeaxanthin, and lutein (Demmig-Adams Addms, 2002; Granado et al., 2003).
Zeaxanthin and lutein are xanthohpylls (oxygenatadbtenoids) with no provitamin A
activity. However, their consumption is directlysasiated with a reduction in the risk of
arteriosclerosis, cataracts, age-related maculgerdeation, multiple-sclerosis and cancers
(Bhosale and Bernstein, 2005).

Another important group of compounds derived froigma are polyunsaturated fatty acids
(PUFAs) which are essential components of cell ntamds in higher eukaryotes as they
confer flexibility, fluidity and selective permediby (Pulz and Gross, 2004; Ward and Singh,
2005). Animals lack the enzymes required for thattsgsis of PUFAs of more than 18
carbons and therefore these need to be obtainedginidiet (Spolaore et al., 2006). The most
common source of PUFAs in the human diet is fist fesh oils. The primary source of these
PUFAs however is microalgae, either through dioectsumption or through consumption of
zooplankton which feed on microalgae (Jiang etl@®99; Spolaore et al., 2006). Due to some
of the disadvantages associated with fish oils ascfishy smell, unpleasant taste, presence
of environmental pollutants, instability and presemf mixed fatty acids, microalgae have
been considered for the direct production of PURAang et al., 1999; Ratledge, 2004; Ward
and Singh, 2005; Spolaore et al., 2006). The ntajgets of production arelinolenic acid
(GLA), arachidonic acid (ARA), docosahexaenoic aHA), and eicosapentaenoic acid
(EPA) (Ward and Singh, 2005). The structures o$¢hlRrUFAs are illustrated in Figure 1-3.
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Figure 1-3: Structures of microalgae derived PUFAsvith high pharmacological and nutritional
value.

Currently DHA is the only commercially availablegaé-derived PUFA and is used in the
preparation of infant milk formulas (Spolaore et, &006). DHA is a major structural
component of grey matter in the brain and in indahis necessary for the development of
normal neural and retinal functions, and suppostedgecardiovascular health (Ratledge, 2004;
Ward and Singh, 2005). This PUFA is commerciallyduced by Martek in the USA through
the heterotrophic culturing d@rypthecodinium cohnii which can accumulate up to 40-50%
DHA with no other PUFAs in excess of 1% (Jianglet ¥999; Spolaore et al., 2006). EPA
and ARA production have economic potential duehtartpharmacological properties. These
PUFAs are precursors of eicosanoids which are hoesigke compounds such as
prostaglandins, thromboxanes and leukotrines. Aruad uptake of EPA and ARA can
prevent a number of eicosanoid dysfunctions suchhasmatoid arthritis, atherosclerosis,
arrhythmias and thrombosis (Wen and Chen, 2003ake however, algae productivities of
EPA (by Phaeodactylum triconutum and Nitzschia laevis) are limited to 0.1-0.3 g:tday*
compared to DHA productivities of 0.4-1.2 ¢.Hay* (Veloso et al., 1991; Ward and Singh,
2005).

Carbohydrates accumulate in algae cells as storegerials, are present as osmoregulators
and make up a significant proportion of biomasghia cell walls (Aaronson et al., 1980;
Borowitzka, 1988). Polysaccharides have been hewsdsom macroalgae and are used as
viscosifiers (thickening agents), flocculants anbricants (Borowitzka, 1988). Some algal
polysaccharides have shown pharmacological impoetan having anti-cancer properties
and the ability to stimulate the immune system (Botzka, 1988; Masojidek and Torzillo,



2008; Courtois, 2009). The microalga with the mpstential for mass cultivation for
polysaccharides is the red algarphyridium which produces large amounts of extracellular

polysaccharides under certain conditions (BorovefZl988).

Antibiotics produced by algae are largely unideedifbut are thought to include fatty acids,
phenolic substances, polysaccharides, alcoholsinsamnd terpenoids, and are toxic to other
algae, bacteria, fungi, viruses and protozoans )Keand Stewart, 1988). Some useful
clinical compounds have been isolated from macemal§or example, an antihelminthic (for
the treatment of parasitic worms) has been isolatad Digenea simplex (Aaronson et al.,
1980). Whilst a wealth of novel pharmacologicalfeful compounds has been isolated from
algae, often these compounds do not enter the tduleethe economics of pharmacological
development. Also, due to the difficulties of cuétand collection as well as the fact that
these compounds are usually only present in veaflamounts, it is likely that an identified
compound would be turned over to synthetic chemigsfgoduce (Chapman and Gellenbeck,
1989).

Algae are autotrophic and therefore are ideallyesiuio incorporate stable (non-radioactive)
isotopes CO,, °NO3, ?H,0) into their biomass, generating labelled highdyued organic
compounds such as amino acids, carbohydratess ligndi nucleic acids (Behrens et al.,
1994; Spolaore et al., 2006). Labelling of thesmpounds enables the determination of their
structure at an atomic level, as well as the imtéwa of proteins with ligands. Isotopically
labelled nutrients can also be used in clinicalaibelic studies such as breath diagnosis tests
to determine the metabolic activity of certain argaTests of this type are advantageous in
that they are non-invasive and relatively simplpadorm (Behrens et al., 1994).

Whilst there are many potential uses of microalgaegate only a few algae species are
commercially produced. The major ones §perulina, Chlorella and Aphanizomenon flos-
aquae for health food and cosmetics (3 000, 2000 an@ 50dry weight per year
respectively), Dunaliella for p-carotene (1 200 t/year)Haematococcus pluvialis for
astaxanthin (300 t/year), ar@typthecodinium cohnii for docosahexanoic acid (DHA, 240 t
oil/lyear). On a smaller scale other species arei@d for aquaculture and the production of
stable isotope biochemicals (Spolaore et al., 2006)



1.1.4 Factors affecting productivity

In the generation of algae biomass, optimisatiorthef system is important for improved
productivity. In the case of combined biomass gat@em and wastewater treatment, removal
of contaminants and nutrients must also be of tbeect standard. Thus, wastewater
treatment efficiency is closely linked to produdfvof the biocatalyst (Azov and Shelef,
1982). Biomass generation in HRAPs is influencedlmumber of factors which are vital in
the development of large scale algae processeshasd can be divided into biotic, abiotic,
and operational (Table 1-1). Under conditions whexe certain parameter limits
photosynthesis, modification of that parameter waifect productivity whereas modification
of other parameters will have little or no effediaflin and Darley, 1988).

Table 1-1: Factors influencing algae growth.

Abiotic Biotic Operational

Light Algae competition Turbulence

Temperature Grazers Depth (affects light intensity)
Nutrient concentration Pathogens Retention time

CO, and pH Dilution rate

O,

Optimal operation for HRAPs is dependent mainlylazation and prevailing climate as the
major factors influencing productivity are solaanliation and culture temperature (Azov and
Shelef, 1982). Retention time in a HRAP, therefaseusually regulated depending on
temperature. In wastewater treatment there is edfikow rate and independent variables,
area and depth, are manipulated to produce an alptatention time. By increasing the depth
during colder periods a longer retention time canabhieved without compromising light

penetration as there will be a lower culture dgngit the same time greater thermal stability
is also provided (Azov and Shelef, 1982). Optimetention time is the time required to

achieve maximal productivity and is usually betw@eé days. In practice, retention time is
usually slightly longer than optimal in order tcepent washout of the culture (Mufioz and
Guieysse, 2006).

Mixing of mass cultures is essential to promotéciefht gas and nutrient exchange as well as

better temperature and pH control (Anderson, 20@5putdoor mass culture, paddle wheels
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are often used to provide efficient but gentle mix(Mufioz and Guieysse, 2006). This is
important because increased turbulence increasegrtiwth rate of an algae population due
to decreased length of light/dark cycles and erosibthe boundary layer around cells that
contains depleted nutrients; however, too muchulerize results in increased shear which
damages sensitive algae (Richmond et al., 19803,A®91; Camacho et al., 2000).

Algae and cyanobacterial diseases can occur in roakgres and when they do it is
important to prevent the spread of infection (Shl®80). Infection can occur in the form of
lytic bacteria, phycoviruses, fungi and cyanophaddseliovich, 1980; Shilo, 1980). Whilst
there can be detrimental effects on the cultures fossible to prevent such occurrences by
knowing the biology of these organisms and theawgh requirements. For example, in a
study by Abeliovich (1980), infection by the fungbbytridium was controlled by promoting
an Q-low period during the night which ensured that filnegus was not able to complete its

lifecycle.

Infestation by zooplankton can have devastatingcé$fon algae populations in mass culture.
Rotifers and cladocerans are commonly found in HRARd are able to reduce algae
populations by up to 90% in as little as two ddyadoln et al., 1983). Some measures which
have been implemented to control grazing inclu@eaitidition of chemicals such as ammonia
and quinine sulphate, and the use of screens iftoue larger grazers), and the reduction of
dissolved oxygen levels in which aerobic zooplankdce unable to survive (Loosanoff et al.,
1957; Lincoln et al., 1983; Moreno-Garrido and Gadie, 2001). However, sometimes these
measures are ineffective as they are usually spespecific, and often eggs, juveniles or
adults are left behind which can quickly re-introdyLoosanoff et al., 1957). Rotifer grazing
can also impact the population dynamics of algaelRAPs. The presence of rotifers often
triggers a population shift to predominantiicractinium. This is believed to occur as
Micractinium has spines which protect from the feeding actiyBghluter et al., 1987).
Fortunately, zooplankton do not always thrive inAH® as their growth is compromised by

short retention times (Benemann et al., 1977).

1.1.5 Control of algae species composition in mass culture

The monoculture of algae species for specialisqaiGgtions seems to have only limited

success (Goldman, 1980). In large outdoor pondgterence of a monoculture is usually
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achieved using organisms that grow under extremditons thereby preventing competition
from other organisms. For example, the culture Damaliella salina in hyper-saline
conditions provides a selective advantage and fitveréhe generation of a relatively pure
culture (Moreno-Garrido and Cafnavate, 20jirulina cultivation is another example as
this species grows comfortably in highly alkalimdusions (Goldman, 1980).

Controlling and/or predicting algae species in aAPRs of vital importance as certain genera
have more desirable properties which make algaeireulsimpler and more economical

(Azov et al., 1980; Tseng et al., 1991). For exangbme algae are able to settle more
quickly making harvesting easier; and certain sggeaonay be suitable for the production of

commodity products (Azov et al., 1980).

A HRAP is a flexible system with a relatively lowesies diversity in which rapid succession
of the predominant species can occur in responsarious changes. Understanding algae
population dynamics in a HRAP is therefore not asyeask as there are many factors which
affect species composition, including environmenbablogical, operational and historical
factors, and the way in which these factors intatee(Benemann et al., 1977). Although
many algae species co-exist in a HRAP there arallysonly one or two species that
dominate at any particular time. The dominant sggecmay change under certain
circumstances and usually occurs during a tramsifi@riod in which both the algae
concentration and growth rate are quite low andetigeno particular dominant species (Azov
et al.,, 1980). This can have a major impact noty an the efficiency of wastewater

treatment, but also on the biomass produced anprdtricts of value being sought.

Factors which have been found to affect speciesirtbome include season (irradiance and
day length), temperature, pH, organic load, rebentime, pond depth, agitation, method of
charging the pond water (batch mode or continuau$ure) and the concentration of
nutrients (Azov et al.,, 1980; Tseng et al., 199h)HRAPS, organic load varies greatly
depending on the waste that is being treated amweasof the main factors influencing the
population composition. Avoz et al. (1980) foundtth biological oxygen demand (BOD) of
250 mg.L* resulted in a dominance 8fenedesmus, whereas a BOD of 60 mg'iresulted in

a dominance oMicractinium. Generally, in the most concentrated wastes, anierobic
fermentative bacteria grow, and as the waste igeatl] photosynthetic bacteria, flagellated

euglenoids, blue-green algae, green algae, diasmdsnitrogen-fixing bacteria appear in
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succession (Benemann et al., 1977). A comprehemsingilation of data showed that the
eight most pollutant-tolerant algae genera &xglena, Oscillatoria, Chlamydomonas,
Scenedesmus, Chlorella, Nitzschia, Navicula, and Stigeoclonium, and more specifically the
five most tolerant species arBuglena viridis, Nitzschia palea, Oscillatoria limosa,
Scenedesmus quadricauda, and Oscillatoria tennis (Palmer, 1969). In general, species
diversity tends to be higher in more lightly loadedtiary ponds as these ponds are more
stable. In more heavily loaded ponds, the biomassot allowed to fully stabilise and
generally only one or two species predominate (Bemn et al.,, 1977). Contrary to these
findings, de Godos et al. (2009) found that highamic loading supported a higher diversity;
however this could also have been attributed taribderate temperatures and irradiances of

the summer period during which the study took place

Food webs are complex systems which additionafgcakpecies diversity, not only in terms
of algae grazing but also by consumer-driven natniecycling (Schltter et al., 1987; Kato et
al., 2007). Different algae species utilize nutiseat different rates and ratios and, on a short
timescale, nutrients such as N and P in the forrmnomonium and phosphate, released by
herbivores, are the main nutrient supplies for al{}@ato et al., 2007). This may be more
applicable to batch cultures because in continwolisires the population of herbivores may
not be allowed to stabilise sufficiently to haves@gnificant effect, and in wastewater
treatment the nutrient supply is provided predomilyaby the influent waste being treated

(Benemann et al., 1977).

Some mechanisms have been described to controé ajgaera in HRAPs. Two such
techniques are size-selective recycling and nuthentation (Benemann et al., 1977). In size
selective-recycling a portion of harvestable alffeevested by a microstrainer) is returned to
the HRAP where it has an advantage over non-hatesfaster growing algae because
washout is prevented. In this way and with time straf the algae in the pond will be the
desired species and a reduced amount of recydingguired. An example of species control
by nutrient limitation is the growth of nitrogenxiing algae in ponds enriched with phosphate
and CQ but lacking N (Benemann et al., 1977). The sucoésisese two methods, however,
is debatable as the desirable species can be maiatbor only a short period, after which
other species that do not require recycling begiddminate. This technique may therefore
be useful only in establishing a harvestable calmore rapidly or maintaining it for longer

(Benemann et al., 1980).
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Operational features of HRAPs such as agitationhatkt pond loading, pond depth and
hydraulic retention time can be altered to infleenibe population size and dynamic;
however, environmental factors which cannot be rotled will also have an impact
(Benemann et al., 1977). Hydraulic retention tinfeecs population dynamics due to
differences in specific growth rates. Algae witlwlgrowth rates such dsuglena may wash

out at very short retention times (of 2 days), wasrwith longer retention times, algae with
rapid growth rates (such &hlorella), may lose advantage. In deeper ponds motile algae
such asfuglena have an advantage ov€hlorella and Scenedesmus, whereas agitation of a
pond is disadvantageous. Similarly, high sheare®reuch as those generated by jet aerators,
is unfavourable for sensitive algae suchviaesractinium as it breaks their setae (Azov et al.,
1980).

From the literature it appears that algae most contyroccurring in HRAPS are species such
as Chlorella, Scenedesmus and Micractinium. Whilst dominance can be controlled to a
certain extent, the fact that there are many aspafitiencing their success makes the task
quite daunting, especially as certain species neaigigt even under unfavourable conditions
before being replaced by those more suited (Azowalgt1980). Additionally, although
distinct changes in populations occur seasondilgtet appears to be very little comparable
trend observed between studies done at differées §Viviers and Briers, 1982; Canovas et
al., 1996). This is probably due to the many otb@nfounding elements that determine
species dominance. In order to determine a meansalofising the biomass generated in a
HRAP treating wastewater, a site specific studytlod population dynamics and the

influencing factors would need to be carried owtraan extended period of time.
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1.2 Problem statement

Utilisation of algae for wastewater treatment iwell established technology with a simple,
efficient process that produces two benefits: sughality of water value and the generation
of valuable biomass. In wastewater treatment tloenbss generated in HRAPs generally
comprises a mixed population of algae and bacwtia changing population dynamics. The
value of the biomass depends on the species prasérhe biochemical composition thereof.
Biochemical characterisation is therefore necessargrder to determine the appropriate
means of biomass valorisation. It is also importangstablish factors which influence any
changes in biomass content and composition toit&teil management of the system for
maximum productivity. Although IAPS are known to &kective for wastewater treatment,
in-depth characterisation of the resultant algaenbiss has not always been carried out. This
however is an absolute requirement if the systeto e effectively and sustainably managed
for both wastewater treatment and biomass valaooisat

1.3 Hypothesis

Algae biomass generated in a HRAP treating wastawadn be biochemically altered to

provide a suitable source of animal feed.

1.4 Aims and objectives

The aim of this project was to determine factorfeaing the nutritional value of algae
biomass generated in HRAPs treating domestic wasézvand determine whether biomass

composition can be manipulated by altering theucaltonditions.

The specific objectives were:

. Characterise and compare the biomass generatecdHiRA® operating in continuous and

batch mode.

. Determine the effects of 2-hydroxy-4-(methylthiajténoic acid (a methionine precursor) on

the biochemical composition of algae species isdlitom a HRAP.

15



Chapter 2. Species Isolation, Identification and Composition in a
High Rate Algae Pond

2.1 INTRODUCTION

Pure algae cultures are necessary for fundameesalarch and are obtained by isolating
species found in environmental samples and growhege in pure culture. Many of the
techniques and media used today for culturing ghelwere developed in the late 1800s and
early 1900s, and enable the determination of spedeersity and species specific
characteristics (Preisig and Anderson, 2005). Tis¢ &ttempt to culture algae in a solution
containing a few organic salts was by the Russlantgphysiologist Famintzin, in 1871, and
the first pure cultures were reported in 1890 by Bhutch microbiologist Beijerinck. These
were obtained by mixing a water sample with ge&gtimowever, this proved unsatisfactory
due to gelatine digestion by bacteria, and in 1Rf#bs in Switzerland was the first to use
agar in Petri dishes. Other methods that were suilestly developed included the use of a
micropipette to isolate algae cells and the dilutgolation method, developed by Miquel in
the late 1800s (Preisig and Anderson, 2005).

By the early 1900s the successful isolation of mdifferent species of algae had been
documented and an understanding of nutrient andgiplogical requirements for growth
began to emerge (Preisig and Anderson, 2005). Simeediscovery that the biochemical
composition of algae is species related and caalteeed depending on growth conditions,
many different species have been cultured andedudr the production of valuable products
(Borowitzka, 1999; Ugwu et al., 2008). To date anber of methods have been described for
isolating species of algae. One which is commoslkyduis to spread, streak or spray a field
sample onto solid enriched agar medium and, afi®ble colony formation is observed,
transfer single algae colonies into liquid mediuon further cultivation. This method is
simple and effective for isolating species for Mt studies under controlled laboratory

conditions.

HRAPs are the major biocatalytic compartment in $ABnd are responsible for nutrient
removal and disinfection of the water to be treatecbcesses of nutrient removal and
disinfection occur as a result of the growing bissdn well managed systems, this biomass

comprises mostly bacteria and algae. However, emstiffungi, insects and protozoa also
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occur (Hosetti and Frost, 1995). While the specmsposition of various HRAPs has been
studied (Azov et al., 1980; Schluter et al., 198@novas et al., 1996; Tarlan et al., 2002; de
Godos et al., 2009; Chinnasamy et al., 2010), aissumed that the predominant species will
be representative of geographical region and logadlitions. In an effort to gain insight into
the species composition and population dynamicghef HRAP in the pilot IAPS in
Grahamstown, South Africa, samples containing naig@e (and bacteria and zooplankton)
were taken at regular intervals for analysis. Algpecies were identified phenotypically
using light microscopy and four of the major spscesent were isolated and their

identification confirmed by DNA sequencing.

2.2 MATERIALS AND METHODS
2.2.1 High rate algae pond configuration

The HRAP used in the present study (Figure 2-Ipait of the pilot IAPS for wastewater
treatment located at the municipal wastewaternreat plant (WWTP) in Grahamstown (33°
19' 07" South, 26° 33' 25" East), South Africa.

Figure 2-1: The second HRAP in series in the IAPStahe municipal WWTP in Grahamstown,
from which sampling took place.

Under continuous operation (Figure 2-2), the systemprises a primary facultative pond
(PFP) incorporating an anaerobic digester (AD). tdutic retention time (HRT) in the AD is
3.5 d while in the PFP the HRT is 20 d. A trangdemt is located 0.5 m below the water
surface of the PFP and 80C° rof water decants under gravity to the first HRAE play
(equivalent to influent). Two HRAPs (60 x 8 m) a@nnected in series via settling pond A
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and are maintained at a water depth of 0.3 m te gitotal volume of 150 frand surface
area of +500 mper raceway. HRT is 2 d in HRAP A and 4 d in HRBRvith an influent
rate of 80 and 40 frd” respectively. Mixing, or turbulent flow, is essahtto maintain
optimum conditions for maximum algae productivitydan the current pilot system is set at
0.3 m.§". Typically linear velocity is required to prevesitatification and is achieved using a
paddle wheel powered with a small electrical m¢@o85 kWh). The biomass produced in the
HRAPSs is removed using inclined algae settling sar@®utflow biomass from the HRAPs,
due to paddlewheel mixing, auto/bioflocculates aeatlles rapidly and thereafter is removed
to drying beds or to a thickener tank (inverted @orA HRT of 0.5 d is sufficient for

adequate settling and yields a slurry of 2.5-4%.

Influent
. Anaerobic { )
> i » HRAP A
80 m3.day! digesterand 80 me.day
facultative pond Retentiontime- 2 days
\ 4
- N |
HRAPB |
Retentiontime — 4 days
LS A
' |
40m?3.day? I I
| A0 m3.day? |
. | 80m3.day?!
Settling Settling
pond B pond & -
4I}m3.da}i-' 7 - Jf _'---E-.Dmin:la',rl
B0 m?.day?
Effluent

Figure 2-2: Configuration of the IAPS (continuous node) at the time of sampling.

Under batch operation of the HRAPs there is naenit or effluent flow and the HRAPs are
isolated from the IAPS. However, in order to offsetter losses due to evaporation the
HRAPs are intermittently topped up with tap watér. the current investigation, the
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wastewater treated under batch operation was thathwwas in the HRAP following
operation in continuous mode. No drainage of théAARook place in between treatments.

2.2.2 Sampling and sub-culturing procedures

Water samples for the isolation of algae speciesewellected from the HRAP (B) (at a
position immediately before the paddlewheel, nbar éxit point of the effluent). Aliquots
were diluted 1:10 and 1:100 and 200 from each inoculated onto enriched solid agar
medium (1.5%) by spreading evenly using a stetiédsggrod. The basal medium used for
culturing was Bold 3N containing NaN@8.82 x 10° M), CaCh.2H,O (1.70 x 10 M),
MgSQ,.7H,0 (3.04 x 10 M), KoHPO, (4.31 x 10" M), KH,PO;, (1.29 x 16° M), NaCl (4.28

x 10 M), NaEDTA.2H,0 (1.2 x 16 M), FeCk.6H,0 (2.16 x 16 M), MnCl,.4H,0 (1.26 x
10° M), ZnCh (2.22 x 10 M), CoCh.6H,0 (5.04 x 1G M), NaM0O,.2H,0O (1.02 x 10

M), soil water (40 ml.[*) and vitamin B, (1.35 x 10 g.L™) (Internet reference 1). Media
was autoclaved at 121 °C for 15 min at 118 kPa.

Following development of colonies, single colonie=re removed from the agar using sterile
10 uL plastic autopipette tips and inoculated intoibged test tubes containing 5 mL liquid
Bold 3N media. Test tubes were sealed and placedcionstant environment (CE) room (at
25 °C, 12 h photoperiod, §0mol.nm%s?) on a shaker at 100 rpm. After sufficient growgth
occurred species were identified (Internet refeeeng-5) from light microscope analysis
performed using a Zeiss Axiostar plus microscopearl(Zeiss, Jena, Germany) and
transferred to 100 mL fresh media. Light microgsplere captured using a Canon
Powershot G6 digital camera. Pure cultures of algae maintained in 100 mL volumes of
Bold 3N media at 15 °C with a 12 h photoperiod |@@l.m?.s"). Sub-culturing was carried

out regularly with 10% inoculum.

For quantification of algae composition in the HRARIlI counts were carried out (using an
improved Neubauer Haemocytometer) on samples ¢tete®0 July (when the IAPS was in

continuous mode), and 19 October 2009 (when the PIRAs in batch operation).

2.2.3 Molecular identification of isolated algae species

Freeze dried algae culture samples were extracie®NA using a Qiagen DNeasy Plant
extraction kit. Dried samples (£10 mg) were homaggeth with glass beads (2@on) for 10

x 30 s (with 30 s intervals on ice) to rupture ttedls. Extraction was then carried out
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according to the manufacturer’s instructions. Idesrto the determine purity and quality of
the DNA, samples (1QuiL) were electrophoresed in a 1.2% (w/v) agaroseugelg TAE
(x0.5) electrophoresis buffer containing 1 mg:éthidium bromide and visualised under
UV light with a UVP BioDoc-it™ System transillumita (Upland, California). The
molecular weight of the DNA was estimated by corgmr to a DNA marker
(O’'GeneRuler™ 100 bp DNA Ladder Plus). DNA was th@R-amplified for sequencing.
The two oligonucleotide primers used were univeesd#aryotic primers which amplify the
18S rRNA gene: 5-GTCAGAGGTGAAATTCTTGGATTTA-3 forard primer and 5'-
AGGGCAGGGACGTAATCAACG-3’ reverse primer (Rasoul-Amiiet al., 2009). These
primers amplify a ~700 bp region and were obtaifrech Whitehead Scientific (Pty) Ltd,
South Africa. The PCR reaction volume was BD and contained 25L of Qiagen
HotStarTaq Master Mix Kit, 10 pmol of each primedsb00 ng DNA. The amplification was
performed in a GeneAmp® PCR System 9700 thermocyAleplied Biosystems, Carlsbad,
California) and consisted of an initial denaturatsiep of 15 min at 95 °C followed by 35
cycles of 1 min each at 94 °C, 60 °C and 72 °Cré&heas a final extension step of 7 min at
72 °C.

Following PCR, samples were cleaned using a Qidg€ER cleanup kit and DNA was
guantified using a Nanodrop 2000 (ThermoFisher r8ifie, Waltham, MA). DNA
sequencing was carried out by cycle sequencingyuBig Dye sequencing kit. The reaction
volume was 20pL and contained SuL Big Dye Sequencing reagent, |ji. Big Dye
Sequencing Buffer, 10 pmol primer and 350 ng DNAe PCR thermal cycle for sequencing
consisted of an initial denaturation step of 2 @ai®4 °C followed by 30 cycles of 30 s each
at 94 °C, 55 °C and 72 °C, with a final extensioepsof 7 min at 72 °C. Samples were
cleaned using the PCR cleanup kit and then aiddi$®quencing was carried out at the
Rhodes University DNA Sequencing Unit. Edited seqas were used as queries in
BLASTN searches (http://blast.ncbi.nim.nih.gov/Blegi), to determine the nearest
identifiable match present in the complete GenBaniteotide data base.

2.3 RESULTS
2.3.1 Determination of species diversity in a HRAP

HRAPs in WWTPs are typically populated by local @gps, the dynamics of which differ

depending on the climatic conditions of the regithe waste stream being treated and the
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operational features of the system. Water samp&ent from the HRAP revealed the
microflora and fauna diversity illustrated in Figu2-3. Species diversity was affected by the
mode of operation of the pond, with more specieseoled under batch operation in
comparison to continuous. Microalgae dominated tHBRAP numerically, however
zooplankton were also observe®ediastrum, Scenedesmus, Micractinium, Chlorella,
Pyrobotrys, Diatoms,Chlamydomonas, Euglena and rotifers were observed in samples taken
from the HRAP under continuous operation. Additionapecies Actinastrum,
Dictyosphaerium, Blue greens,Closterium and Daphnia were observed under batch
operation.

Figure 2-3: Microflora and fauna observed in watersamples from the HRAP. Microalgae: a.
Pediastrum, b. Scenedesmus, c. Micractinium, d. Diatoms, e. Chlorella, f. Closterium, g.
Chlamydomonas, h. Pyrobotrys, i. Euglena, j. Actinastrum, k. Dictyosphaerium, |. Blue greens.
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Zooplankton: m. Brachionus, n. Lecane, 0. Conochilus, p. Philodina, q. Cyclidium, r. Daphnia.
White scale bar is 5um (for microalgae and rotifers) and black scale baris 50 um (for
Daphnia).

2.3.2 Isolation and identification of algae species

Solid agar medium inoculated with water samplesnfihe HRAP had sufficient colony
formation after four weeks of growth. The water péardiluted 1:100 was found to have best
spacing of colonies ensuring that single colonmdd be picked from the agar without cross
contamination from surrounding colonies. Singleooss were inoculated into test tubes
containing 5 mL of liquid Bold 3N medium. After 4eeks, significant growth was observed
and microscopic analysis revealed that pure cudtun@d been produced. Tentative
identification, using databases (Internet refereric&) and comparing morphology, indicated
isolation of species with characteristics similarChlorella, Pediastrum, Scenedesmus and

Micractinium (Figure 2-4).

*é-z.

Figure 2-4: Pure culture of a.Chlordla, b. Pediastrum, c. Scenedesmus, and d. Micractinium
viewed under the microscope at x400.

To obtain unequivocal information on the identifytbbese strains, cultures were grown in

Bold 3N media and harvested in mid log-phase byridegation and subsequent freeze-
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drying. DNA extraction and PCR amplification wemamed out and a single PCR product of
~700 bp was recorded for each species (AppendixSéyuencing and BLAST analysis
confirmed the species identity (Figure 2-5). Thgusace of the EBRChlorella isolate was
100% matched to twoChlorella species, Chlorella sorokiniana (Accession number
GQ122327.1) ancChlorella vulgaris (AB080308.1). TheMicractinium isolate was 100%
matched toMicractinium pusillum (AM231740.1), Pediastrum was 98% matched to
Pediastrum duplex (AY780662.1) andScenedesmus was 99% matched t&cenedesmus
communis (X73994.1).

gb| GQL22327.1] Chlorella sorokiniana isolate BEL 18S ri bosomal RNA gene, parti al
sequence
Lengt h=1740

Score = 1170 bits (633), Expect = 0.0
Identities = 633/633 (100%, Gaps = 0/633 (0%
St rand=Pl us/ Pl us

Query 1 ATGITTTCATTAATCAAGAACGAAAGT TGEGEECTCGAAGACGATTAGATACCGTCCTAG 60

RN AR AR AR RN NN AN AN
Sbjct 925  ATGITTTCATTAATCAAGAACGAAAGT TGEGEGCTCGAAGACGAT TAGATACCGTCCTAG 984

Query 61 (CGATGCCGACTAGGGATCGGOGGATGT TTCTTCGATGACTCCGCCGG 120
_ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbj ct 985 CGATGCCGACTAGGGATCGGOGGATGT CTCOGCCGG 1044
Query 121 ATGAGAAATCAAAGT TTTTGGGT TCCGGEGGGAGTATGGTCGCAAGGCTGAAAC 180
_ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbj ct 1045 GGGT TCCGGGGEEGAGTATGGTCGCAAGGCTGAAAC 1104

Query 181 TTAAAGGAAT TGACGGAAGGGCACCACCAGGECGT GGAGCCTGCGGCTTAATTTGACTCAA 240

RN RN RN AR RN RN
Sbjct 1105 TTAAAGGAATTGACGGAAGGGCACCACCAGGOGT GGAGCCTGCGECTTAATTTGACTCAA 1164

Query 241  CACGGGAAAACT CATAGTGAGGATTGACAGATTGAGAGCTCTTTCTT 300

_ ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct 1165 CACGGGAAAACT 1224

Query 301  GATTCTATGGGIGGTGGTGCATGECCGT TCTTAGT TGGTGGGT TGCCTTGTCAGGTTGAT 360

CLLLLL L L L L]
Sbj ct 1225 GATTCTATGGGTGGTGGTGCATGGOCGT TCTTAGT TGGTGGGT TGCCTTGTCAGGT TGAT 1284

Query 361 TCCGGTAACGAACGAGACCT CAGCCTGCTAAATAGT CACGGT TGGT TCGCCAGCCGECGG 420

AR R AR RN AR A AR
Sbj ct 1285 TCCGGTAACGAACGAGACCTCAGCCTGCTAAATAGT CACGGT TGGT TCGCCAGCCGGOGG 1344

Query 421 CTTAGAGGGACTAT TGGCGACT AGCCAAT GGAA GAGGCAATAA( 480

_ ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct 1345 CTAGCCAAT GGAA 1404

Query 481  GATGCCCTTAGATGT TCTGGGCCGCACGCGCGCTACACT GATGCATTCAACGAGCCTAGC 540

N RN RN R RNy
Sbj ct 1405 GATGCCCTTAGATGT TCTGGGOCGCACGCGOGCTACACTGATGCATTCAACGAGCCTAGC 1464

Query 541 CTTGGCCGAGAGGCCCGEGTAATCTTTGAAACT GCATCGT GATGGGGATAGATTATTGCA 600

AR A R RN R AR R ARy
Sbj ct 1465 CTTGGECOGAGAGGCCCGGGTAATCT T TGAAACT GCATCGT GATGGGGATAGATTATTGCA 1524

Qery o N e Lo e
Shj ct 1525 ATTATTAATCTTCAACGAGGAATGCCTAGTAAG 1557

enb| AM231740.1] Mcractiniumpusillumpartial 18S rRNA gene, strain CCAP 248/7
Lengt h=1757

Score = 1203 bits (651), Expect = 0.0
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Identities = 651/651 (100%, Gaps = 0/651 (0%
St rand=Pl us/ M nus

e nnniici it bt
Shj ct 1563 TAGGCATTCCTCGTITGAAGATTAATAATTGCAATAATCTATCCCCATCACGATGCAGITT
ey o e oo e e e e e e
Shj ct 1503 CAAAGATTACCCGGACCTCTCGGTCAAGGCTAGECTCGT TGAATGCATCAGTGTAGCGCG
Qery At T L e L o e e e
Shj ct 1443 CGIGCGGECCCAGAACATCTAAGGGECATCACAGACCTGITATTGCCTCATGCTTCCATTGG
ey o T e o e e o oo e e e
Shj ct 1383 CTAGICGCCAATAGICCCTCTAAGAAGT CCGCCGGECTGGCGAACCAACCGTGACTATTTA
ey o o Lo e T e T e e e e
Shj ct 1323 GCAGGCTGAGGTICTCGTITCGI TACCGGAATCAACCTGACAAGGCAACCCACCAACTAAGA
Qery 0 A o T e e e e T
Shj ct 1263 ACGGCCATGCACCACCACCCATAGAATCAAGAAAGAGCTCTCAATCTGICAATCCTCACT
ey T o e L e o o
Shj ct 1203 ATGICTGGACCTGGTAAGITTTCCCGTGT TGAGTI CAAATTAAGCCGCAGGCTCCACGCCT
Query 421 GGTGCCCTTCCGTCAATTCCTTTAAGT TTCAGCCT TGCGACCATACT CCCCCCGGAA
_ ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Shj ct 1143 GGTGCCCTTCCGT! CTCCCCCCGGAA
e et
Shj ct 1083 CCCAAAAACTTTGATTTCTCATAAGGT GCCGGCGGAGT CATCGAAGAAACATCCGCCGAT
Query 541 GTICGGCCATCGTTTATGGT T GA( CGAGCCCCC
_ ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Shj ct 1023 CGAGCCCCC
Qery o A T e e e o e
Shj ct 963 AACTTTCGITCTTGATTAATGAAAACATCCTTGGECAAATGCTTTCGCAGTA

gb| AY780662. 1| Pedi astrum dupl ex strain SAG 28. 83 18S ri bosomal
sequence
Lengt h=1668

Score = 1212 bits (656), Expect = 0.0

ldentities = 673/681 (99%, Gaps = 2/681 (0%

St rand=Pl us/ Pl us

Query 2 ACTACTGCG AA TTGCCAAGGATGI TTTCATTAATCAAGAACGAAAGT TGEEEECT
_ RERAERR ||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct 879 GCGAAAGCAT TTGCCAAGGA GAACGAAAGT TGEGGGCT
Query 61 CGAAGACGATTAGATACCGT CGT. CGATGCCGACTAGGEGATTGECG
) IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Shjct 939 CGATGCCGACT.

Query 121  GACG TTTTTTGATGACTCCGCCAGCA GAGAAATCAAAGT GGGITCCGGG
) [l IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Shjct 999 GATGITTTTTTGATGACTCCGCCAGCA GGGTTCCGEG
uery 180 ||||IGITIAITIGIGITI||||||||||||ICITITI||||||ITITIGIAI|||||IIIIICICIAICICIAIIIIIIG
Sbjct 1059 GGGAGTATGGICGCAAGGCTGAAACT TAAAGGAAT TGACGEAAGGGECACCACCAGECGIG
e oo me i
Sbjct 1119 GAGCCTGCGGCT TAAT T TGACTCAACACGGGAAAACT TACCAGGT CCAGACATAGT GAGG
et e oo b
Shjct 1179 ATTGACAGATTGAGAGCTCTTTCTTGATTCTATGGGTGGTGGTGCATGGECCGT TCTTAGT

Query 360 TGGTGGGT TGCCTTGTCAGGT TGATTCCGGT AACGAACGAGACCT CAGCCTGCTAAATAG
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Sbjct 1239

R AR R AR RN AR EARNAY
TGGTGGGT TGCCT TGT CAGGT TGAT TCOGGT AACGAACGAGACCTCAGCCTGCTAAATAG

ey A0 o T T e T AT e e
Shj ct 1299 TCACGGTCGCTTTTTGCGGECCGGTTGACTTCTTAGAGGCGACTATTGECGITTAGICAATG 1358
ey A L L L e e oo e, >
Shj ct 1359 GAAGTATGAGGCAATAACAGGTCTGTGATGCCCTTAGATGTI TCTGGECCGCACGCECECT 1418
Query 540 CTGATGCATTCAA CCTTGGECCGAGAGGCCCGEEGTAATCTTTAAAACTG 599
| ||||||||||||||||| |||||||||||| L T L LT
Shj ct 1419 CCGAGAGGTCCGGGTAATCTTTGAAACTG 1478
Query 600 GATGGCGCGATAGATTATTGCAATTATTAGT CTTCAA( 659
_ ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Shj ct 1479 1538
Qery 080 N T o o e
Shj ct 1539 GCGAGICATCAGCTCGECGITG 1559
enb| X73994. 1 S.comuni s gene for 18S small subunit rRNA
Lengt h=1796
Score = 1190 bits (644), Expect = 0.0
ldentities = 654/ 658 (99%, Gaps = 3/658 (0%
St r and=PI us/ Pl us
Query 2 GITTTCATTAATCAAGAACGAAAGT TCGEGEEECT CGAAGA GATACCGT CGT. 61
| RN AR |||||||||||||||||||||||||||||||||
Shj ct 956 GAACGAAAGT T- GGGGGECTCGAAS 1014
Qery 2 e e e oo e T e e oo e &
Shj ct 1015 CTCAACCATAAACGATGCCGACTAGGGATT- GECGGACGTITTTTGCATGACTCCGTICAGC 1073
et oo oo
Shj ct 1074 ACCTTGAGAGAAATCAAAGTI TTTTGGEGT TCCGEEEEGAGTATGGTCGCAAGGCTGAAACT 1133
ery 8z N L o Lo S e e e e e 2
Shj ct 1134 TAAAGGAATTGACGGAAGGGECACCACCAGGECGT GGAGCCTGCGECTTAATTTGACTCAAC 1193
Qery 2 L A T L e e e e =
Shj ct 1194 ACGGCGAAAACTTACCAGGTCCAGACATAGGAAGCGATTGACAGATTGAGACGCTCTTTCTTG 1253
Qery 302 A e e e e e e e e eer e e
Shj ct 1254 ATTCTATGCGGTGGTGGTIGCATGECCGTTCTTAGITGGTGEGTTGTICTTGICAGGTTGATT 1313
Query 362 CCGGTAACGAACGA CAGCCTTTAAATAGICACTGICGCTTTTTGCGGCTGECTTT 421
| ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Shj ct 1314 CCGGTAACGAACGA TTGCGECTGECT 1373
ery 422 ||||||T|C|T|T|A|G|L\||||||||||||||||||||||||||||C’“|F|A|T|G|L\||||||T|A|A|C|A|G|G|r|c|T el
Shj ct 1374 GITGGCGITT. CAACGGAAGTATGAGGCAATAACAGGTCT 1433
Qery A N L e e e T e e e o
Shj ct 1434 GIGATGCCCTTAGATGI TCTGGEGECCGCACGCGECECTACACTGATGCATTCAACAAGCCTA 1493
Query 542 TCCCTAGCCGAAAGGCT CGGGTAA TTGAAACT GATGGGGGATAGATTATT 601
| ||||||||||||||||||||||||||||||||||||||||||||||||| ANRIAAY
Shj ct 1494 CCCTAGCCGAAAGGCTCGGGTAA GATGGEG A TTATT 1552
Query 602 GCAATTATTAGTCTTCAACGAGGAATGCCT. AAGCGCAATTCATCAAATTGCGITG
| |||||||||||||||||||||||||||||||||||||||||||||||| T
Shj ct 1553 AAGCGCAATT TTGCGITG 1610

Figure 2-5: BLAST analysis ofChlorella, Micractinium, Pediastrum, and Scenedesmus.
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2.3.3 Quantification of algae species in the HRAP

The algae species successfully isolated from thA&P{Rere the predominant species in the
pond; however the population dynamics varied dejpgndn the mode of operation (Figure
2-6). During continuous operatidvlicractinium dominated > 90% of the algae population,
however this species was absent during batch operatonverselyChlorella was absent
during continuous mode and under batch it moderbecdominant, at ~80% of the algae
population. During both operation modé&senedesmus and Pediastrum were present,
howeverPediastrum numbers were higher under batch operation (11%peoed to 2%),
when Diatoms also proliferated (5%$cenedesmus remained at ~3% during batch and

continuous operation.

Continuous Batch
Micractinium
‘ B Pediastrum
B Scenedesmus
Diatoms
B Chlorella

30-Jul 19-Oct

Figure 2-6: Algae species composition in the HRAPnaler batch and continuous operation.

2.4 DISCUSSION

Of the microorganisms found in the HRAP, the subgfanterest in this study was algae as
they play a fundamental role in its ecology andrapen, and have the potential to generate
valuable bioproducts. The species composition @& #igae community in the HRAP
investigated was variable, with relatively low sigscdiversity and usually one numerically
dominant species making up more than 80% of thaeatppunted. Low species diversity is
generally found in HRAPSs that are not allowed tibyfatabilise due to heavy organic loading
or fast dilution rate (Benemann et al., 1977; Casost al., 1996)he low species diversity
observed under continuous operation may have beemodwashout of slower growing algae
caused by the short retention time coupled with lmht intensities and temperatures (as
sampling took place during late winter). Therefospecies recorded under conditions of
continuous operation were able to sustain theivgrarate above that of the dilution rate
through the pond, and under batch conditions sl@sewing algae were able to establish in

the HRAP, giving higher species diversity. Overaltly £10 algae species were observed,
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which is commonly the case when using microscogibiniques. An alternative approach in
determining species diversity is to use molecughihiques, which generally report higher

species range (Ghosh and Love, 2010).

Under continuous operation, the presence of zo&mann the pond may have accounted for
the dominance dflicractinium, as this species can develop spines which preyraaing by
rotifers (Schliter et al., 1987). Selective grazprgssure may have also removed smaller
algae, thereby enabling colonial algae spediisr@ctinium, Pediastrum and Scenedesmus)

to dominate (Van Donk, 1997). Under batch operattma dominant species changed and
Chlorella became more prominenDaphnia were also more prominent at this time and
would have imposed a different grazing pressurtheg have a broader food spectrum due to
larger gape size (Burns, 1968; Cyr and Pace, 1®®&(uction inMicractinium numbers,
therefore, may have been causeddaphnia grazing, which would have allowed the faster
growing Chlorella to outcompete this species. Further studies undetrolled conditions
should be carried out to determine the grazingcedfeof rotifers andDaphnia on the
population dynamics because under conditions incthreent investigation other factors (as

discussed in Chapter 3) could have also influespeties composition.

In conclusion, preliminary results suggested tloattiouous operation of a HRAP was more
advantageous as lower species diversity could hetam@ed with easily harvestable colonial
species dominating (Azov et al., 1980). This isirdé$e from an operational and economic
perspective as a more homogenous biomass is ¢asiearacterise and determine a means of
valorisation. AdditionallyDaphnia are unable to flourish under continuous operatwith a
short retention time and therefore a reduced efbéajrazing on productivity is obtained

(Benemann et al., 1977).

Isolation of native algae species from the HRAP wascessful and four pure cultures of the
numerically dominant specie€hlorella, Micractinium, Pediastrum and Scenedesmus, were

produced and maintained. The identity of theseatssl was confirmed by DNA sequencing
which also enabled classification to species |eWhilst the molecular approach used was
not applicable to determining in depth species @itg the pure cultures could be used for
further analysis such as determination of biochemtomposition and effects of changing

growth conditions.
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Chapter 3. Operation of a High Rate Algae Pond in Batch and
Continuous Modes and Effect on Productivity and Biomass
Composition

3.1 INTRODUCTION

High rate algae ponds (HRAPs) have been succegshiskd to cultivate a variety of
microalgae for products of value and to treat gyeaof effluent streams (EI Hamouri et al.,
1994; Tarlan et al., 2002; Mulbry et al., 2005; &foret al., 2007; de Godos et al., 2009;
Chinnasamy et al., 2010). Typically, HRAPs are Iskigl open photobioreactors and are
usually configured as a series of interconnectedways. Biomass produced and harvested
from HRAPs can be converted via various pathwaysseful commodity and high value end
products. Some examples include the productiofi-oérotene inDunaliella, astaxanthin
production inHaematococcus, and the bulk production &pirulina andChlorella (Spolaore

et al., 2006). Large scale production of algae laissrusing wastewater treatment in HRAPs
was pioneered by Oswald and Golueke (1960) antitreass thus produced can be further
utilised with minimal processing as feedstock fargas, bioethanol, and high temperature

conversion to bio-crude oil (Craggs et al., in pjes

Wastewater HRAPs are components of IAPS, which cm@pdvanced facultative ponds
and anaerobic digesters, and are designed to pedoimetsymbiosis between microalgae and
aerobic bacteria, each utilising the major metabgplioducts of the other. Thus, organic
compounds are oxidised by aerobic bacteria utdisphotosynthetic © produced by
microalgae which in turn utilise G@nd other nutrients released through bacterialatian.
The combined action of aerobic bacteria and migamltends to increase pH of the water to

above 9, providing a high rate of disinfection.

A consequence of continuous nutrient removal isamdy a decline in BOD of the treated
water but a substantial increase in biomass. Stuthieried out recently have confirmed that
the resultant biomass is suitable for use in agitioel and horticulture as a fertiliser and soil
amendment (Mulbry et al.,, 2005). In addition, HRARave been suggested as good
instruments for the production of algae biomasshigh quality animal feed (Kuhad et al.,

1997). Further support for the idea has been obdafrom the treatment of dairy effluent
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(Wilkie and Mulbry, 2002), and success achieveviiin Spirulina cultivated using effluent

from anaerobically treated swine wastewater (Chatmband Peerapornpisal, 2010)

The present work attempted to investigate the cienatics of microalgae growth

(population dynamic and nutrient content of theulst biomass), along with the removal of
nitrate, phosphate and ammonium from AD effluema HRAP. The pond was operated first
in continuous mode and the results compared anulasted with batch mode to examine the

effect of nutrient limitation.

3.2 MATERIALS AND METHODS
3.2.1 Pond operation

A detailed description of the IAPS and its openadilocharacteristics is reported in Chapter 2.
Two modes of operation of the HRAP were investidateontinuous and batch. Data
collection during continuous mode took place framme) to August 2009, and during batch

operation from September to November 20009.

3.2.2 Pond monitoring

Sampling from the HRAP took place once or twice kiyp¢at 09.00 am) at a point upstream
of the paddle wheel near the effluent dischargesrevisufficient mixing took place. Three 1
L samples were collected for recovery of biomasd #re subsequent determination of
protein, carbohydrate and lipid composition. ThZs mL samples were collected for
determination of dry biomass and nitrate, phospaateammonium concentration. The pH of
the wastewater in the HRAP was determined using @M\pH 330 portable pH meter.

Weather data (average ambient temperature and tadl solar irradiance) was obtained
from logged data of the Rhodes University weathatian (located approximately 5 km from

the study site).

3.2.3 Biomass and ash determination

Cell counts were carried out weekly using an imptbWeubauer haemocytometer at x400
magnification. The numbers of species presentensdimple were expressed as a percentage
of the total number of cells counted. Dry mattenaantration was determined by filtering,

under vacuum, a known volume of pond sample (betvwszand 250 mL) through a pre-
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dried, weighed (using a Mettler Toledo PB 303-Sabat) Whatman GF/C filter of 1j#n.
Filters were dried in an incubator overnight at € and the filtrate was retained for
determination of nitrate, phosphate and ammoniunceotration. Dried filter papers with
algae biomass were reweighed to determine the Isigmahich was expressed per L of
culture. Filtered dry samples were ashed (400 t@fio) in a Carbolite muffle furnace. After
cooling, the filters were reweighed and the ashtertnof the biomass calculated. Biomass
productivity was calculated using the pond sizel amerage biomass concentration and flow

rate during continuous operation, and maximum gnawate during batch operation.

3.2.4 Chemical analysis

Nitrate, phosphate and ammonium concentrations werasured using Merck analysis kits

and a Merck Spectroquant SQ118 (according to theufaaturer’s instructions).

3.2.5 Biochemical analysis

Biomass was recovered by centrifuging 3 x 800 mtulfure a2 325 xg for half an hour in

a Beckman Coulter Avante J-E centrifuge (J-10 jotdost of the supernatant was decanted,
the biomass transferred to 3 x 15 mL Falcon tulbesaentrifuged af 325 xg for 1 min
(Eppendorf benchtop centrifuge, 5810 R). The swggamt was decanted and the biomass
freeze-dried (Vir-Tis Benchtop SLC) and stored imesiccator until required for further

analysis.

For carbohydrate and protein determination, 10 indyy microalgae biomass was placed in
a microcentrifuge tube and hydrolysed in 500 NaOH (0.5 M) at 30 °C for 24 h.
Carbohydrate was determined using the phenol-stilphuaid assay, as described by Dubois
et al. (1956). Total carbohydrate was assayed lesnvs to 500uL of hydrolysed sample
(diluted 1:100), 50QuL phenol solution (5% in distilled #D) was added, followed by 2.5 mL
conc. sulphuric acid. After mixing, samples weréwéd to stand for 30 min to cool.
Absorbance was measured at 490 nm wusing a ThermectrSpic Aquamate
spectrophotometer (ThermoFisher Scientific, Waltht¥), and the mass of carbohydrate
was determined by interpolation from a standardreudor D-glucose. Values ipg were

expressed as a percentage of the biomass.
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Protein was quantified using the protein dye-bigdmnethod described by Bradford (1976)
with bovine serum albumin (BSA) as a standard; 1Bnadford reagent (Sigma-Aldrich, St
Louis, MO) was added to 34 of the hydrolysed sample (diluted 1:10) and akovto stand
for 5 min. The absorbance was measured at 595 mmy asThermo Spectronic Aquamate
spectrophotometer and the mass of protein detethiogenterpolation from a standard curve
for BSA (also hydrolysed with 0.5 M NaOH at 30 ‘@ £4 h). Values iqug were expressed

as a percentage of the biomass.

Lipid was extracted using a modification of the hoet described by Folch et al. (1957); 500
pL of distilled HO was added to a pre-weighed dry biomass samp@0(rig) and mixed
vigorously. After 15 min, 10 mL chloroform/methan@:1, v/v) was added and the sample
was vortexed for 30 s, followed by centrifugati@n325 xg for 1 min). The supernatant was
removed, washed with 3.6 mL 0.09% NacCl, centrifugg825 xg for 1 min) and the lower
organic phase harvested. The extraction was repdhtee times and the lower phases
combined and evaporated in an incubator at 60 ¥naght. The amount of lipid extracted
was determined gravimetrically and expressed as@ptage of dry biomass.

3.2.6 Statistical analysis

Measurements of biomass, carbohydrate, proteinlipittj nutrient concentrations and cell
counts were carried out in triplicate. Mean valaed standard deviations were determined.
In order to smooth the data for temperature aratliance readings, the running mean of 5
readings was calculated. Multiple regression amalydetermined interactions between
variables and T-tests were carried out to determigficant differences. Software used was
STATISTICA 9.0 (StatSoft, 2009), with significanaeP < 0.05.

3.3 RESULTS

3.3.1 Nutrient removal and productivity in a HRAP during continuous and batch

modes

In continuous operation the HRAP was fed with aobier digestate high in nitrogen and
phosphorous. A primary objective in operating wastier treatment HRAPS is to remove

dissolved inorganic nutrients by intracellular asation or chemical precipitation. In order
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Nutrient concentration (mg.L1)

to examine nutrient removal and effect of pH, twod®s of pond operation (continuous and

batch) were investigated and the resultant profjeserated are illustrated in Figure 3-1.
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Figure 3-1: Nitrate, phosphate and ammonium concerdtions, and pH of the HRAP water
during batch and continuous operation.

Under continuous operation, chemical analysis & plond water revealed a fluctuating
nitrate concentration with an average of 11.2 (:@.L", the result of a trade-off between
influent nitrate and nitrate removal. Under batgemtion, nitrate removal was steady and
declined from 19.8 mg:t to ~1 mg.L* in 2 months, demonstrating 98% removal efficiency.
Removal of nitrate in batch operation was correlatéth biomass (P < 0.05), as would be

expected if nutrient assimilation by algae occurred

Phosphate concentration in the pond water durimgimeous mode was 3.5 (+1.2) mg,L
and was negatively correlated with biomass conagatr (P < 0.05), indicating assimilation
during algae growth. During batch operation, phasphconcentration dropped from 2.9
mg.L* to < 0.6 mg.L* (80% removal efficiency) in 9 days, and negativedyrelated with
pH (P < 0.05), indicating removal by precipitatidduring this time biomass concentration

was increasing, therefore phosphate removal cdstdhave been via intracellular fixation.
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Temperature (°C)

Biomass (mg.L1)

In continuous mode, ammonium concentration was (B1) mg.L> and negatively
correlated with nitrate concentration (P < 0.0%mdnstrating preferential uptake of one
form of nitrogen at a time. During batch operaticempnmonium concentration was
consistently low at < 1 mg:}, with an initial decline from 0.6 to 0.1 mg*Lwhich coincided
with an increase in pH and biomass. Ammonium rermduang batch operation, therefore,

could have been via intracellular immobilisatiornvotatilisation of ammonia or both.

Productivity in HRAPs is mainly influenced by theepailing climatic conditions of the
region. Operational features, however, can be satjus order to optimise the system and for
improved biomass generation and subsequent nuteemval. During continuous operation
of the HRAP, biomass concentration fluctuated witlanges in temperature and irradiance,
an outcome of reduced growth rate during colderoger which results in washout of the
culture (Figure 3-2). Fluctuations were, howevemal in comparison to biomass
accumulated during batch operation, which showttte linfluence by temperature and

irradiance fluctuations during exponential growdig(re 3-2).
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Figure 3-2: Climatic conditions - average ambientémperature and total solar irradiance, and
HRAP biomass concentration, under batch and continous operation.
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Concentration of biomass in the pond does notaefieoductivity because during continuous
mode biomass is constantly being harvested, whandzstch mode harvesting occurs only at
the end of the run. Productivity of the HRAP wasuldled during continuous operation in

comparison to batch, at 10.8 and 5.4 gaay" respectively.

3.3.2 Species composition and nutritional quality of the biomass

Species composition of the HRAP showed considenadliation between the two modes of
operation of the HRARMicractinium was the dominant species throughout continuousesmod
(Figure 3-3) with an initial increase from ~50%-t90% of the population from 4 June to 6
July, and concurrent decrease Bediastrum from 40 % to ~5%. The proportion of
Scenedesmus remained relatively consistent at approximatelf086 of the total algae
population while Diatoms were only present durihg two week periods of early June and
late August, at ~3% of the total population.

In batch mode (Figure 3-3), the percentages ofdmatandPediastrum were higher than
observed in continuous operation at 15 (£5)% and#29)% respectively; and when the
biomass concentration reached ~470 ritgthere was a rapid decline in tMicractinium
numbers. Coincident with nutrient depletion (reéhrctof nitrate to < 10 mg:t), Chlorella

became dominant aritenedesmus, Pediastrum and Diatom numbers declined.

During continuous operation, an increase in protentent of the algae biomass (from 26%
to 46%) was observed which coincided with the iasesin proportion oMicractinium
(Figure 3-3, 27 June — 8 July). Carbohydrate, ligndl ash content throughout continuous
mode were 19 (2)%, 16 (+4)% and 16 (£3)% respedbtivin batch operation, during the
initial growth phase (Figure 3-3, 8 — 17 Septemipeo}ein content of the biomass was at its
highest, contributing 20 (+0.8)% of the total bisawhilst the carbohydrate content was
17.9 (x2.6)%. As the population entered the statiprphase of growth (28 September),
carbohydrate became the major cell constituen0a &4.9)% of the total biomass, while
protein content was reduced to 13.7 (£2.0)%. Thange in biochemical composition also
coincided with a change in the population dynamith\a decline inMicractinium numbers.
Lipid content remained approximately constant dytiratch mode at 9.5 (x1.5)%, and ash

content throughout the sampling period was 20.52}#5.
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Comparing biochemical composition of algae biongesserated during continuous and batch
operation of the HRAP, there were significant difeces between protein, carbohydrate and
lipid contents (Figure 3-4). During continuous cgigm the algae biomass generated high
protein content, whereas under batch mode, the ogdliconstituent was carbohydrate. Lipid

was the lowest biochemical component during botitinaous and batch operation, however,

it was higher during continuous mode.

3.4 DISCUSSION

High rate algae ponds (HRAPS) rely on interactibetsveen natural populations of algae and
bacteria for the removal of organic and inorganitrients found in waste streams. Inorganic
nutrient removal by the algae population in the HRénder investigation was effective in
both continuous and batch operation, although $ewéldepletion differed. In continuous
operation biomass productivity was higher in congmar to batch mode, and hence nutrient
removal by assimilation into biomass was more ffit The mean values of nitrate,
phosphate and ammonium concentration in the portdrwand hence subsequent effluent,
were below the South African discharge standard ABW2002), indicating that the HRAP
provided adequate nutrient removal under continwsesation. In batch mode lower final
concentrations of nutrients were achieved, and gitet® and ammonium removal was
relatively rapid due to chemical precipitation aradatilisation respectively caused by raised
pH in response to increase in biomass and depletiatissolved CQ (Fallowfield et al.,
1999; de Godos et al., 2009). Percentage remoted & nutrients in batch mode were of
similar order of magnitude to previous findings l(@afield et al., 1999; Martinez et al.,
2000; Olguin et al., 2003; Aslan and Kapdan, 2006).

Although no direct relationship between nitrogemazntration and biomass was found in
continuous mode there was a correlation under batotie. Conversely, the opposite was
evident with phosphate: under continuous mode graisp concentration was strongly
dependent on biomass whereas under batch mode aéem@s likely to be caused by

precipitation. Similar nutrient removal and biomassrelations have been reported in both
continuous and batch-fed HRAPS (Megharaj et aB2i@€romar et al., 1996; Fallowfield et

al., 1999).
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Biomass concentration during continuous mode wdsctagid by temperature and solar
irradiance, however the overall effects were mini@ad productivity in the HRAP was
higher during continuous operation, at double thiedpctivity obtained during batch
operation (in exponential growth). No direct coatelns were found between biomass and
temperature and solar irradiation, however a trgas observed during continuous operation.
Similar results are reported in previous studiesclviiound strong correlations of biomass
with daily irradiance and temperature during cambs culture, but only weak correlations
during batch culture (Cromar et al., 1996; Fall@idiet al., 1999). Low productivity during
batch operation was likely to be caused by the matation of biomass, which results in
increased self shading and lower light penetrattenLa Noue and de Pauw, 1988), as well
as concurrent COlimitation induced by the high pH. The average amoriration and
productivity of biomass in the HRAP under continsimperation was low in comparison to
previous findings (Goldman, 1979; Garcia et alg@0however performance of a HRAP (in

the absence of nutrient limitation) is dependengéevironmental conditions.

A more stable population dynamic was observed duwontinuous mode, witRlicractinium
dominating. Other major species observed duringh lmantinuous and batch mode were
Scenedesmus, Pediastrum, Chlorella and some unidentified Diatoms, all of which are
commonly found in HRAPS treating wastewater andkamvn to be highly pollutant-tolerant
(Palmer, 1969; Schltter et al., 1987; Fallowfididle, 1999; Chinnasamy et al., 2010). Under
batch operatiorChlorella dominated the HRAP as nutrient concentrationsimked! This
specieshas a smaller cell and therefore is able to outpmimlarger colonial species under
nutrient limitation (Fogg, 1991). Nutrient recydirby zooplankton during batch operation
would have also had an effect on the algae populadynamic because different grazers
release different N:P ratios which can favour tlevelopment of certain algae species
(Attayde and Hansson, 1999).

Biochemical composition of algae biomass was depaindn both species specific
characteristics and the growth state of the pojmriatUnder continuous operation, protein
was the major component of the algae biomass. ddiiscided with both high numbers of
Micractinium and the presence of an actively growing populatidthough some variability
in biochemical composition was observed under ocolotis culture, this mode of operation
proved to be more consistent in producing biomagk I protein, as has been observed

previously (Taub, 1980).
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In batch mode, carbohydrate was the highest biomaronstituent of the algae biomass
and was likely due to a combination of changingcsgse composition, with reduced
Micractinium and increase@hlorella numbers, and the presence of a less actively gopwi
population (Valenzuela-Espinoza et al., 2002). Betiglity during batch mode was lower in
comparison to continuous culture, however in otdegfficiently generate a biomass high in
carbohydrate, a two-stage culturing process cowddadopted. Firstly the biomass is
generated in a HRAP running in continuous modeh whee effluent collected in a second
HRAP where batch operation, and accumulation obalaydrate, can take place. Similar
processes have been adopted to improve the protyctf carotenoids and lipids

(Borowitzka, 1999; Huntley and Redalje, 2007), application in this instance would

increase the productivity of a biomass rich in chgarate and lipid which could find further
use in biofuel production (Craggs et al., in press)

Overall however, it was determined that operatidnaoHRAP in continuous mode is
substantially more advantageous as it providesieffi nutrient removal to within standard
levels for discharge, with higher biomass produttivFurthermore, a more stable algae
population is obtained with high protein conteniggesting that the biomass generated has
the potential for further exploitation. Thus, the-wtilisation of HRAPs for wastewater
treatment and biomass generation provides an mgabrtunity to investigate the efficient
and economical use of the system for the produatfoalgae biomass as an animal feed or

feed supplement.
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Chapter 4. Effect of 2-Hydroxy-4-(methylthio)-butanoic Acid and its
Cu-chelate on Growth and Biochemical Composition of
Selected Microalgae

4.1 INTRODUCTION

Results presented in Chapters 2 and 3 indicatedHiRAPs integrated in WWTPs contain a
plethora of microorganisms and in particular mitgaa. Furthermore, a comparison of
growth characteristics of microalgae from HRAPsraped in continuous and batch modes
showed that these algae had good potential fomuaeimal nutrition due to accumulation of

protein (in continuous) and carbohydrate (in batch)

Research and production activities are undergoipgradigm shift and are moving more and
more to the attainment of sustainable developmBEnis change in attitude arises from the
threat to an already fragile environment. Howewgitisation of land for the production of
food staples will continue as a high priority ireas with elevated population density. In this
situation, for sustainable growth in animal produtt new approaches are needed to identify
alternative feed resources that are environmentaéndly and efficient utilisers of already

dwindling resources, and at minimal cost.

Traditional efforts to increase ruminant produdtivinave centred on the quality of fibrous
crops and by-products of grain harvesting (PreatmhMurgueitio, 1992) and the addition of
supplements to increase protein content. A feedtiaddis an ingredient (generally a

chemical compound) or mixture of ingredients whick added to feed in small amounts to
satisfy a particular need (Anon, 2005). One sugbpment is 2-hydroxy-4-(methylthio)-

butanoic acid (HMTBA, Figure 4-1b), a methioninedhgxy-analogue used to supplement
methionine deficiency and enhance protein contébieef cattle, poultry and sheep (Barnes
et al., 1995; Dibner et al., 2004; Lobley et aD0@; Liu et al., 2007). Once inside animal
tissues HMTBA is rapidly converted to L-methioniaed shows identical metabolism to

other L-methionine sources (Dibner, 2003).

In addition to protein supplements, animal feednialiations include trace minerals as these
are required for many physiological processes (Milic 1947). Organic trace elements are

minerals which are chelated to an organic liganchsas an amino acid, polysaccharide or
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organic acid. These are used in animal feed instéadorganic trace minerals because of
increased mineral bioavailability and absorptiond ai® provide additional nutritional
supplements (Predieri et al., 2005). The use ofametelated HMTBA in animal feed
formulations (particularly for broiler chicks) hagen investigated in some detail and it was
determined that HMTBA is fully available as a mettine source (Yi et al., 2007).

a. DL-methionine CH- b. HMTBA CH,
s s
éHz I||3H2
éHz I||3"'2

H-é-HHz H-é-OH
c-0 c=0
o o

Figure 4-1: Structure of methionine and its hydroxyanalogue, HMTBA.

Algae are also used as feed additives in poultigdyetion to increase the fatty acid
composition and carotenoid content of egg yolksl e DHA content of flesh (Pulz and
Gross, 2004; Fredriksson et al., 2006; Kalogerapowt al., 2010). As algae are able to
absorb and utilise various forms of carbon andogén, including organic acids and amino
acids (Neilson and Lewin, 1974; Bollman and Robmsk®77; Linares, 2006), it is possible
to stimulate uptake of HMTBA and HMTBA-chelateselmhance productivity of algae mass
culture and the nutritional quality of biomass tme and supplementation as a feed source.
This would provide an alternative means of admenisg HMTBA, and a more sustainable
supply of animal feed supplements.

In the following investigation, the effect of HMTBANd its Cu-chelate derivative on growth
and biochemical composition of five algae specias @etermined. Four of the strains used
were isolated from a HRAP treating domestic wastewas described in Chapter 2 and 3,
and selected for study to determine the potentiahe WWTP to provide a sustainable
biomass of improved nutritive quality for use adead supplement. Addition of a Cu-
HMTBA at the correct concentration could find flethmanagement applications in algae
mass culture as Cu is a known bactericide, fungjdmrbicide and algicide (Roussel et al.,
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2007). A fifth species of algae tested, the cyantdvaum Spirulina platensis, is currently

commercially produced as a nutraceutical and aniesal supplement (Spolaore et al., 2006).

4.2 MATERIALS AND METHODS
4.2.1 Algae cultures

Four freshwater green algdehlorella, Scenedesmus, Pediastrum andMicractinium, isolated
from a HRAP, as previously described (Chapter 2 @nevere cultured in modified Bold
medium. Stock cultures were grown in media contgnNaNQ (2.94 x 1CG M),
CaCh.2H,0 (1.70 x 10" M), MgSQ.7H,0 (3.04 x 10 M), K-HPO, (4.31 x 10" M),
KH.PO, (1.29 x 1G° M), NaCl (4.28 x 10 M), EDTA (1.71 x 10%), KOH (5.53 x 1¢ M),
FeSQ.7H,0 (1.79 x 10 M), HsBOs (1.85 x 10" M), ZnSQ.H,O (3.07 x 1G M),
MnSQ;.4H,0 (7.28 x 1¢ M), CuSQ.5H,0 (6.29 x 10), NaM00,.2H,0 (4.93 x 1F M),
CoCb.6H,0 (1.68 x 16 M) (Bold, 1949). Media was autoclaved at 121 °€16 min at 118
kPa.

A pure culture of the cyanobacteriuBirulina platensis was a gift from Professor Abdel-
Hamid, Botany Department, University of Mansourgyji. This species was cultured in the
same media as described above with added Naffi@al concentration 2.94 10% M),
Na,COs (1.62 x 10' M) and NaHCQ (3.80 x 10° M). Cultures were grown in a CE room at
27 +1 °C under continuous illumination at 103 #irhol.m%.s* with gentle shaking (Labcon
Shaker and Gerhardt Laboshake R0500) and bubbiifigened ambient air. Airflow to each
flask was controlled using a manifold. Stock cudgiwere inoculated into fresh medium

every 5 or 6 d at 15% final volume to maintain €&l linear growth.

4.2.2 Experimental setup

HMTBA and its Cd* chelate (Cu-HMTBA, Figure 4-2) were assessed terdene their
effects on the growth and biochemical compositioh ©hlorella, Micractinium,
Scenedesmus, Pediastrum and Spirulina. Medium used was the same as that used for
maintaining stock cultures except for addition ektt compounds (with ~80% active
component) at 0.1, 1 and 10 mg.lfor Chlorella, Micractinium, Scenedesmus and

Pediastrum, and 10 mg.L! for Spirulina. The response was referenced against untreated
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cultures (containing no test compounds). All treatts and controls were carried out in

triplicate and a random block design was usedadoepthe flasks.

OH OH
| |
CH3-8-CH,-CH,-C-C-0-_ _-0-C-C-CHy-CH,-S-CH,

H Moy’ H

Figure 4-2: Structure of Cu-HMTBA.

Experiments were carried out in 250 mL Erlenmeyaskis containing 150 mL culture.
Medium was inoculated with 10% culture in log phaSelturing took place in a CE room
under the same conditions as described above.

4.2.3 Sampling

Cultures were sampled at intervals specified inrésailts by removing a 2Q4L aliquot for
determination of biomass by measuring the absobah®&60 nm and interpolating from a
standard curve for cell density vs. dry weight asadibed below. Samples were also taken

for determination of carbohydrate, protein, lipitbaotal carotenoids.

4.2.4 Biomass determination

Standard curves of absorbance vs. biomass andbapser vs. cell number were generated
for each species. Biomass (algae culture densitygri™®) and cell number were obtained by
measuring the absorbance of 200 culture sample at 660 nm in a microplate reader
(UV/Vis. Spectrum Finstruments™ Multiskan, Thernmgitér ScientificWaltham, MA) and
interpolation from the standard curves. Samplesvaduted accordingly if the absorbance
was greater than 1. Biomass for the standard cuwassdetermined by filtering and drying
10 mL of culture using the method described in @G&ap, and expressed per L of culture.
Cell counts were carried out under a microscopengusan improved Neubauer

haemocytometer at x400 magnification.

4.2.5 Carbohydrate and protein determination

Carbohydrate and protein were determined usingdinge 50QuL or 1 mL sample, prepared
by centrifuging for 5 min at 13 000g(Eppendorf benchtop centrifuge, 5810 R). Mosthef t
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supernatant was removed (either 980or 450 L, leaving 50uL of supernatant and the
algae pellet). To this 5AL NaOH (1 M) was added and the samples vortexedrasubated
at 80 °C for 3 h with intermittent mixing (2-3 tise

Carbohydrate was determined using the phenol-stilphaid method adapted to a microtitre
plate format (Masuko et al., 2005), and using Deghe as a standardpb of the hydrolysed
sample was diluted 1:10 with distilled®. Concentrated sulphuric acid (150) was added,
followed by addition of 5% phenol in distilled@& (30uL). Samples were mixed and then
incubated for 10 min at 90 °C. Samples were alloteecbol for 5 min at room temperature,

mixed, and the absorbance then measured at 41&imgyaimicroplate reader.

Protein was determined using the Bradford assayadferd, 1976) with BSA (also
hydrolysed with 0.5 M NaOH for 3 h at 80 °C) agansgard. For protein analysis 2f0 of
Bradford reagent was added toubh hydrolysed sample and mixed. The absorbance was

determined at 660 nm using a microplate reader.

4.2.6 Lipid determination

A 200 pL culture sample was added to 2D Nile red solution (5Qug.mL™* in 50% dimethyl
sulphoxide, DMSO) in a 96-well fluorescence plaad mixed by pipetting. The relative
fluorescence was determined at Ex 500 nm and Emns2@sing a Fluoroskan® Ascent
microplate fluorometer (ThermoFisher ScientiWaltham, MA). Standard curves for each
species were generated in which lipid was deterthineextraction using a method modified
from that described by Folch et al. (1956), anddichromate assay for quantification (Pande
et al., 1963) using peanut oil as a standard. kva&ion, 1 mg of dry algae biomass was
placed into a microcentrifuge tube, pQ of distilled HO was added and the sample was
allowed to stand for 15 min prior to addition ofriL chloroform/methanol (2:1, v/v) and
vortexing for 30 s. 21@L CaCh (0.5%) was added to wash the extract, and cegaduat

4 000 xg for 1 min. The lower phase was collected and tkteaetion was repeated. The
lower phases were combined and dried at 90 °C.lipior quantification, 2 mL potassium
dichromate (2% in conc. sulphuric acid) was addetth¢ dried sample and heated for 15 min
at 100 °C. The test tubes were then cooled in @mwath for 5 min and 4.5 mL of distilled
H,0O was added cautiously, followed by gentle vortgxisfter cooling absorbance at 590 nm

was measured and referenced against dichromate.
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4.2.7 Carotenoid determination

Cells in a 1 mL culture sample were pelleted bytriigation for 5 min at 13 000 g and
950 L of the supernatant removed. DMSO was heated t€8&nd 95QuL was added to the
algae pellet. The samples were vortexed, incubaté&d °C for 10 min, vortexed again and
centrifuged for 5 min at 13 000gs The absorbance of the supernatant was deterrairégD
nm, 649 nm, 665 nm using a spectrophotometer (Ther@pectronic Aquamate,
ThermoFisher ScientifiaValtham, MA), with DMSO as a blank.

Carotenoid concentratioqug.mL") was determined using the following equations diesd

by Wellburn (1994), and was then expressed perfrbgpmass:

Ch'a = 12.47/%65— 362/6549
Chlb = 25.06/%49— 6.5A§65
Carotenoids = (10004, — 1.29Ch| — 53.78Chj)/220

4.2.8 Statistical analysis

For all statistical analyses, STATISTICA 9.0 softvvavas used (StatSoft Inc., 2009).
Significant differences between treatments androtstvere measured with the Tukey test
(P <0.05).

4.3 RESULTS
4.3.1 Effect of HMTBA and Cu-HMTBA on growth and biomass accumulation

In order to determine the effect of HMTBA and Cu-HIBA on growth and biomass
accumulation of the algae species, specific graoatés were calculated (Table 4-1) based on
changes in cell number, and the final biomass vem®rded (Table 4-2)Micractinium
showed a dose dependent response to HMTBA, with1hemg.* treatment having
significantly higher growth rate than the 0.1 m.reatment, although individually these
results were not significantly different in comam to the control. While increased final
biomass concentrations were observed with treasr@tiMTBA at concentrations of 1 and
10 mg.L* with Micractinium, and 10 mg.l! with Spirulina, these results were not
statistically significant in comparison to the awis. Treatment o€hlorella with 10 mg.L*

HMTBA resulted in significantly increased final bbiass concentration.
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Conversely, treatment @hlorella and Scenedesmus with Cu-HMTBA at 10 mg.L* showed
significantly reduced growth rate; this reflectedtihe final biomass which was also lower
than the controls. Similarly, Cu-HMTBA was lethad Spirulina at 10 mg.[. The
Scenedesmus treatment with Cu-HMTBA 0.1 mg:thad reduced growth rate, however this
did not affect the final biomass concentration. édthifferences in growth rate and final

biomass between treatments and controls were gruifisant.

Table 4-1: Growth rates of treated and untreated cliures of Chlorela, Micractinium,
Scenedesmus, Pediastrum and Spirulina during exponential growth (* significantly different to

control).
Concentration Growth rate (d”)
Treatment 1
(mg.L"™) Chlorella Micractinium  Scenedesmus Pediastrum  Spirulina

Control 0 0.28 (#0.02) 0.25(x0.02) 0.38 (+0.02j) 0.22 (+0.01) 0.52 (x0.03)
HMTBA 0.1 0.23 (#0.02) 0.21 (#0.02) 0.39 (x0.01; 0.22 (x0.01) -

1 0.23 (x0.03) 0.25(#0.02) 0.36 (+0.01; 0.23 (+0.01) -

10 0.26 (x0.00) 0.27 (+0.02) 0.37 (+0.04; 0.21 (#0.01) 0.45 (+0.03)
Cu-HMTBA 0.1 0.21 (#0.02)* 0.22 (#0.00) 0.39(x0.02;  0.23 (x0.01) -

1 0.24 (+0.01 0.22 (+0.01) 0.38 (+0.03j; 0.21 (+0.00) -

10 0.22 (+0.01)* 0.24 (#0.01) 0.34 (#0.00)* 0.22 (+0.01) No growth*

4.3.2 Effect of HMTBA and Cu-HMTBA on biochemical composition

The effect of HMTBA and Cu-HMTBA on biochemical cposition of algae species was

determined by analysing biomass harvested durirflg si@tionary phase (Table 4-3). Protein

content inChlorella, Micractinium, Scenedesmus and Pediastrum treatments with HMTBA

and Cu-HMTBA at 0.1 mg.t was significantly lower than the controls. Caratiencontent

in Scenedesmus was lower in the treatment with 10 mg.Cu-HMTBA, caused by a change

in culture colour, which also occurred mPediastrum with the same treatment. Other

variations in biochemical composition were not #igant to infer change caused by the

treatments.
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Table 4-2: Final biomass of treated and untreated wtures of Chlorella, Micractinium,
Scenedesmus, Pediastrum and Spirulina (* significantly different to control).

reatment Concentration Final Biomass (mg.L™")
(mg.L™) Chlorella  Micractinium  Scenedesmus Pediastrum  Spirulina

Control 0 605 (+27) 709 (¥12) 1287 (£87) 1316 (+60) 1080 (+36)
HMTBA 0.1 678 (£28) 682 (+98) 1290 (£21) 1241 (+63) -

1 584 (+59) 727 (#18) 1262 (+102j 1208 (+140) -

10 660 (+53)* 775 (+58) 1244 (+169; 1185 (+68) 1116 (+83)
Cu-HMTBA 0.1 624 (+32) 691 (#65) 1303 (+135; 1261 (+68) -

1 585 (+12) 674 (+77) 1262 (+97) 1236 (+55) -

10 526 (+14)* 674 (+65) 1034 (+43)* 1302 (+60) No growth*

4.3.3 Biochemical profile of wastewater algae strains during one growth cycle

Changes in biochemical composition of each spediesng one growth cycle were
determined in order to ascertain the best timen&owesting for the recovery of certain bio-
products. Biochemical composition of harvested lassdiffered between species and at
different time points during the growth cycle (Figu-3). In all species carbohydrate was the
highest reported cellular component and lipid wias kbwest (excluding carotenoid). In
Chlorella, protein, carbohydrate and lipid appeared to emeethroughout the growth cycle,
whereas inMicractinium, Scenedesmus and Pediastrum protein peaked during early
exponential growth and carbohydrates and/or li@dsumulated in the late growth/early

stationary phase.
The highest protein content reported, ~40%, wasidom Chlorella during the stationary

phase, and iMicractinium during early exponential growth. The highest chslalvate and

lipid contents wereeported inMicractinium in the stationary phase.
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Table 4-3: Biochemical composition of treated andntreated cultures of Chlorella, Micractinium, Scenedesmus, Pediastrum and Spirulina harvested
at early stationary phase (* significantly differert to control).

Species Treatment Concentration (mg.L) Carbohydrate (%) Protein (%) Lipid (%) Carotenoid (ug.mg?)
Chlorella Control 0 40 (5) 42 (£3) 14 (x4) 3.9 (x0.2)
HMTBA 0.1 37 (%1) 26 (¥4) * 13 (x0) 3.1 (x0.8)
1 39 (¥2) 40 (£1) 12 (¥1) 3.0 (x0.6)
10 45 (£2) 39 (£3) 14 (x2) 3.4 (£0.1)
Cu-HMTBA 0.1 43 (£2) 28 (¥1) * 10 (¥1) 3.7 (x0.2)
1 40 (£2) 35 (%1) 11 (¥3) 3.8 (x0.5)
10 40 (£5) 37 (£3) 14 (x4) 4.1 (x0.3)
Micractinium  Control 0 59 (£6) 32 (1) 20 (x0) 3.9 (x0.3)
HMTBA 0.1 55 (¥6) 25 (¥3) * 19 (#4) 4.3 (x0.4)
1 59 (¥1) 30 (£2) 19 (x2) 4.3 (x0.6)
10 61 (x7) 29 (¥1) 15 (¥3) 4.4 (x0.5)
Cu-HMTBA 0.1 54 (£5) 24 (¥2) * 19 (¥1) 4.4 (+0.5)
1 56 (1) 31 (x4) 18 (£3) 4.4 (x0.5)
10 52 (4) 30 (£3) 17 (x2) 4.3 (x0.5)
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Table 4-3 cont.

Species Treatment Concentration (mg.L) Carbohydrate (%) Protein (%) Lipid (%) Carotenoid (ug.mg?)
Scenedesmus Control 0 55 (£5) 14 (£1) 14 (x1) 2.8 (x0.1)
HMTBA 0.1 51 (£2) 10 (x0) * 15 (+1) 2.7 (x0.2)
1 51 (x4) 13 (1) 16 (£3) 2.6 (£0.2)
10 50 (£3) 13 (1) 13 (x2) 2.7 (£0.3)
Cu-HMTBA 0.1 53 (£6) 10 (x0) * 13 (+1) 2.8 (x0.2)
1 52 (4) 14 (x1) 13 (1) 2.7 (£0.2)
10 56 (£3) 15 (x2) 13 (+1) 2.3 (¢0.2) *
Pediastrum Control 0 54 (£3) 21 (£2) 16 (x4) 3.0 (x0.4)
HMTBA 0.1 51 (¥4) 17 (1) * 16 (x2) 3.0 (x0.5)
1 50 (¥2) 21 (x¥2) 15 (¥5) 3.1 (x0.3)
10 51 (¥2) 22 (¥1) 14 (x2) 3.0 (#0.1)
Cu-HMTBA 0.1 47 (+4) 16 (1) * 19 (x7) 3.0 (x0.3)
1 51 (¥2) 21 (¥1) 11 (x3) 3.0 (#0.1)
10 52 (¥2) 20 (x¥2) 12 (x2) 2.8 (£0.3)
Spirulina Control 0 50 (£3) 27 (£2) 10 (x3) 3.4 (x0.6)
HMTBA 10 42 (£8) 25 (¥6) 9 (£5) 3.3 (x0.6)
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Figure 4-3: Culture density and biochemical composion of a. Chlorella, b. Micractinium, c.
Scenedesmus and d. Pediastrum during one growth cycle.

4.4 DISCUSSION

With increasing population numbers, the efficierdduction of sustainable food sources is a
major concern. Animal feed supplements provide ama@f improving meat production and
quality, however administration of chemically syedlsed supplements is not an
environmentally friendly solution and the demand foore “organic” food products is
increasing. The ability to incorporate chemicaiythesised supplements into algae provides

an alternative, “natural” means of administeringsth supplements to animals.
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Certain green algae and cyanobacteria are ableot lgeterotrophically or mixotrophically.
Heterotophy is the ability to utilise various cantepurces, under dark conditions, for growth;
whereas mixotrophic growth implies that carbon sesrare assimilated in the presence of
light (Bouarab et al., 2004). In the current inigestion, continuous light was used for algae
culture and hence utilisation of HMTBA and Cu-HMTB¥ould have been in a mixotrophic
capacity. This may account for the increased (alghothis was not necessarily significant)
biomass accumulation with 10 mg.lHMTBA, observed inChlorella, Micractinium and
Spirulina, which are species that have previously been faontdave mixotrophic ability
(Yang et al., 2000; Bouarab et al., 2004; Chojnaakd Noworyta, 2004). HMTBA is a
simple organic acid and therefore it is not sumpggshat mixotrophic species could utilise

this compound resulting in increased biomass acttmu.

Other Cu-chelated organometallic compounds, likeHMIrBA, have been studied before
and have shown increased bioavailability due tad lipolubility which enables direct
diffusion across the lipid cell membrane (Staubed Blorence, 1987). Once inside the cell,
the ligand and copper may exert their own effetits.experiments with Cu-HMTBA,
however, increased biomass accumulation was naredd inChlorella, Micractinium and
Soirulina, and 10 mg.l' significantly reduced the growth rate and finalorbass
concentration oChlorella and Scenedesmus. At this concentration Cu toxicity began to take
effect, and was lethal in the caseSpfrulina. Whilst copper is an essential mineral in trace
amounts as an enzyme cofactor and electron transmorer, in excess it reduces growth and
photosynthetic and respiratory processes (Stauh@rForence, 1987; Perales-Vela et al.,
2007). Cu toxicity is both species and dose dep#raied therefore addition of Cu-HMTBA
to HRAPs could additionally provide control of spgscdiversity and infestations by grazers
and fungi in the pond (Roussel et al., 2007). Farrtstudies would however need to be

carried out to determine the level of Cu-HMTBA talece by desired algae species.

Apparent decreased protein content Ghlorella, Micractinium, Scenedesmus and
Pediastrum caused by 0.1 mgt HMTBA and Cu-HMTBA may have been due to the
method of protein quantification used. Percentagéem could have been comparable to the
control, however with increased methionine cont@iie Bradford assay quantifies protein
by the affinity of Coomassie brilliant blue for lmsmino acids, particularly arginine. If the
compounds had been incorporated into biomass praeimethionine residues, this would

not be picked up in the Bradford assay. At highercentrations (1 and 10 mgt)Lthere may
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have been higher protein content in the biomassgeker with no reported difference due to
methionine being the main contributor. For a maggnitive answer, more accurate means of
determining biochemical composition would need & darried out. For example protein
could be guantified by measuring total nitrogeng ahanges in the amino acid profile by
protein hydrolysis and high performance liquid chatography (HPLC). Uptake and
partitioning into the biomass could also be detagdiusing isotopically labelled HMTBA
(Mailhot, 1987; Collos et al., 2007).

Most species exhibited similar biochemical profitasough the growth cycles, with protein
content at its highest during the early growth phaad increased lipid and carbohydrate
content as the cultures entered the stationaryeph@ach profiles have been reported
previously, due to high metabolic activity duringpgth, and the accumulation of storage
compounds during the stationary phase (FernandezRe al., 1989). Carotenoid content
was roughly the same in all the species testedigimout the growth cycles (~3tf.mg"),
however, late stationary phase was not monitored s is generally the time that
carotenoids accumulate (Guil-Guerrero and Rebolfasentes, 2008). Similar carotenoid
levels in green algae ar@birulina have been reported previously (Jaya Prakash Gioald, e
2007; Liao et al., 1993), yet this is much lowearththe 290ug.mg’ carotenoid that can
accumulate ibunaliella (Hu et al., 2008). As a feed supplement, howavéias been found
that these lower levels and at only 3% supplemediget] are sufficient for pigmentation of,

for example, black tiger prawns (Liao et al., 1993)

The high carbohydrate content observedCiorella and Micractinium in the stationary
phase, andpirulina in the early growth phase (equating total biocleamcomposition to
more than 100%) could have been due to the pramudaif extracellular polysaccharides
which have been reported in both green algae aadobacteria, particularly during the early
and late stages of growth (Moore and Tischer, 19&tker, 1965; Maksimova et al., 2004,
Trabelsi et al., 2009). As biomass was determinedbdsorbance, these soluble extracellular
carbohydrates would not have been reported in tbmdss determination; however they
would have been part of the quantified carbohydr&@ee can assume therefore that
intracellular carbohydrate, determined by the meshaescribed, is overestimated.
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Of the four species isolated from the HRAP andetksMicractinium showed the most
promise for utilisation as an animal feed supplentere to its high protein content of ~40%
during the growth phase. This species also accuetulaore lipid and carbohydrate in the
stationary phase, and therefore could find addaiompplications in biofuel production

(Craggs et al., in press).

Further studies on the effect of HMTBA and Cu-HMTEB#A the amino acid profile would

provide valuable insight as to their incorporatiato algae biomass as protein, and more
specifically as the amino acid, methionine. Additly, studies on the uptake and

localisation of these organic compounds in the waluld need to be carried out as it is
possible that Cu-HMTBA could be incorporated irfte tlgae biomass via storage in neutral
lipids in the cell, as previous studies on organtafiie compounds have found (Wong et al.,
1997). If this were the case, the algae biomasddastill provide a more sustainable means

of introducing HMTBA into animal diets.
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Chapter 5. General Discussion and Conclusion

Possibly the most precious resource on planet Esplotable water and there is substantial
evidence to suggest that demand already exceedalaty. It is generally accepted that an
individual uses between 150-200 L of water per aMEP, 2002). Thus, an average size
town or city of 100 000 inhabitants generates a ekiio wastewater stream of 15-20 ML
every day. Clearly, the continued excessive usmdlready scarce resource will place heavy
burdens on those responsible for managing watgulygwmd treatment. This is particularly
true for arid regions (e.g. southern Africa, Aus&rand western USA) and in areas of rapid
economic growth and urbanisation (e.g. India. Claind South East Asia). It is therefore not
surprising that many are advocating water recyotkrause, a philosophy being championed
by His Royal Highness the Prince of Orange Willetexander, Chairman of the United
Nations Secretary-General's Advisory Board on Wated Sanitation, and evidenced in
recent publications such as “Charting Our Watewufut Economic frameworks to inform
decision-making” (2030 Water Resources Group, 200@thermore, the recent ‘food versus
fuel’ debate has highlighted the potential risksisihg arable land and fresh water to produce
low value products such as plant oils for biodigs®iduction (Tilman et al., 2006; Chisti,
2007a, 2007b; Chisti, 2008; Reijnders, 2008; Postah Schaub, 2009). Similarly, animal
feed is produced on arable land and requires potadter for its production. Since
microalgae biomass produced during conventional tewaster treatment has been
demonstrated as a more than adequate fertilizeown crop agriculture and high value
horticulture it seemed pertinent to investigategbtential of wastewater treatment HRAPS to
support a biomass that may lend itself for usenenformulation of animal feed. It is hoped
that the outcome of the current investigation andre studies will facilitate a paradigm shift

on how water is used and reused.

The present study has indeed successfully demoedttae co-utilisation of HRAPs for
wastewater treatment and the production of algasnass for use as an animal feed
supplement. A previous study indicated that HRA&s part of an IAPS, provide efficient
treatment of a variety of wastewater streams (Hoeamal.,, 2007), however in depth
characterisation of the biomass has until now remnbdescribed. Furthermore, the current
study presents information on the operation of HRAPboth batch and continuous modes
and describes the efficiency of each for generatiba quality biomass while maintaining

nutrient removal capacity. Finally, using pure gws of Chlorella, Micractinium,
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Scenedesmus and Pediastrum, isolated from the HRAPSs, and the cyanobacterfnmnulina
(as a commercial control), the effect of HMTBA autnment content and composition of these

microalgae was elucidated.

The four main species observed within the HRAP wanader continuous mode,
Micractinium, Scenedesmus and Pediastrum, and under batch operatiorChlorella,
Pediastrum and Scenedesmus. These species were successfully isolated fronHRAP and
were unequivocally characterised by PCR of 18S rRjdAe, and DNA sequencing. BLAST
analysis resulted in the identification of thesecnmalgae asChlorella sorokiniana,
Micractinium pusillum, Pediastrum duplex and Scenedesmus communis. Cell counts of
samples taken during continuous and batch operegivealed that species composition in the
HRAP was considerably influenced by the mode ofrajp@n, particularly due to different
grazing pressures exerted by the zooplankton presbrder continuous operation lower
species diversity was observed, as slower growiggeaspecies were unable to establish.
Large colonial species dominated, and in particuathe presence of rotiferslicractinium
flourished as this species develops spines whigvemt grazing (Schluter et al., 1987).
Daphnia were unable to proliferate due to the short re@entime which caused washout of
these slower growing grazers (Benemann et al., ;1®6thhaupt and Lampert, 1992),
however in batch mode they were able to establshexert a significant influence on the
algae population dynamidicractinium numbers declined, allowing the faster growing

Chlorella to dominate in nutrient depleted water.

Mixed populations are typical of open systems, apdcies diversity is influenced by a
number of factors (Azov et al., 1980). Althoughist difficult to determine a suitable

application of a changing and mixed biomass, algwnatural populations of algae to
establish provides an adaptable system which ssdasceptible to losses in productivity. For
this reason characterising the biomass over preldmeriods, under different conditions is
essential so that some degree of predictabilitycontrol over the population can be

established.

Nutrient removal was effective in both modes ofragien to within South African standard
for discharge. During continuous mode nutrient reahavas more efficient due to higher
biomass productivity with average concentrations 1df2 mg.[* nitrate, 3.5 mg.l!

phosphate and 1.6 mg'lammonium obtained; however lower final nutrienncentrations
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were achieved during batch operation with 1 rigritrate, 0.5 mg.LX phosphate and 0.1
mg.L* ammonium. Biomass generation in the HRAP was émited by changes in
temperature and irradiance, but significantly meoeby the mode of operation, with higher

productivity obtained in continuous mode, due wueed self shading.

Biochemical composition of the algae biomass wasiraflar order of magnitude to previous
findings (Becker, 2007) and appeared to be mosflyenced by the species composition,
with higher protein content observed during perioiicractinium dominance. However,

mode of operation also had an effect on biochentoalposition as there was significantly
higher carbohydrate accumulated by microalgae WHeAPs were operated in batch mode.
Therefore, in order to generate biomass high eithprotein or carbohydrate in open HRAP

systems, mode of operation as well as species @moenshould be considered.

As productivity was higher under continuous modeicl is usually operated for wastewater
treatment, further studies were carried out to rdétee whether protein content could be
further enhanced to improve nutritional qualityteé resultant microalgae as an animal feed
supplement. Of the four species isolated from thRAH, it was determined that
Micractinium was the best candidate for co-wastewater treatarehtjeneration of an animal
feed supplement, for the following reasons: Growaial biochemical analysis revealed that
Micractinium has high protein content during exponential grovéhd demonstrated
mixotrophic capacity resulting in increased grow#tte and biomass accumulation when
exposed to HMTBA at 10 mg}, and possibly as a result of incorporation of HMTBito
biomass to give a higher protein yield. Generatioh Micractinium biomass with
incorporated HMTBA as a by-product of wastewateatment would provide a sustainable
means of administrating this feed supplement tamals. This process would also be
economically feasible due to the ease of harvedtiggreadily settling colonial species
(Garcia et al., 2000). Additionally, this speciemswmaintained in the HRAP under
continuous operation and comprised > 90% of thal fpdpulation, demonstrating an easily

cultured species in outdoor photobioreactors.

Overall, work done in this study confirmed that gt®n of a HRAP in continuous mode is
more productive for biomass generation and wastwatatment than batch mode due to
higher metabolic activity within the pond. Operatiander these optimum conditions,

subsequently results in the generation of a biorhagsin protein with potential for further
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use as an animal feed supplement. Furthermoreastdetermined that addition of HMTBA
to a HRAP treating a waste stream has the potentiahprove the biomass productivity and

protein yield, provided the resident microalgaecgggehave mixotrophic growth ability.

Application of biomass for feed generated in sudystem, however, encounters problems
due to concerns of toxicity from the waste streawihilst this system may not become a
reality in the avenue of production of microalgaer fhuman consumption, due to
unpalatability caused by its green colour, powderture and slightly fishy taste and smell
(Becker, 2007), it can become a reality in the aeeof animal feed supplements. Secondary
toxicology studies have been carried out to evalube safety of the meat (for human
consumption) of broilers and carps raised on migeasa(grown on wastewater). The results
of the study indicated no effect on the growth avell being of rats which were fed the
chicken or fish meat, and although toxic metals ewvbigh in microalgae this was not
reflected in the consumed flesh; there was howageumulation of arsenic in the chicken

livers (Yannai et al., 1980).

Co-utilisation of microalgae for wastewater treattnand the generation of a biomass for
feed applications creates an ideal nutritional g&t@sn, in which waste nutrients are utilised
and conserved by a variety of organisms which bam e utilised by man, other animals
and plants (Figure 5-1). In this way waste gendré&eno longer a pollutant but rather it is a
valuable resource, as recycling provides nutriéetgergy, protein, vitamins and minerals),
non-polluted water and air, and overall a more fahle environment for man (Kromann,
1980).

In the above mentioned nutritional ecosystem, sagpbmached animals such as swine and
poultry conserve nutrients of non-fibrous produetsgd ruminant animals conserve those of
fibrous products (Kromann, 1980). Although a varief nutrients are available to these
animals (particularly ruminant animals) through temsumption of microalgae, methionine
is known to be a limiting amino acid (Williams aBdrris, 1952). For this reason, HMTBA
is added to animal feed formulas to supplement imeithe and promote animal growth, as its

absence results in incomplete utilisation of othgyortant amino acids (Anon, 2005).
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Figure 5-1: Proposed nutrient ecosystem (adapteddm Kromann, 1980).

HMTBA is of particular importance as a feed supp@mas animals lack the ability to
assimilate sulphur which must therefore be obtathealigh diet. Methionine is generally the
principal sulphur-containing contributor of proteimnd is therefore the most important
sulphur compound in any diet (Pirie, 1932). Sulplsua vital constituent of a number of
organic compounds essential for cellular processel as protein biosynthesis and transfer
of electrons or acyl groups (Hell, 1997). Therefaddition of HMTBA to the nutritional
ecosystem at the level of microalgae would enhdnoe production, which is vital for

sustainability to nourish our growing population.
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Conclusions and future work

Successful isolation of key species, in a HRAPtimgavastewater, enabled confirmation of
species identity, species quantification and theerdanation of factors influencing
population dynamic and nutritional quality of biossagenerated. Furthermore, studies on the
effect of HMTBA on the biochemical composition dfese native species could be carried
out to determine the ability to improve nutritiorplality of biomass generated in wastewater
treatment systems for further application as amahifeed additive. Results indicated that
microalgae biomass generated as a by-product afewater treatment can be utilised for
animal feed supplementation, provided that the evastream treated passes safety
regulations. Addition of HMTBA to a HRAP treatingveaste stream has the potential to
improve the biomass productivity and protein yigfdhe resident microalgae species have

mixotrophic growth ability.

Future work should involve prolonged monitoringtbé population dynamics of the HRAP
in order to determine the effect of seasonal viarnabn productivity, species composition and
nutritional quality of the biomass. Controlled gragexperiments would also provide further
insight into the major effectors of species domawnAdditionally, in depth controlled
laboratory studies on the uptake and incorporabioRIMTBA and Cu-HMTBA into algae
biomass, as well as their influence on amino acafilp, should be carried out. Toxicity
studies on the effect of Cu-HMTBA on the growthdifferent algae species, grazers and
fungi would determine whether this compound coufdl fadditional applications in pond
management strategies. Finally, in order to addudavo the proposed co-utilisation process
further investigation into the treatment of diffetevastewaters should be undertaken with

additional toxicology studies to determine foodesaf
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Appendices

Appendix 1: DNA extraction and PCR of Chlorella, Micractinium, Pediastrum and

Scenedesmus
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Figure 6-1: a. DNA extraction of pure cultures. bPCR products for DNA sequencing to verify
algae species identification. M — DNA marker (bp),1 — Chlorella, 2 — Micractinium, 3 —
Pediastrum, 4 —Scenedesmus.
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