










































































































































































































































































































































































































addition of tap water to the system. From this and the work carried out under controlled 

environmental conditions it appears that it is not just nutrient levels that are of 

importance in triggering the germination of aplanospores. 

The synchronous release of red zooids is of importance hecause (as identified in 

AAPSTM 1 culture three), following germination there is a gradual decrease in the 

carotenoid content of the cells (section 4.2.3.1). For commercial production a consistent 

germination response is essential in order to obtain the highest carotenoid yields. A 

gradual decrease in the carotenoid content of germinated zooids over time was also 

noted by Lee and Ding (1994). During this study the cells started to germi nate after 24 

hours but it took a further 30+ hours before the culture reached R5% zooid. Those cells 

that germinated after 24 hours would have had a much reduced carotenoid content at 

the point of harvest (i.e. after 58 hours). 

The indoor experiments were carried out under controlled conditions with a 

continuous irradiance of The data and literature discussed ahove 

indicates that zooid production may benefit from a period of darkness which is 

sandwiched between two periods of illumination. Also Kobayashi £'/ lit (IYY2) 

determined that carotenoid formation was affected by the spectral properties of light, 

. carotenoid formation was more efficiently enhanced under blue rather that red light. 
I.e. 

It is therefore possible that this is of importance in the germination of carotenoid-rich 

zooid cells from aplanospores. 
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4.5. Discussion 

A summary of the biomass productivity and carotenoid yield of the H. p/lll'io/is 

cultures produced by the AAPSTMI and AAPS™2 are detailed in Table 4.14 (cultures 

tWO and four are not presented as they failed to produce harvestable cultures). four 

cultures were grown in media with an initial urea concentration of O.75mM (low IN I 

media). Each had a different cellular productivity as well as final cell density and dry 

weight. As each culture was grown using the same media recipe the differences in 

performance are likely to be due to differences in the climatic conditions during 

growth. Differences in the physical performance of AAPSTMI and AAPS™2 could also 

have affected culture performance. Cultures one and three were grown in the AAPSTM I, 

cultures five and seven in the AAPS™2. For example, the AAPSTM 1 was operated with 

a higher photostage flow rate and also a greater gas hold-up and mass transfer (Chapter 

3, section 3.4.1 and 3.5.1) indicating that mixing and gas transfer would have been 

improved in the AAPS™ I (Chisti 1989). However no firm conclusion can be drawn as 

the AAPS™ I and AAPS™2 were not run together under the same climatic conditions. 

Climatic measurements (irradiance and air temperature) were not made during 

the growth of cultures one and three. Culture five was produced under wanner and 

brighter conditions than culture seven. Irradiance is perhaps the most important factor 

affecting the growth of algal cultures. The irradiance received by cells within a culture 

will be dependent on the direct irradiance falling on the system as well as reflected and 

diffuse irradiance (Acien Fernandez et al 1997). It would also be affected by the cell 

density (Eriksen ef at 1996) and efficiency of mixing within the system (Grohbclaar 

1991, 1994). 
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Table 4.14. S f mod d yield of H. nluvialis from batch 
\ AAPS™l 

Culture one 
Media Low [N] 

Length of run (days) 34 

Cell productivity (xlO~ cells/ml/day. n=16 ± S.E.) 0.38 
(±0.02) 

Cell yield (x 104
, n=4 ± S.E.) 14.50 

(±1.32) 

Dry weight yield (gil, n=3 ± S.E.) 0.24 
(±0.01 ) 

Dry weight per cell (ng, n=9 ± S.E.) 1.72 (±0.08) 

Developmental stage of cells at harvest 
aplanospore (%, 11=4 ± S.E.) 50 

green zooid (%, 11=4 ± S.E.) 0 

I red zooid (%, 11=4 ± S.E.) 50 

Carotenoid productivity 
mg/lJday (n=9 ± S.E.) 0.13 (±O.OO) 

pglcell/day (n=l44 ± S.E.) 0.94 (±O.OI) 

mg/g/dry weight (n=81 ± S.E.) 0.55 (±O.OI) 

Carotenoid yield from harvest 
mgll (n=3 ± S.E.) I 4.57 (± 0.06) 

pglcell (11=12 ± S.E.) I 32.25 (±1.46) 

i mg/g/dry weight (11=9 ± S.E.) I 18.82 (±0.39) 

I 11 d!:):' \\'ei~ht (11=9 ± S.E.) 1.24 (±O.O8) 

. he AAPSTM outd 

AAPS™l AAPS™2 AAPS™2 AAPS™2 AAPS™2 
Culture three Culture five Culture six Culture seven Culture eight 

Low[N] Low [N] High [N] Low [N] High [N] 

21 18 48 57 57 

0.72 1.04 1.43 0.33 1.24 
(±0.03) (±0.04) (±0.06) (±0.01) (± 0.04) 

16.80 20.50 70.00 19.25 70.00 
(±1.49) (±1.26) (±5.43) (±1.80) (±2.61 ) 

0.49 0.76 1.68 0.45 0.98 
(±OJ)O) (±O.07) (±0.01 ) (±O.O!) (±O.OI) 

3.00 (±0.l3) 3.73 (±0.20) 2.44 (±0.1O) 2.41 (±O.II) 1.41 (±0.03) 

100 75 67 100 60 
0 0 0 0 40 
0 25 23 0 0 

, 
0.66 (±O.O 1) 1.41 (±O.05) 1.03 (±O.OO) 0.10 (± 0.00) 0.16 (± 0.00) 
3.71 (±O.lO) 6.59 (±O.19) 1.42 (±O.04) 0.51 (± 0.02) 0.23 (± 0.00) 

0.90 (±O.03) 1.63 (±0.05) 0.56 (±0.01) 0.21 (±O.OO) 0.16 (±O.OO) 
I 

, 
I 

13.94 (±O.29) 25.35 (±1.26) 151.l3 (±I.44) 5.35 (±O.12) 8.98 (±O.04) I 
I 

85.07 (±3.67) 127.73 (±6.38) I 74.36 (±3.14) I 28.99 (±1.]3) 12.88 (±O.25) i 
28.42 (±a.30) ! 33.97 (±1.66) 30.43 (±0.44) I ]1.82 (±0.17) 9.l3 (±O.07) I 

I 

2.80 (±O.07) 3.40 (±0.22) 3.05 (±O.OS) l.18 (±O.O I) 0.9] (±O.07) 



Initially as each culture grown in the low [N] media had the same inoculation 

density the growth rate would have been determined by the irradiance received and the 

mixing of the system. As the cultures increased in density it is possible that cell shading 

would have begun to affect the growth rate by reducing the irradiance received per cell 

(Acien Fermindez et al 1998). This would have impacted on the photosynthetic 

efficiency of the culture (Raven 1988). Without sufficient supply of CO2 and removal 

of photosynthetic O2 the photosynthetic apparatus would be unable to function 

effectively, which could lead to a reduction in growth (Borowitzka 1994, Molina Grima 

et al 1997). Also a build-up of photosynthetic O2 could result in damage to the 

photosynthetic apparatus (Torzillo et al 1984, Boussiba 20(0). Photosynthesis would 

have been affected by the daily cycle of irradiance in combination with temperature. If 

the morning temperature is low then the alga may by unable to make full use of its 

photosynthetic capacity (Torzillo et al 1991). Also if the irradiance level increased 

beyond that which was maximal for photosynthesis the culture would become 

photoinhibited with would affect growth and yield (Acien Fern{mdez et al 1997). 

The difference in the dry weight yields and the dry weight per cell could be due 

to differences in the developmental stage of the algal populations (Table 4.14). This is 

particularly the case when comparing culture one with culture three. Whereas culture 

three was made up of aplanospores, culture one was a mixture or red zooids (50%) and 

aplanospores (50%). This may account for the lower dry weight per cell of culture one. 

It may also be a function of the degree of encystment (see below). 

The carotenoid productivity and carotenoid content at harvest of the four 

cultures grown in the low IN] media were very different. Culture five, which was 

grown in AAPS™2 in AugusUSeptember 1999, proved to be the most productive. II had 

the highest productivity both in terms of the carotenoid concentration per cell and the 
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concentration on a per volume basis. It also yielded the highest carotenoid content as a 

percentage of the dry weight of the culture, over the shortest time period. A number of 

authors have clearly shown that carotenogenesis in Haema1()('()('cus is stimulated by 

high irradiance (Droop 1955, Kobayashi et at 1992, Chaumont and Thepenier 1(95). 

Harker et af (1995) demonstrated that although the optimum irradiance for growth of If. 

pluvialis was 40-60 iJ.mollm~/s the optimum for carotenogenesis was I ,600 iJ.I1lol/m~/s. 

High temperatures have also been shown to stimulate carotenoid formation in 

HaematocoCcus (Tjahjono et al 1994). The mass transfer of the system and thl' 

photosynthetic activity of the culture may also have been important in carotenogl'lll'sis. 

Under conditions of O~ partial pressures higher than air saturation the proportion of 

carotenoid-rich aplanospores in a Haematococcus culture have been found to increase 

(Lee and Ding 1995). 102 may also by indirectly involved in astaxanthin accumulation 

in HaematocoCCus (Fan et at 1998). Therefore under conditions of poor mass transfer 

that would alloW a build-up of O2, carotenogenesis may be enhanced. It has also heen 

demonstrated that carotenoid rich HaematoC()CClIS cells are more resistant to 

photoinhibition (Lee and Ding 1992, Ding et al 1994). It has therefore been suggested 

that carotenoid accumulation in a response to photoinhibition experienced under high 

irradiance. There is a great deal of debate however as to whether secondary carotenoids 

in Haematoc(}CClIS act as a passive sunshade (Yong and Lee 1991, Hagen et al 19(4) or 

as an active 102 quencher (Kobayashi and Sakamoto 1999, Tjahjono et al 1(94). 

Unfortunately although detailed weather data are available for culture five and 

no such data are available for cultures one or three (in the AAPSTM I). It is 
seven, 

therefore difficult to draw strong conclusions as to the effect of irradiancc on the 

productivity of carotenogenesis in the four cultures. It is highly likely that culture five 

has a faster accumulation rate that culture seven due to its higher received irradiallcl'. 
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This combined with the fact that culture five had the fastest population douhling time 

which indicates that the culture would have used up its nitrogen source more rapidly 

and therefore become nitrogen limited at an earlier stage. Fabregas el (1/ (199~n 

concluded that both nitrogen deficiency and high irradiance were desirable to maximise 

carotenogenesis in Hael71(1{OCOCCIiS. 

Two cultures were produced from the high IN] media. Culture six during 

September and October 1999 and culture eight, which was produced during Novemher 

and December 1999. Both had similar culture lengths and produced similar cell 

densities. However the cells produced during September and October 1999 (culture six) 

were twice as heavy as those produced later in the year (culture eight) and also had a 

much greater carotenoid yield, producing nearly six times the carotenoid content per 

cell (Table 4.14). Comparison of the two cultures grown in low I N I media in 

september/October and November/December 1999 revealed a reduced cellular 

productivity as well as carotenoid productivity. It would appear that the affect of the 

poor climatic conditions in November/December 1999 did not have as detrimental an 

affect on the high [N] media (Table 4.14). As discussed previously (section 4.3.4.1) this 

may have been linked to the CO2 feed for pH control, which was used in culture eight 

but not in culture six. 

The yield from culture six was not as great as the yield of the low IN J culture 

produced at the same time in September and October 1999 (culture five). Culture five 

produced nearly twice the carotenoid content per cell. though it had a reduced contcnt 

g ram of dry material. As both cultures were produced at the same time in per . 

comparable systems the difference in carotenoid productivities is likely to be due to the 

combined effects of an increased nitrogen content inhibiting carotenogenesis (Lee and 

Soh 1991, Harker ef al 1996a) and the increased cell density. The increased cell dcnsity 
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would increase to cell shading thereby reducing the irradiance received per cell 

(Eriksen et al 1998). This would act to reduce the rate of carotenoid accumulation as 

irradiance is a major trigger of carotenogenesis (Harker et al 1995, Kobayashi et al 

1997, F<ibregas et al 1998). 

Cultures grown in low IN] media produced an Haemafococcus cell type that had 

not been previously seen in the laboratory. In the first culture grown outdoors the cells 

began accumulating secondary carotenoids while in the exponential phase of growth. 

This resulted in the production of a culture that was made up of carotenoid-rich zooids 

(Plate 4.1d.). As the culture aged and the carotenoid content increased the culture 

became a mixture of the typical red aplanospores (Plate 4.2b.) and the previously 

unseen red zooid cells. The factors that led to the formation of carotenoid-rich zooids 

are unclear as little work on this subject has been undertaken in the literature. Hagen £'1 

at (2001) noted that flagellates were capable of accumulating secondary carotenoids 

when exposed to nitrogen limitation and strong irradiance. Chaumont and Thcpenier 

(1995) observed that in the continuous operation of their 501 tubular photobioreactor 

flagellates were produced that had a red area in their apical section. This phenomenon 

had also been noticed in the open pond cultivation of H. pluvialis (Bubrick 1991). 

Red zooids were again produced in culture three in May 1999. Unlike the first 

culture, at the end of the run the algal population was made up entirely of red 

aplanospores. After harvest, but before cleaning, tap water was added to the system, 

which was left to circulate overnight. After 19 hours this system appeared red due to 

the production of red zooids in the tap water. These had germinated from aplanospores 

that had adhered to the photostage wall. Again the reasons for the formation of these 

'ds are unclear. Examination of the life cycle of H. pluI'iali.\' suggests that the red 
ZOOI . 

zooid cells produced at the end of culture three were very different from those produced 
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during the growth of culture one. The zooids in culture one were the typical zooid cells 

(described by Elliot (1934) as macrozooids) which normally appear green due to their 

lack of secondary carotenoids. However in the case of culture one environmental 

factors acted to cause the accumulation of secondary carotenoid within the cells while 

they were still actively growing. In the case of culture three the zooid cells did not 

synthesise the secondary carotenoids, they were formed from aplanospores that already 

contained the secondary carotenoids. The reason for their formation is unclear however 

they were not the typical macrozooid cells seen in actively growing cultures but 

microzooids. These microzooids have previously been described by a number of 

authors (Hazen 1899, Peebles 1909, Elliott 1934). They are smaller than macrozooids 

and swim more actively. It has been postulated that the purpose of the microzooid is to 

seek a more favourable environment, as they germinate from resting cysts and swim 

more actively that macrozooids as well has having a much shorter life-span (Elliott 

1934). It had also been observed that they frequently die rather than divide (Hazen 

1899). 

Red zooid cells have been shown to readily germinate from resting aplanospores 

when the aplanospores are re-suspended in fresh media (Lee and Ding 1994). Therefore 

it may have been a synergistic affect between the nitrogen concentration of the tap 

water and the short-term irradiance of the culture. Hazen (1899) suggested that the 

production of red zooids from aplanospores might be a function of the irradiance they 

'ved When aplanospores where exposed to a preparatory darkness and then 
recel . 

received the natural gradual increase in daylight in the morning abundant red zooids 

were produced. 
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Following from the production of red microzooids in culture three, laboratory 

work was undertaken in an attempt to manipulate an aplanospore culture to produce 

carotenoid rich zooids (section 4.4). Germination of aplanospores was achieved with 

the addition of various nutrients to the cultures. However germination was never 

synchronous as was seen in culture three. This led to a reduction in the carotenoid 

concentration in the zooids that germinated first, while waiting to harvest until a large 

proportion of the cells were zooids. 

The production of red zooids 111 the AAPSTM was not consistent. Subsequent 

cultures in the low [NJ media did not exhibit red zooid cells in great numbers. Culture 

six, which grew in media with the high [NJ, produced a small number of red zooids in a 

culture that was primarily made up of aplanospores. However, these cells differed from 

the red zooids that had been produced in the low [NJ media. Zooids in the low I N I 

media were completely red in appearance whereas those in the high I N I media were 

green on the periphery of the cell, with localised carotenoid accumulation (Plate 4.lc.). 

This may be a function of the combined effect of irradiance and nitrogen. High 

irradiance is stimulatory whilst high nitrogen is inhibitory towards carotenoid 

biosynthesis and subsequent accumulation (Lee and Soh 1991, Fabregas ef at 1998). 

The two cultures that were grown outdoors in November/December 1999 failed 

to produce a carotenoid-rich culture, whereas earlier work (September/October) in the 

same systems using the same media had resulted in carotenoid-rich cultures. This could 

be a result of two factors. Firstly the grow rate in the November/December cultures was 

h Slower that the September/October cultures indicating that the nitrogen level III muc . 

the media did not deplete as rapidly, therefore the onset of nutritional stress was 

I d Secondly the climatic conditions (irradiance, air temperature) were reduced in 
de aye. 
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the later cultures thereby reducing the environmental stress that the cultures were 

exposed to. 

4.6. Conclusions 

The AAPS™ 1 and the AAPS™2 both produced H. pll/vialis with a high cell 

density and carotenoid content. The cell density, productivity and the carotenoid 

accumulation of the cultures was strongly dependant on the nitrogen content of the 

media used and the climatic conditions the cells were exposed to, particularly the 

irradiance. 

Carotenoid accumulation can occur in H. pluvialis while the cells are actively 

dividing, i.e. nitrogen limitation is not essential for the accumulation of astaxanthin. 

When a culture that contained nitrogen was exposed to high irradiance carotenogenesis 

occurred. However the rate of accumulation is still dependent on the nitrogen content of 

the media. This was also demonstrated by Boussiba et al (1992) who determined that 

under high irradiance the astaxanthin accumulation rate was determined by the nitrogen 

status of the culture. 

Both media recipes (low and high rN]) produced carotenoid-rich cultures 

although the medium with the lower nitrogen content had a higher productivity per cell 

when both were exposed to the same climatic conditions. Each medium has its 

advantages, the low [N] medium produces a higher total carotenoid content per cell. 

whereas cultures grown in the high [N] medium have a lower astaxanthin content per 

cell but produces far more cells, resulting in has a higher carotenoid yield per unit 

volume of media. 

Having assessed the productivity of using batch culture to produce carotenoid-

rich H. pluvialis, the next stage of the study was to assess the performance of /I. 
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pluvialis in continuous culture to enable a conclusion to be made as to the best strategy 

for large-scale culture. 
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5. Continuous growth of Haematococcus pluvialis 

in the Advanced Algal Production System 

5.1. Introduction 

The studies shown in Chapter 4 demonstrated that carotenoid-rich II. p/III'ililis 

can be produced in the AAPSTM photobioreactor under batch conditions. As an 

alternative to batch cultivation of HaematoC(}(,CllS continuous cultivation may hc viahle. 

Continuous culture differs from batch culture in that when the culture reachcs the 

exponential phase of growth it is supplemented with fresh media, which acts to sllstain 

the growth of the culture. The culture remains at a constant volume throughout, with 

excess culture being harvested. This addition of media can take one of two forms. In 

the first, supplementation with fresh media occurs at discreet time intervals. A pre­

determined volume of culture is removed at a certain time each day and replaced with 

the same volume of fresh media. This is termed fed-batch, or semi-continuous culture. 

The second approach, involving the continuous feed of nutrients, is the method tested 

in the AAPS™2. This results in the continuous production of algal hiomass. A dosing 

pump is used to provide a continuous, low-level addition or fresh media for up to 24hrs. 

In the case of a photosynthetic organism the length of this dosing period is depcndent 

on the length of time that the cells are illuminated. In indoor culture, with artificial 

illumination, this may be continuously over 24 hours hut for olltdoor culture frcsh 

media would only be fed into the culture during daylight hours. It is only when a 

photosynthetic culture is illuminated that that the cells would he photosynthcsising and 

therefore growing. A media feed into a non-growing culture would result in thl' 

'washout' of the culture. 
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The cultivation of H. pluvialis is complicated by the fact that it is not sufficient 

to simply produce maximal biomass. The biomass must also he rich in the secondary 

carotenoid astaxanthin. In AAPSTM batch culture it was shown that astaxanthin 

synthesis can occur under non nutrient-limited conditions (Chapter 4, section 4.2.1.2.), 

however astaxanthin accumulation typically requires growth limiting conditions, 

especially nitrogen limitation (Lee and Soh 1991, Zlotnik ct (II 1993, Fuhrcgas £'/ (II 

1998). In continuous production the culture would not he nitrogen limited at any stage. 

There are therefore two possible methods for producing a carotenoid-rich culture 

(Figure 5.1). 

Production of 
carotenoid-rich II. 

pluvialis using 
continuous culture 

Single-phase 

J 1-

Production of continuous 
hiomass outdoors 

Production of carotenoid-rich 
biomass in a growing culture 

\ 
\ 

Two-phase 

Production of continuolls 
hiomass under controlled 
conditions i.e. indoors. to 

produce green biomass 

I I 
.1 '. 

Concentration of green 
hiomass 

Rcsuspension of grccn 
biomass in nitrogen free! 

depkted Illcdia under high 
irradianl't' i.t'. outdoors 

I i 
- I 1 _ 

Production of carotenoid· rich 
biomass 

5 1 S · I> and two-phase strategies to I)roduce carotenoid-)·)"'Il II I '/. Figure .. , JIlg C ... . 1'111'/(/ IS lIs)ng 

continuous culture. 
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The first is a two-phase process. The continuous production of biomass would 

be set up under controlled conditions indoors optimised for growth. In this way the 

system would produce maximal algal biomass, however the resulting green biomass 

would not have accumulated astaxanthin. Therefore this culture would then be 

concentrated and/or washed to remove as much of the nitrogen as possible then 

resuspended in nitrogen-free/depleted media outdoors (in natural sunlight) to enable 

rapid carotenoid accumulation (Fabregas ef al 1998). The second approach is a single­

phase process in which the continuous culture would be operated outdoors where 

conditions may not be optimal for growth, but where secondary carotenoid 

accumulation could occur in the growing culture. This strategy is supported by the 

observation that H. plulliaiis is capable in batch culture in the AAPS1M, under high 

irradiance, of growth and secondary carotenoid synthesis in parallel (Chapter 4 section 

4.2.1.2). Here it appears that exposure to irradiance much greater than can readily be 

achieved indoors overrides the requirement for nutrient-limited stimulation of 

carotenoid accumulation. Harker ef at (1996a) found that the single most important 

factor in carotenogenesis was subjecting the H. p/ul'ialis cells to a high irradiance. 

Fabregas et al (1998) studied the affect of nutrient limitation on lJacmafo('(Jcclis when 

exposed to 'high' (230~mol/m2/s) and 'low' (40I1mol/m2/s) irradiances. Their work 

determined that although nitrogen was the major trigger for astaxanthin synthesis the 

addition of 'high' irradiance further improved productivity. They concluded that for 

maximal synthesis both nitrogen limitation and high irradiancc should be employed. 

5.1.1. Aims 

The aim of this work was to investigate the use of the AAPS™2 for the 

continuous production of H. pluvialis. Two-phase (indoor continuolls with an outdoor 
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accumulation phase) and single-phase (outdoor continuous) methods of culture were 

assessed. 

5.2. Two-phase production 

The AAPS™2 was set up under controlled conditions in a growth room at I x°c. 

A lighting frame was positioned inside the photostage, which contained four 

fluorescent tubes (FI8W/GRO, Grow-lux 4-feet, Osram). The measured mean 

irradiance at the internal surface of the photostage was 52Mmol/m2
/s. close to the 

irradiance determined optimal for growth (Harker 1995). 

The system was sterilised as detailed in Chapter 2. The additional tuhing and 

vessels required for the continuous culture were also sterilised and set up at this time in 

order to maintain the integrity of the system (Figure 5.2, also see Chapter 2). The 

system was operated containing media with a urea concentration of 3.0mM (termed 

high IN] media, see Appendix la); pH control was achieved hy injecting CO2 with a set 

point of 7.5. 

5.2.1. Biomass production 

The system was inoculated with an actively growing green culture of II. 

plllvialis, which gave a starting cell concentration of 3.6Xx 10
4 

cells/ml. This was l1lore 

than double the inoculum density of any previolls hatch culture and was lIsed in order 

to minimise the lag phase and enable the commencement of the continuolls ked as SOOIl 

as possible after inoculation. 
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figure 5.2 Schematic of the AAPS™2 for continuous operation. 

A. Header tank 

B. Non-return valvc, air out (Gcorgc Fishcr) 

C. Air filter (Polyvcnt 40, Whatman), air in during draining 
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The culture did not exhibit any lag phase and grew exponentially until day I X 

reaching a cell density of 31.25x 10
4 

cells/ml (Figure 5.3) when the mcdia feed was 

started. 

There was an initial drop in the dry weight per cell (Figure 5.4) which was 

likely to be due to germination and a period of rapid growth during thc first six days of 

culture. Germination was observed as the inoculum was at the end of the exponential 

phase of growth and was noted to contain a small number of pal ll1e II a and aplanospores 

(~5%). The productivity of this batch phase of growth, was calculated to he I A)x IO'l 

ce\ls/mllday (± 0.04, 11= 16, ± S.E.), and was comparable to the productivity of batch 

cultures outdoors (Chapter 4, Table 4.14). However the doubling time of the cells was 

relatively slow (td=6.60 days, day 0-18) when compared to previous batch cultures 

grown outdoors (Chapter 4, section 4.3.3.1, and when compared to other algal'. 

CI arkson et at 200 I). In batch culture Zlotni k ef (1/ (l993) delermi ned the douhl ing t i 1IIl' 

(at an irradiance of 50IlIllol/m
2
/s) to be approximately three days. As a result of the low 

growth rate the media renewal rate was initially set at 10% (v/v) to prevent the possihle 

'washout' of the culturc. The working volume of the AAPS™2 was 551. This translated 

to the addition of 5.51 of fresh media (with a urea content of 3.0I11M) and the productiol1 

of 5.51 of algae per day. As the system was illuminated 24 hours a day the media feed 

was dosed in on a continuous basis 24 hours a day. Plate 5.1 shows the system in 

continuous operation. 

For the first three days of continuous feed (day I X - 21), the culture continued to 

increase in cell number, while at the same time producing 5.5 litres of culture per day 

I 7"x I 09 cells/day (±0.08, 11=4 ±S.E.). Thc ccll count then hegan to decrease (Figul't.' 
or . -

5.3) although the feed rate was unchanged. 
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Plate 5.1. Continuous production of H pLuvialis biomass in the AAP TM2 indo r . 
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Possible explanations for this decrease in the cell count and dry weight or the 

culture include a change in the nutrient concentration of the media in the AAPS'M2, 

contamination of the culture or a problem with the lighting regime around the 

photostage . The phosphate concentration of the media remained constant throughout 

the culture period (Figure 5.5). However the drop in the cell density corresponds with a 

drop in the urea concentration of the media to 37% (4X.30 mg/l) of the starting 

concentration. This could indicate that the culture was reaching the stationary phase of 

growth as indicated by flask grown cultures in the high I N I media (chapter 4, section 

4.3.2). The pH of the culture remained constant (Figure 5.6). The lighting regime of 

around the photostage was reassessed. Although the mean irradiance aroulld the 

photo stage was 52Ilmollm2/s, the configuration of the lighting resulted in a large 

variation in the irradiance as the cells circulated around it. The irradiance varied 

between 1501lmollm2/s (directly in front of a light tuhe) and 7llmollm2/s (at the point 

furthest between two lighting tubes). To give a more constant irradiance around the 

photostage eight further lighting tubes were added. This resulted in a mean irradiance 

of 94f.!mollm2/s, and at no point around the photostage did the irradiance drop below 

40f.!moJlm2/s. 

Following the addition of further lighting the cell density or the culture steadily 

increased until day 35 reaching a cell density of S9.2Sx I 0
4 

cells/ml. The urea 

concentration of the media remained constant (Figure 5.5) suggesting that the culturc 

had been light limited. Over the course of the continuous feed (day I X - 3X) the systcm 

had a mean productivity of 2.40x t0
9 

cells/day (±O.05, 11=4 ± S.B.). 

Light limitation could also explain the slow exponential growth rate (6.60 days) 

of this culture when compared to the outdoor grown batch AAPSTM cultures which had 

a doubling time in the order of four days (Chapter 4, section 4.3.3.1). 
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The light limitation would have limited the photosynthetic rate of the culture 

thereby limiting growth (Janssen et af 2000). Light limitation within the culture would 

have increased as the cell density increased due to the mutual shading affect (Pulz et al 

1995, Eriksen et al 1996, Richmond and Zoh 1999) this may explain why the culture 

grew until it reached a cell density of 36.75x 104 cells/ml (Figure 5.3). 

The pigment concentration of the culture on a per volume basis (Figure 5.7) 

increased steadily over the course of the culture period even after the start of the 10% 

(v/v) media feed. The pigment concentration per cell (Figure 5.8) was relatively 

constant during the feed period (day 18-38) as was the concentration when calculated in 

terms of the dry weight of the culture (Figure 5.9). At all times the ratio of chlorophyll 

a to b remained constant. 
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5.2.2. Product (astaxanthin) formation 

H. pluvialis produced from the indoor continuous culture was concentrated 

using a tangential flow filtration system (HPKI2, Millipore. Bedford. UK. see Chapter 

2 for details). Typically the original culture was concentrated three-fold as further 

concentration was found to result in the damage and death of the green zooids (Tahle 

5.1). A three-fold concentration did not damage the flagella of the zooids. Gudin and 

Chaumont (1991) noted that with the loss of the flagella from the zooid form of I/. 

pluvialis the cells were unable to turn into cysts. 

Table 5.1. Effect of tangential flow filtration on green zooid cells of fJ. p/ul'ialis me = 

encystment culture). 

Eel EC2 

Total number of cells 5.41 6.05 

<) 

concentrated (x 1 0 . (± 0.20) (± 013) 

n=4 ± S.E.) 

Initial volume (Jitres) 15 15 

Total number of cells 3.65 5.95 

in final concentrate (±0.13) (± 0.15) 

(x JO'I, 11=4 ± S.E.) 

Final volume (litres) 2 5 

concentration factor 8 3 

Recovery of cells (%, 67.21 96.96 

11== 12 ± S.E.) (± 1.51) (± 1.18) 
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6.90 

(± 0.28) 

15 

7.99 
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The algal slurry was resuspended in tap water (total nitrogen content or 1.00 (± 

0.27) mg/I (n=4 ± S.E.) in a second AAPS™2 situated on the roof of the Byrom Street 

campus building of Liverpool John Moores University. The system was aerated at 

lSI/min, which resulted in a culture flow rate in the photostage of 0.4 7m/s. The system 

was not sterilised prior to use. 

5.2.2.1. Encystment of H. pluvialis 

Initially two successive harvests from the indoor continuous culture of fl. 

plul'ialis were concentrated and resuspended in the AAPS™2 outdoors. They were 

termed encystment culture one (ECl) and encystment culture two (Ee2). Both cultures 

took five days (8
Ih

_12Ih May and 12'h_16
Ih 

May 2000) to form a carotenoid-rich culture. 

A carotenoid-rich culture was defined as a culture of H. ,,/Ill'ill/is containing at least 

1.5% (w/w) total carotenoids as dry weight (Naturose™ Technical bulletin O()6, 

Cyanotech Corp., Hawaii, USA). There was no change in the cell uensity of either 

culture over the culture periods, however, both the dry weight (gil) and the dry weight 

per cell increased (Table 5.2). This was likely to be due to the encystment of the cells 

which causes an increase in the dry weight of the cells due to the production of a thick 

cell wall (Margalith 1999). ECI was exposed to a higher mean irradiance per day than 

EC2 (Figure 5.10), it also received a greater total irradiance during the culture period 

(Figure 5.11). Both cultures were exposed to the same maximum and minimum 

temperature (Figure 5.13). EC I also yielded a higher carotenoid content per cell than 

EC2 (Table 5.3). 

EC2 contained nearly double the cell density of EC I and therefore there would 

have been greater degree of cell shading in the culture. Due to the increased cdl 

shading each cell in Ee2 may have received a reduced irradiance when Compared to 
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Ee 1. Combined with the fact that the total nitrogen content of EC2 was greater (Tahle 

5.4) the cells of EC2 would have been expected to have a reduced carotenoid yield. 

Fabregas et al (1998) found that although nitrogen deficiency had the greatest affect on 

stimulating carotenogenesis in H. pluvialis the combined affect of nitrogen deficiency 

and high irradiance maximised productivity. 

Table 5.2. Productivity of encystment cultures one (EC I) and two (Ee2). 

ECI 

Length of culture period (days) 5 

CeIl density on the first day of culture 6.50 (± 0.29) 

(x 104 cells per ml, 11=4 ± S.E.) 

Cell density at the end of the culture 5.90 (± 0.55) 

period (x 104 cells per ml, 1l=4 ± S.E.) 

Dry weight on the first day of culture 0.08 (± 0.00) 

(gil, n=3 ± S.E.) 

Dry weight at the end of the culture 0.18 (± n.n I) 

period (gil, 11=3 ± S.E.) 

Dry weight per cell the first day of 1.29 (± 0.(4) 

culture (ng, 11=12 ± S.E.) 

Dry weight per cell at the end of the 3.21 (± 0.16) 

culture period (ng, 11= 12 ± S.E.) 

19X 

EC2 

:) 

10.75 (± 0.25) 

10.60 (± o.:n) 

0.11 (± 0.0 I) 

0.23 (± 0.(2) 

J.(n (± 0.(4) 

1.89 (± (l,04) 
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The higher total nitrogen content of EC2 (Table 5.4) at the start of the cui ture 

period may have been inhibitory to carotenoid biosynthesis as it may have first had to 

be depleted before carotenogensis could be triggered. In non-growing cultures the rate 

of carotenogensis may be determined by the nitrogen status of the original culture 

medium (Lee and Soh 1991). Boussiba et af (J 992) also found that under high 

irradiance the rate of carotenoid accumulation in H. pflll'ia/is was dependent 011 the 

nitrogen status of the culture. They found that when a culture of H. pful'iu/is in a high 

nitrogen media was exposed to high irradiance the start of carotcnogenesis was delayed 

when compared to a culture exposed to the same high irradiance. but which had a lower 

nitrogen content. 

Table 5.3. Total carotenoid productivity of encystment cultures one (EC I) and two (EC2). 

Total carotenoid productivity 

mg/1/day (11=9 ± S.E.) 

pg/ce\llday (11=144 ± S.E.) 

mg/g dry weight/day (11=81 ± S.E.) 

Total carotenoid yield at harvest 

mg/I (11=3 ± S.E.) 

pg/cell (11=12 ± S.E.) 

mg/g dry weight (11=9 ± S.E.) 

% dry weight (11=9 ± S.E.) 

Total carotenoid yieldl AAPS/day (g, 

11=3 ± S.E.) 

Total carotenoid yield/AAPS (g. 11=3 ± 

S.E.) 
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ECI 

0.44 (± 0.(3) 

8.11 (±O.19) 

1.20 (± 0.(4) 

3.14 (± 0.(8) 

54.93 (± 2.40) 

17.25 (± 0.54) 

1.73 (± O.(5) 

0.03 (± 0.(0) 

O.17(±O.OI) 

. --" .. 

Ee2 

0.49 (± 0.(3) 

4.43 (± 0.1) 

0.43 (± 0.(5) 

4.00 (± 0.11 ) 

36.53 (± 1.29) 

16.31 (± (UO) 

1.63 (± o.mn 

0.04 (± 0.(0) 

0.22 (± 0.0 I) 

----



Table 5.4. Nitrogen status of encystment culturcs onc (EC I) and two (EC2). 

ECI 

Ee2 

Nitrogen content (mg/I, 11=3, ± S. E.) 

lal Initial Fir 

3.00 (± 0.11) 0.30 ( ± 0.(0) 

9.00 (± 0.03) 0.90 ( ± 0.(1) 

Assuming a culture volume of 551 ECI produced O.17g of total carotenoid and 

EC2 produced 0.22g. Although the cells in EC I had a higher carotenoid contcnt. H'2 

yielded a higher level of carotenoids on a per volume basis because the cell dcnsity (II' 

the culture was greater. This had been previously noted in hatch cultures grown in IllW 

and high [N] media (Chapter 4, section 4.3). Cultures grown in a high I N I media 

produced more cells per unit volume but those cells had a reduced carotenoid contcnt 

when compared to a culture grown in low [NJ media under the same l'limatil' 

conditions. The nitrogen content of the media is very important in determining the 

carotenoid content of the culture (Lee and Soh 1991, Boussiba et (II 1992). Irradiancc is 

alsO of key importance (F:ibregas et al 1998), however the irradiance received pn cell 

would be directly affected by the increased cell density in cultures grown in high I N I 

media (Eriksen et al 1996). 

The carotenoid content In terms of mg/g dry weight was the samc in hoth 

cultures as the cells produced from EC2 were not as heavy as those produced rrum 

Ee I, indicating a reduced level of encystment (Table 5.3). 
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5.2.2.2. Encystment of H. pluvialis using sodium chloride 

NaCI had been shown to accelerate the accumulation of secondary carotenoids 

in H. pluvialis (Droop 1955, Harker et al 1996b). Therefore the effect of NaCI on the 

second phase of continuous production was investigated. Two encystment cultures 

were prepared and inoculated into the roof AAPS™2 as detailed in the section above. In 

the first culture (encystment culture three (EC3), 16th _24th May 2(00) 40mM NaCI 

(defined as optimal, Harker et al 1996b) was added to the AAPS™2 three days after 

inoculation of the system with EC3. For the first three days the culture had been 

exposed to a reduced level of irradiance (Figure 5.12) and temperature (Figure 5.13) 

when compared to EC 1 and EC2, and still contained green zooid cells in majority 

(81.00%). Secondary carotenoid accumulation was visible (as droplets) within these 

cells (as demonstrated in Plate 4.lc.). EC3 had a higher cell density than previous 

cultures (Table 5.5), which would have resulted in a reduction in the irradiance 

received per cell (Eriksen et at 1996). The total nitrogen content of the culture at the 

point of inoculation into the outdoor AAPSTM (IOmg/l) was also greater than either EC I 

or EC2 (Table 5.7). The culture was harvested five days after the addition of the NaCI 

and contained carotenoid-rich aplanospores. There had been no increase in the received 

irradiance over this period when compared to the first three days. The addition of NaCI 

on day three appeared to have little a/Tect on reducing the survivability of the algal cells 

(Table 5.5). 

Upon harvest, after a total of nine days, the culture yielded 0.30g of total 

carotenoids (Table 5.6). This was an improvement on the total yield on a per volullle 

basis of the previous cultures however EC3 was not as productive on a per cell hasis. 

EC I produced 8.11 pg carotenoid/cell/day, EC2 produced 4.43pg carotenoidlcell/day 

(Table 5.3) whilst EC3 only produced 1.57pg carotenoidlcell/day (Tahle 5.6). The 
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productivity per cell dropped as the cell density of the culture increased, suggesting that 

for two-phase production a careful balance must be reached in the carotenoid 

production phase between using maximal biomass while permitting maximal irradiallcc 

per cell. 

Table 5.5. Productivity of encystment cultures three (Ee}) and four (EC4). 

Length of culture period (days) 

Cell density on the first day of culture 

(x 104 cells per ml, 11=4 ± S.E.) 

Cell density at the end of the culture 

period (x 1 04 cells per mI. 11=4 ± S.E.) 

Dry weight on the first day of culture 

(gil, 11=3 ± S.E.) 

Dry weight at the end of the culture 

period (gil, n=3 ± S.E.) 

Dry weight per cell on day on the first 

day of culture (ng, 11= 12 ± S.E.) 

Dry weight per cell at the end of the 

culture period (ng, n= 12 ± S.E.) 
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14.50 (± 0.65) 

18.00 (± 0.16) 

0.25 (± 0.(0) 

0.37 (± o.n I) 

1.76 (± 0.(4) 

2.16 (± 0.(4) 

EC4 

7 

27.25 (± 1.25) 

6.3 (± 0.(6) 

0.317 (± O.{)O) 

0.286 (± D.D I) 

1.17 (± (UU) 

4.59 (± 0.16) 



Table 5.6. Total carotenoid productivity of encystment cultures three (Ee3) and four (EC4). 

~---------------,---------- --------

EC3 EC4 
~----------------+--------- --~----~----~--

Total carotenoid productivity 

mg/I/day (11=9 ± S.E.) 

pg/celllday (11= 144 ± S.E.) 

mg/g dry weight/day (11=81 ± S.E.) 

Total carotenoid yield at harvest 

mg/l (n=3 ± S.E.) 

pg/ceJl (11=12 ± S.E.) 

mg/g dry weight (11=9 ± S.E.) 

% dry weight (11=9 ± S.E.) 

Total carotenoid yieldl AAPS/day (g, 

11=3 ± S.E.) 

Total carotenoid yield/AAPS (g, 11=3 ± 

S.E.) 

0.31 (± 0.(5) 

1.57 (± 0.(7) 

0.49 (± 0.(2) 

5.17 (± 0.27) 

29.X3 (± 1.55) 

13.85 (± 0.40) 

1.40 (± 0.(4) 

0.03 (± 0.0 I ) 

0.30 (± 0.0 I) 

0.23 (± 0.(5) 

X.97 (± 0.16) 

1.41 (± O'()X) 

4.62 (± 0.24) 

73.74 (± 2.X7) 

16.24 (± 0.49) 

1.62 (± 0.(5) 

0.04 (± (U)O) 

0.25 (± 0.(1) 

L-----------------'------------- ~.~---.--~.~ 

Table 5.7. Nitrogen status of encystment cultures three me3) and four (EC4). 

Nitrogen content (I ng/l, 1/=3 ± S.E.) 

Initial Final 
--~ 

EC3 9.30 (± 0.15) 4.IO(±O.16) 

EC4 11.20 (± 0.20) 3.20 (± 0.(5) 

Encystment culture four (EC4, 24th _30
th 

May 200(» was treated with NaC'1 at 

the point of inoculation into the outdoor AAPS™. This resulted in the loss of 75.()(Y';, of 

the culture by the seventh day (Table 5.5). The addition of NaCI on day three of 1:('3 

did not result in a noticeable level of cell death. At the point of NaCI addition hoth IT3 



and EC4 contained zooid cells in the majority. Although NaCl has been shown to 

increase the rate of carotenogenesis in the culture it also results in cell death of this 

freshwater algae. Droop (1955) found that the degree of NaCI-induccd cell death was 

concentration dependent, the addition of greater than 0.6% (w/v) NaCI to the culture 

resulted in a high cell mortality. From the results of EC3 and EC4 it would appear that 

the additional stress that the NaCl inflicts on the culture is too great when the culture is 

also exposed to high irradiance for the first time, as in EC4. A two-stage approach, with 

the exposure of the cells to high irradiance to trigger carotenoid synthesis followed by 

the addition of NaCl, reduced the cell mortality (EC3). 

The total nitrogen concentration at the start of EC4 (Tahle 5.7) was greater than 

any of the previous cultures. Again, as with the previous cultures, a 3.5 fold drop was 

measured at the end of the culture period although there was no evidence of growth. 

Despite the loss of most of the cells from the culture, the productivity and yield 

of total carotenoid per cell from EC4 was greater than was demonstrated hy the 

previous three cultures, at n.74pg/cell (Table 5.6). EC I accumulated the next highest 

carotenoid content, with 54.93pg/cell. As EC4 and ECI received a very similar total 

irradiance (Figure 5.11) and the final cell density of EC4 was similar to EC 1, the 

irradiance received per cell would be expected to be similar for these two cultures. As 

EC4 had a higher carotenoid content per cell this indicates that the addition of NaCI 

inproved cellular carotenogenesis as previously shown (Droop 1955, Harker l'1 al 

1996a). However the culture period of EC4 was two days longer than that of EC I. EC4 

yielded O.25grams of total carotenoids which was not as great as the yield of Ee3, but 

higher than the yield of either EC I or Ee2. 

Each of the four encystment cultures contained cells from the sallle continuolls 

culture, were concentrated using the same method and resuspended in the same 
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AAPS™2 in tap water (total nitrogen content 1.00 (± 0.27) mg/l, 11=4 ± S.E.). Despite 

this each had a different starting total nitrogen content (Tablcs 5.4 and 5.7) and cell 

density (Tables 5.2 and 5.5), and each was also exposed to varying climatic conditions 

(Figures 5.10, 5.11 and 5.13). Each culture had a diffcrent cellular productivity of 

secondary carotenoids (Tables 5.3 and 5.6) but produccd a very similar carotenoid yield 

per day, ECI produced 0.03g, EC2 O.04g, EC3 OJ)3g and EC4 O.04g. Carotenoid 

productivity in these cultures was affected by a number of factors. The nitrogen status 

of the culture (Zlotnik ef al 1993, Lee and Soh 1991, Harker l'f ([I 1996a), the cell 

density, and the irradiance received per cell (Kohayashi ('/ (II 1992, Boussiha ('/ 01 

1992). The irradiance received per cell is a function of the irradiance incident on the 

photobioreactor surface, the cell density of the culture and the efficiency of mixing 

within the system (Terry 19R6, Eriksen et al 19(6). Mixing efficiency was assllmed to 

be constant for the four encystment cultures as each was cultured in the slime AAPS fM2 

under the same operating conditions. Thc temperature received by the cultures was also 

of importance in determining the rate of carotenogenesis CI~jahj()n() l'f (II 1(94), as was 

the addition of NaCI to Ee3 and EC4 (Droop 1955, Harker ct (II 19(5). 

The above factors were all important in producing the carotenoid-rich 

encystment cultures. However, the initially slow productivity (ill terms of carotenoid 

accumulation) of EC3 combined with the reduced irradiance it reccived per day (Figure 

5.10) suggest that the irradiancc received by the cultures was of key importance. Ee3 

was also exposed to a reduced air temperature which may also have affected 

carotenogensls, especially as this was combined with the reduced irradiancl'. A 

temperature of 30°C has been shown to increase carotenogenesis in II. IJIIII'io/is 

(Tjahjono et al 19(4). The addition of 40mM NaCI acted to increase the carotenoid 
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yield on a cellular basis however it also resulted 111 a high cell mortality thereby 

reducing the carotenoid yield per volume. 

5.2.3. Summary of two-phase production 

The productivity of the continuous culture of HacI1l0fOCOCC[(S, in terms of cell 

density, in the AAPS™2 operated indoors far exceeded the productivity of any of the 

batch cultures. The system operated as a continuous culture with a I Will renewal rate for 

21 days with a mean productivity of 1.72x lO'I cells per day (±O.OH, 11=4 ±S.E.), hatch 

production had a maximal productivity of IAOx 10
4 

cells/ml/day (Chapter 4, Tahle 

4.14). However the culture never reached a true steady state and was shut down after 44 

days. Problems were experienced with the media feed method, which resulted in the 

contamination of the culture with unidentified small, green, unicellular alga (similar 

contamination has been seen in previous large-scale cultures of IIl1l'/1/(/fo('(}cc[(.I': i\. 

Ince pers. comm.). The number of complete media replacements that have occurred in 

the system defines the steady state of a continuous culture. Lee and Ding (1995) 

considered that steady state had been reached in a continuous culture of 

HaematococClIs when the celI density and dry weight had remained constant for four 

volume changes. However Molina Grima ef lit (1997) considered that a steady stage 

was reached in continuous culture when the cell count of the culture had remained 

stable for four days. 

The media feed was a two-part operation, the nutrients were fed in as a 

concentrated stock via a nutrient filter, and distilled water was fed in separately via a 

three-stage filtering system (Figure 5.2). Problems were encountered as thL' nutrient 

filter easily became fouled with bacteria, causing it to block. This resulted in the 

frequent replacement of the filter, which may, in itself, have resulted in the 
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contamination of the culture. A further problem was noted when the system was 

shutdown for cleaning. The header tank had developed two cracks in the welding 

between the back wall and the roof of the tank. This may also have acted to introduce 

contamination into the culture. 

Biomass produced from the continuous culture was successfully concentrated 

using the tangential flow filtration system. A thrcc-fold concentration caused no 

significant damage to the cells (Table 5.1). The algal hiomass was then rcsuspended in 

tap water in a second, outdoor, AAPS™2. High irradiancc was used to hastcn thc 

encystment process. Nael (40mM) was found to further increase the rate of secondary 

carotenoid accumulation although it could result in high ccll mortality (Tahlc 5.5 and 

5.6). 

Despite the difference in the cell densities and nitrogcn concentrations of the 

four encystment cultures each produced a very similar yicld on a daily hasis Crable 5.3 

and 5.6). The encystment culture took between fivc and nine days to producc cultures 

containing - 1.6% (w/v) carotenoids as dry weight. Aquasearch Inc. and Cyanotcch 

Corp. both based in Hawaii USA, use a two stage production proccss for commercial 

production of astaxanthin from Haematococclis. In thc induction stagc they hoth 

routinely achieve >2.5% (w/v) carotenoids as dry weight (Olaizola 2 ()()() , Lorcnz and 

Cysewski 20(0). 

5.3. Single-phase production 

The previous section describcd the use of a continuous culturc systcm to 

produce green biomass for use in a second carotcnoid-induction phase. Ilowc\,cr this 

approach is man-hour and equipment intcnsive. A sccond strategy using a single 

production stage may he more cfficient (Figurc 5.1). This would involve the operation 



of a continuous AAPS™2 outdoors to produce biomass that was rich in secondary 

carotenoids, namely astaxanthin, and did not require a second carotenoid-induction 

stage. In this approach the exposure to 'high' (outdoor) irradiances may counteract the 

relatively high residual [NJ levels in the media (as previously seen in batch cultures, i.c. 

Chapter 4, section 4.2.1). Bubrick (1991), Lee and Ding (1994) and Chaumont and 

Thepenier (1995) also indicates that carotenogenesis can occur in a growing culturc or 

H. pluvia/is. 

The AAPS™2 was set up and sterilised as detailed in Chaptcr :2 on thc roor or 

the Byrom Street campus of Liverpool John Moores University. The feed bottle, pumps 

and water filtration system were all housed in the control room adjacent to thc systcm 

(Figure 5.2). The culture was grown in media with a urea contcnt of 3.0mM (high I N I 

media, Appendix 1) and pH control was achieved with CO2 at a sct-point of 7.5. After 

commencement of the continuous feed, samples were taken daily (090() hrs) to asscss 

the cell count, dry weight and pigment content of the cells (see Chapter 2). 

5.3.1. Batch phase 

The starting cell density of the culture was 2.63x \04 cell/llll (Figure 5.14), this 

was provided from a 51 aspirator as detailed in Chapter 2. As beforc the culture did Ilot 

exhibit a lag phase and grew exponentially until day 14 (to a cell density of 63.25x lOot 

cells/ml) when the continuous feed was started. The dry weight of the culture (Figure 

5.15) and the dry weight per cell (Figure 5.16) also increased exponentially. 
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Figure 5.14. Cell density (11=4 ± S.E.) of H. p/lIl'ia/is cultured continuously outdoors in the 

AAPSTM2 (see text for details). 1 start of 10% (v/v) media feed, 2 increased to 2W'/r, (v/v) media 

feed, 3 reduced to 10% (v/v) media feed. 
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Figure 5.15. Dry weight (11=3 ± S.E.) of H. p/lIl'ia/is cultured continuously llutdoors ill the 

AAPS™2 (see text for detai Is). 1 start of 10% (v/v) media feed. 2 increased to 2()1;; (v/v) Illedia 
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Figure 5.16. Dry weight per cell (11=12 ± S.E.) of H. "Iuviali.\" cultured continuously outdoors 

in the AAPS™2 (see text for details). 1 start of 10% (v/v) media feed. 2 increased to 2()1Yt (v/v) 

media feed, 3 reduced to 10% (v/v) media feed. 

Over the course of the first 15 days the culture had a doubling time of 2.40 days, 

nearly three times faster than the indoor-grown continuous culture (section 5.2.1), and a 

productivity of 4.60x104 cells/ml/day (±O.IS, n=16, ±S.E.). From day five there was 

also an exponential increase in the carotenoid content per cell (Figure 5.17) which 

corresponded with a period of high irradiance when compared to the irradiance over the 

course of the entire run (Figure 5.18). The chlorophyll {/ and h concentration per ccll 

remained constant (Figure 5.19). 

On day 14, before the continuous feed was started, the culture consisted or a 

mixture of aplanospores (47.33%) and zooids (52.67(11) (Figure 5.20). and had a total 

carotenoid content of 32.13pg/cell (Figure 5.17). This is a mean valuc for the algal 

population and microscopic examination revealed that the population was 

heterogeneous with a range of different life cycle stages represented. 
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cultured continuously outdoors in the AAPS™2 (sec text for details). 1 start of I()lYc (v/v) media 
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The total carotenoid content per unit volume (Figure 5.21) and per gram or dry 

material (Figure 5.22) also increased exponentially rrom day rive ulltil the start of the 

continuous media feed on day 14. Correspondingly the chlorophyll (/ and h 

concentration per unit volume (Figure 5.23) increased exponentially ulltil day 14. 

However the concentration per gram dry weight was relatively collstant rrom 

i nocu lation unti I day 14 (Figure 5.24). 

5.3.1.1. Carotenoid composition of culture upon commcncemcnt of 

continuous feed. 

Analyses of the carotenoid composition or the culture 011 day 15 revealed that 

astaxanthin made up 81 % of the total carotenoids present (Tahle S.X). 

Table 5.8. Carotenoid composition of thc H. pllll'ialis produccd at the start of the continuous 

culture (Day 15, 10% (v/v) rencwal) in the AAPS™2. 

Carotenoid Carotenoid 

Lutein 7.95 

Free Astaxanthin 5.55 

Astaxanthin Monoesters 53.27 

Adonirubin Esters 7.XI 

Astaxanthin Diesters 22.0 I 

13-carotene 
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Figure 5.24. Chlorophyll content (calculated as mg/g dry weight. 11= 12 ± S.I·:.) of l'ultulwI 
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The fast growth rate of the culture resulted in the reduction of the nitrogen 

content to only 20% of the starting concentration after 14 days (Figure 5.25) whicl! 

combined with the high irradiance over that period may have resulted in the carotenoid 

accumulation within the culture (Figure 5.17). Figure 5.1 g shows the total irradiance 

received per day over the course of the culture. Thc mean daily irradiance that the 

culture received over the course of the first 14 days was g.g2x lOS ~ulloi/m~/day, 

whereas over the entire course of the culturc the mean total daily irradiance was 

6.59x IOH ~mol/m2/day. The minimum and maximum air and culture temperature 

remained relatively constant throughout the culture period (Figure 5.26). Culture and 

air temperature were equal at night, however during daylight hours culture temperature 

increased above air temperature due to the effect of irradiance. The temperature of the 

culture did not drop below 11.59°C (night mcasurement). During daylight hours the 

culture temperature remained above air tempcrature and reached a maximum on day 

nine of 39.25°C. The maximum culture temperaturc typically fluctuated between 25 

and 35°C. There is some debate in the literature as to the optimal tem)1lTature for 

growth of HaemalocoCCll.l' (which may bc due to strain differences). Fan ('/ II/ ( I ()l)-t) 

determined that the fastest growth ratc was achievcd at a temperature of 25-2X"(', 

whereas the work of Tjahjono et al (1994) found that growth was Illuch reduced at 

30°C when compared to 20°C. Borowitzka et 01 (1991) also reported that 

Haemalococclis could not grow above 2goC and that above this temperature the cl'lIs 

formed aplanospores. They determined the optimal temperature for growth to he 1)"(', 

This is in agreement with the work of Harker ct (// (1995) who determined the optimulll 

temperature for growth to be 14-JS°C. The work of Borowitzka ('/ ([/ (1991) and 

Tjahjono el (/1 (1994) suggests that temperature could affect carotl'llogl'lll'sis and 

aplanospore formation in this culture. 
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5.3.2. Continuous culture 

On the 15 th day of culture the continuous media feed was started at a renewal 

rate of 10% (v/v) per day. This value was selected as it was determined as most 

productive for the continuous culture of H.l'lul'ialis (Clarkson ('( (// 20(1). Assuming a 

working volume of 551, 5.51 of fresh media was fed into the system per day during 

daylight hours (0600hrs - 2 IOOhrs). No additions were made to the culture at night. 

Plate 5.2. shows the system shortly after the commencement of the continllous feed. 

5.3.2.1. Continuous operation with a renewal rate of )0% (v/v) 

Continuous operation at a renewal rate of 10% (v/v) occurred frolll day 1-+-29 

(26th July_lOti] August 20(0). Daily sampling of the culture revealed fluctuations in 

both the algal cell density and the pigment content (per cell) of the culture (Figure 5.14 

and 5.17 respectively). The culture reached a maximal cell density of l) 1.5(h 10 1 

cells/m\. The mean productivity over the course of the IO(jf. (v/v) media ked was 

8.40xIO) cells/ml/day (±l.20, 11=61, ±S.E.), which equated to a total pruduction of 

4.60x lOt) cells/day (±O.07, n=61, ±S.E.). The culture reached a maximal carotenoid 

content on day 19 of 40.45 pg/cell (Figure 5.17). The mean carotenoid content pn cell 

from day 14 - 29 was 27.32 pg/cell (± 1.28, 11= 192, ±S.E.). At a productivity of 

4.60x 10<) cells/day and a total carotenoid content of 27.32 pg/cell the AAPSTM produced 

O.13g/day (0.02 g/I/day) of total carotenoid, which assuming an astaxanthin content of 

81% translates to an astaxanthin yield of O.llg/day «(U)2g/llday). As thL' IW; (v/v) 

media feed operated for 15 days, the total astaxanthin production over the COllrSl' of the 

10% (v/v) media feed was l.65g, mainly as a mixture of mono and diesters Crahle 5.8), 



Plate 5.2. ingle-pha e continuous production of H. pluviulis in th 
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However Figure 5.17 shows that after the first five days of continuolls 

production the carotenoid content per cell began to drop. Also at this time the 

proportion of the cells that were zooid increased from 52.67% (on day 14, at the start of 

the feed) to 88.25Cfr on day 29 (Figure 5.20). The reason for this change in the 

developmental stage of the cells and the drop in the carotenoid content may be a 

function of climatic conditions. It was not a function of the nitrogen status of the 

culture, as the urea content of the media remained constant throughout the feed period 

(Figure 5.25). Also it is not a phenomena that has been seen indoors. The total daily 

irradiance received dropped to 6.17xIOx ~.unol/m2/day, two thirds of the level of the 

total irradiance measured during the first 14 days of culture before the continuous reed 

began (see above). The photosynthetic rate of the culture and the mass transfer 

efficiency of the system could also have affected the developmental stage of the 

culture. Lee and Ding (1995) cultured a mixed popUlation of I/W'l1w1oCOCCIIS in 

continuous culture in which both aplanospores and zooids were noted to actively 

divide. The proportion of the culture that was zooid or aplanospore was found to be 

dependent on the partial pressure of 002 (pD02) of the culture. Above air saturatioll the 

culture contained a higher aplanospore content than when maintained with a 1,1)0-, 

below air saturation. 

The continuous culture was noted to require a greater volume of CO2 for pI 1 

control than previous cultures. During operation the CO2 reservoir was cmpticd and 

there was no pH control, when this occurred the pH or the culture fluctuated during the 

daylight cycle. Early in the morning, at the point of sampling, the pIt was close to 7 hut 

by early afternoon had increased to pH 10, the pH then started to decrease 111 late 

afternoon/evening (data not shown). This fluctuation in pH occurred due to the 

photosynthetic activity of the culture. As a result of photosynthetic gelleration the DO., 



concentration of the culture rises, whereas the DC02 concentration drops as it is 

consumed by photosynthesis. This causes the pH of the culture to rise (Camacho Ruhio 

et al 1999). C02 is required to be injected into the system to prevent the pH of culture 

rising to a detrimental level. The higher the rate of photosynthesis the more frequently 

the C02 injections are required. Therefore as no problems were identified with the pH 

controller, the rapid use of C02 by this culture suggest that the culture had a high 

photosynthetic rate. This may explain the mixed population that was found in this 

culture as a high pD02 may result in a higher proportion of the cells as aplanospon.'s 

within a continuous culture (see above, Lee and Ding 19(5). The first culture to he 

grown with the high [N] media in the AAPS™2 (batch culture six, Chapter 4, section 

4.3.2), had no pH control and despite the culture becoming rich in aplanospores, 110 

germination was noted. 

5.3.2.2. Continuous operation with a renewal rate of 20% (v/v) 

On day 29 the media renewal rate was increased to 2W}(, (v/v), which led to the 

production of III of culture per day. This renewal rate was operated unti I day 40. 

During this time the cell count of the culture steadily decreased and did not reach 

equilibrium (Figure 5.14), though it still remained Illore productive than the lower 

renewal rate of 10% (v/v) in terms of total cells produced per day. At the same tillle the 

urea content of the culture increased (Figure 5.25) and there was a corresponding 

reduction in the carotenoid content of the cells (Figure 5.17). There was a\so a gradual 

increase in the chlorophyll {l and b content of the cells (Figure 5.19), hetween days 35 

and 38 there was a sudden increase followed by a decrease. The chlorophyll II and h 

concentration on a per unit volullle basis (Figure 5.23) decreased whereas the 

concentration calculated per g dry weight increased (Figure 5.24). Again a sudden 
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change was noted in both these figures between days 35 and 3X. No change was Iloted 

in the ratio of chlorophyll a/b. The change in the chlorophyll (/ and h content of the 

cells over the culture period could indicate a response to the changing climatic 

conditions. Myers (1970), working with ell 10 rella , concluded that the chlorophyll 

content of the cells was an adaptive feature controlled by the irradiance received during 

growth so as to maximise the photosynthetic rate of the cells. 

At the start of the 20% (v/v) media feed on day 29 the cell tkn~ity was 

83.40x 104 cells per ml (Figure 5.14), with 88.25 (}() of the cells counted as zooid (i'"igure 

5.20). The proportion of the culture that was zooid increased to 97.15 (lr by day 33 and 

then remained relatively constant. The cell density on day 33 had dropped to 6X.?5x I ()"' 

cells/ml and continued to drop with time (Figure 5.14). Initially the cells were green 

with localised carotenoid accumulation (Plate 4.lc). As time progressed the cells lo~t 

the red segment and by day 33 appeared completely green (Plate 4.1 a.). The system on 

day 33 is pictured in plate 5.3. This corresponded with a drop in the carotenoid content 

per cell to 19.55pg (Figure 5.17), approximately half of the content IK'r cell on day 19. 

The change in the developmental stage and carotenoid content of the cells is a 

continuation of the behaviour of the culture towards the end of the lorY, ked. The 

reduced carotenoid content of the cells is likely to be largely due to the redun:d 

irradiance per day when compared to the irradiance received before feedillg lx-gall 

(Figure 5.18). The increased nitrogen content of the culture, which had reached 

117mg/1 urea by day 40 would also have affected carotenogensis (Boussiha /'/ til I IN?, 

F{tbregas et al 1998), 



Plate 5.3. ingle-pha e continuous production of H p/uvialis (20% feed (v/v». 
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The urea concentration on day 40 had increased five-fold when compared to the urea 

concentration in the culture during the 10% (v/v) media feed (Figure 5.25). Reasons for 

the change in the developmental stage of the culture are unclear. 

The gradual change from aplanospores to zooids (Figure 5.20) would suggest 

that conditions within the photobioreactor had become more favourahle for growth as 

indicated by the increased urea content (Figure 5.25) and reduced irradiance (Figure 

5.1S). Lee and Ding (1994) demonstrated that when aplanospores were resLlspended in 

fresh media with a urea content of 0.85 or 1.70 g/I they divided to produced a number 

of carotenoid-containing zooids. Germination from aplanospores was also seen to occur 

after the harvest of batch culture three from the AAPSTM I (Chapter 4, section 4.2.-'). 

Red zooids germinated from the aplanospores that had heen left in the system after 

harvest, possibly due to the presence of nitrogen in the tap water. 

By day 41 the cell density had dropped to 27.S0x 104 cells/ml and the culture 

was made up entirely of green zooid cells. This was largely due to a reduction in 

secondary carotenoids rather than from the increased synthesis of chlorophyll (I and h 

(Figures 5.1S and 5.19). On day 41 at a production rate of III culture/day, the AAPS™ 

was producing 3.IOx10
9 

cells/day, in comparison to 4.60xlO'I cells/day at a renewal rate 

of 10% vivo 

The increased renewal rate resulted in an increase in the urea conlL'nt or the 

culture, however, it did not act to increase the growth rate of the culture. Previously in 

batch culture in the AAPSTM (Chapter 4 section 4.3.2), the higher concentration or urea 

simply extended the growth phase. 
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5.3.3. Summary of single-phase production 

The productivity of the culture before the start of continuous culture was far 

higher that any of the previous outdoor batch cultures. The culture produced 4.04x 104 

cells/mllday. In comparison previous cell productivities had been in the order of 

1.00x 1 04 cells/mllday ilTespective of the urea content of the media. During this time 

there was also an exponential increase in the carotenoid content per cell (figure 5.17). 

During the first 14 days secondary carotenoid production was 1.21 pg/cell/day or 

1.29mg/l/day, comparable with the productivities achieved in the batch cultures 

(Chapter 4, Table 4.14). 

The reason for the improved growth of this culture when compared to previolls 

cultures may have been due to the developmental stage of the cells. By day five the 

culture was a mixture of actively dividing zooids and germinating aplanospores. It was 

observed that the zooid cells divided into two or four cells, whereas the aplanospores 

divided into as many as 16 new cells, though more commonly eight. Although the 

majority of the population of the culture was zooid, the aplanospores would have had a 

significant impact on the growth rate of the culture hecause of the higher nUlllbL'r of 

cells they produced from division. Mixed populations of zooids and aplanosporcs had 

been noted in previous cultures (e.g. Batch cultures one, six and eight; Chapter 4). This 

was, however, the first culture in which the aplanosporcs were present so early in the 

culture and were observed to be actively germinating. Germination of the aplanospores 

was noted to occur before the commencement of the I(VYc! (v/v) feed, at a time when no 

addition of nitrogen were made to the culture hut when pH control lIsing CO} was 

intermittent which resulted in pH Iluctuations through the daylight cycle. It is therefore 

possible that the photosynthetic rate of the culture and consequently the 1)02 contl'nt of 

the media affected the developmental stage of the culture (Lee and Ding I t)95). 
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The nature of the climatic conditions that the culture was exposed to is an 

important factor in determining the developmental stage of the cells and the suhsequent 

germination of the aplanospores. Both indirectly through photosynthesis (sec ahove) 

and directly by affecting carotenogensis. During the first 14 days the continuolls culture 

received twice the daily irradiance of batch cultures five and six and 10 times the 

irradiance of batch cultures seven and eight (Table 5.9 and Chapter 4 section 4.3.3). 

The temperature that the culture was exposed to was similar to that received by hatch 

culture five and six (Table 5.10 and Chapter 4 section 4.3.2) both of which produced 

carotenoid-rich cultures. Culture six was grown in the high I N I media and had a 

carotenoid productivity similar to the first 14 days of this continuous culture. 

Table 5.9. Mean daily irradiance received by outdoor grown H. p/ul'ia/is cultures 

Culture 

Five/six 

Seven/eight 

Continuous 

Total daily irradiancc 

" (1lI1lol/m-/day) 
-:-x-------

4.28x 10 

7.21 X 10K 

Table 5.10. Air temperature adjacent to outdoor-grown !-I. 1'/III'i(//is cultures 

Temperatur 

Culture Mean Maximl 1111 Minimum 

Five/six 15 27 

Seven/eight 9 16 () 

Continuous 17 2X 12 
'-



Batch cultures five and six did not exhibit aplanospore germination and were 

exposed to a very similar temperature range as the first 14 days of the continuous 

culture (Table 5.10). It is unlikely therefore that tcmpcraturc had a major affect on the 

developmental stage of the continuous culture. Thc irradiancc rcccived hy the 

continuous culture was in excess of that received by any of the hatch cultures for which 

climatic conditions were measured (it should be noted that therc is no climatic data 

available for culture grown in the AAPSTM 1). Irradiance has heen shown to have a 

strong effect on carotenogenesis and encystment and it is therefore possible that the 

relatively high irradiance received by the culture during its first 14 days had a strong 

effect on its growth and life cycle. Such conditions are difficult to reproduce under 

controlled laboratory conditions. 

The continuous feed commenced on day 14 providing a replacement of I W}1r, 

(v/v) per day during daylight hours. This resulted in the production of 4.60x IO'l 

cellsIAAPS™/day, mainly as zooids (with localised carotenoid accumulation, Figure 

5.20). Up to 40% of the culture consisted of carotenoid-rich aplanospores. The culture 

yielded a total of 1.S0g of astaxanthin between days 14-29, with a productivity of O.ISg 

carotenoidl AAPS™/day. This proved that the production of carotenoid-rich /I. pllll'ililis 

is possible under continuous culture conditions outdoors. However production IS 

apparently highly influenced by climatic conditions. After the first five days of 

continuous production the carotenoid contcnt of thc culture hegan to drop and the 

proportion of the cells present as zoo ids began to increase. As the urea content of the 

culture was constant from day 14 - 29 this was helieved to he due to the climatic 

conditions that the culture was exposed to. Both irradiance (Boussiha and Vonshak 

1991, Kobayashi et ai 1992, Harker et (Ii 1995) and temperature ('l~jahj()no et (/1 19(4) 

have been shown to he of key importance in carotenogenesis. The total daily irradiance 
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was seen to drop after day 11 (Figure 5.18) which may have resulted in the reduction in 

carotenogenesis within the cells. Hmvever the carotenoid content of the cells did not 

begin to drop until day 19 (Figure 5.17). 

To enable the production of a carotenoid-rich culture of H. pluvialis in a single 

phase the nitrogen content of the culture media must be maintained at as low a 

concentration as possible while remaining high enough to allow growth of the cells 

(Figure 5.15). Also critical for the production of carotenoid-rich H. pluvialis in a single 

phase is the irradiance that the culture receives. From the data presented here it is not 

possible to determine the level of irradiance that is the minimum required to produce a 

carotenoid-rich culture, in a single-phase continuous process. It is not known how the 

culture responds to constant (high) irradiance or whether the same results could be 

achieved from the period (be it hours or days) of extremely high irradiance followed be 

a period where the irradiance was significantly lower. What can be determined from 

this work is that the irradiance level is critical for the successful production of 

carotenoid-rich H. pluvialis, particularly in a single, continuous, phase. 

As important as the actual irradiance incident on the surface of the 

photobioreactor is the ratio of surface area to volume, and the mixing efficiency. These 

are particularly important at high cell densities, when the cells shade each other, 

resulting in a heterogeneous pattern of light transmittance within the photobioreator. As 

a result, cells experience different light conditions as they travel through the 

photobioreactor (Terry 1986, Acien Fernandez et al 1998). This would be expected to 

have a direct effect on carotenogenesis in H. pluvialis grown outdoors unless mixing 

was optimised. Optimisation of mixing would be dependent on both the irradiance 

received by the photobioreactor and the cell density of the culture; consequently 

optimisation of mixing would be a complex task. 
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The increase in the media renewal rate to 20°1£) (v/v) resulted in the 'wash-out' 

of the culture. During this feed period the cell density steadily dropped, until on day 41 

the cell density was less than 50% of that produced during the I Wk' (v/v) renewal 

period, i.e. the system was no longer as productive. The cell count of the culture 

steadily declined because the growth rate of the culture was not high enough to 

maintain the loss of cells from the system. However, the initial calculation of the 

growth of the culture (day zero to 14) with a doubling time of 2AO days, indicated that 

the culture would be able to sustain a renewal rate of 20% (v/v). However, at this time 

the culture was made up of a mixture of zooids and aplanospores, and as discllssed 

above this resulted in an increased growth rate. During the 20% (v/v) renewal phase the 

culture contained 88.75% as zooids, which were only observed dividing into two or 

four new cells. 

The combined effects of the increased urea content and the reduction in the 

irradiance received by the culture during the 20% (v/v) media feed period resulted in 

the production of a green zooid population. On day 41 the renewal rate was reduced to 

10% (v/v) in an effort to recover the initial productivity of the system. This resulted in a 

slight increase in the cell count and the dry weight of the culture though the culture still 

remained 91.75% zooid (Figures 5.14,5.15 and 5.20 respectively). The reduction in the 

media feed rate resulted in a slight reduction in the urea content of the culture (Figure 

5.25). This was not enough to improve carotenoid accumulation and the total 

carotenoid content per cell (Figure 5.17) and per unit volume of the culture (Fil.!ure 

5.21) continued to drop. The cell count of the culture failed to increase significantly 

after seven days at 10% (v/v) so the system was shut down. The reason for this lack of 

recovery is unclear however it was also noted to occur by Clarkson i'l (// (:~O() I) in 

small-scale chemostat continuous cultures of II. 1,!ul'ia/i". They found that wl1L'n the 
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system was returned to its original operating state the culture fai led to achieve the 

previously attained dry weight yield. 

5.4. Discussion 

Two approaches were used to assess the viability of using continuoLis cultun: to 

produce carotenoid-rich H. pluviali.\'. The use of continuous culture for /I. IJ/1I1'ili/is 

production is complicated because of the difference in the optimum condilions required 

for biomass and secondary carotenoid production. However, work with the halch 

production of carotenoid-rich H. plul'ia/is outdoors in the AAPSTM had shown Ihal a 

culture is capable of accumulating secondary carotenoids while still in the growth phase 

(Chapter 4, section 4.2.1). 

The first strategy was to produce the biomass under optimal growth conditions 

in an environmentally controlled growth room. The green zooid culture was thell 

concentrated using tangential flow filtration and resuspended in tap water in a second 

AAPS™ outdoors. This was to allow the accumulation of secondary earolenoids as 

higher irradiances could be achieved outdoors. Harker e/ al (1995) determined that the 

optimum light level for carotenogenesis in 1I. plul'ia/is was -I ,60()~lm()lIm~/s, far 

higher than could be achieved economically indoors. The growth rate of the biomass 

production phase was very slow with a doubling time >6 days. It is thought that the 

reason for this poor performance was due to the ineffective illumination of the culture. 

Previous cultures in the AAPSTM had been grown outdoors where the sun had provilkd 

illumination around the entire photostage. Prior to this, experience or large-scale indoor 

culture had been limited to the TBR I and 2. TBR I failed to produce a viable II. 

p/livialis culture. TBR2 produced a carotenoid-rich culture of I/. plill'ia/is, however Ihe 

relatively small diameter of the photostage of TBR2 made il easier 10 achicvc a 
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constant level of illumination around it using a minimal number of fluorescent lights. 

Despite this. problems with this arrangement of lighting had been identified (see 

Chapter 3). The same configuration of lighting that had been used for TBR I and:2 was 

used from the AAPS™2 due to the lack of a viable alternative. This resulted in the 

culture receiving high illumination close to the fluorescent tubes, but midway between 

two tubes the illumination reaching the culture dropped close to zero. This problem 

would have been exacerbated, as the irradiance incident on the surface of the 

photobioreactor would not have been constant through the tubing that made up the 

photostage, and would have decreased further towards the centre of the tuhing 

(Ogbonna et al 1995). However, the turbulent mixing achieved in the photostage would 

have acted to move algal cells in and out of this dark zone thereby maximising the 

irradiance received by individual cells (Molina Grima et al 1996). The importance or all 

effective lighting arrangement was demonstrated when further lighting was added to 

the AAPS™2 which resulted in an increase in the minimum irradiance falling OIl the 

culture to 40 /-lmollm2/s, and a corresponding increase in the cell density of the culture. 

The second strategy was to establish the continuous culture outside exposed to 

climatic conditions with no control over the irradiance received. The outdoor grown 

culture of Hael7lafOCOCCIiS had a much faster doubling time at 2.4()days. The 

productivity of the culture before the commencement of the continuous feed was 

4.04x 104 cells/mllday, nearly three times greater than the culture groWIl indoors. The 

reasons for the improved productivity of the culture are probably a combination ()f the 

increased irradiance that the culture received and the fact that the culture was a mixture 

of zooids and aplanospore, (which for the reasons discussed above probably rL'slilted in 

an increased growth rate). A comparison of the productivities achieved by adopting 

these two strategies is shown in Table 5.11. 



Table 5.11. Productivity of continuous H. plul'ialis culture. 
----

Two-phase Single-phase 

production production 

Cell productivity before start 1.45 (± 0.04) 4.04 (±O.20) 

of continuous feed (x I n-t 
cells/ml/day, 11=16 ±S.E.) 

Cell productivity during 10% 2.40 (± 0.12) 4.60 (± 0.15) 
. ') 

(v/v) media renewal (x 10 

cells/day, 11=16 ±S.E) 

Maximal cell density reached 59.25 (± 2.29) 91.50 (± 1.26) 

(x 104 cells/mL n=4 ± S.E.) 

Developmental stage Green zooid Green zooid (with 

red section) and 

aplanospores 

Secondary carotenoid EC I 0.03 (± O'()O) 0.15 (± 0.(7) 

production (g/day, 11=3 ± EC2 0.04 (± 0.(0) 

S.E.) EC3 0.03 (± 0.0 I) 

EC4 0.04 (± O'()O) 
------

N.B. The data shown here for SIngle-phase productIOn refers to the I Wic renewal period 

only 

The outdoor grown culture had an improved productivity when compared to the 

culture grown under controlled conditions. Both cultures were operated at a 10% (v/v) 

renewal rate. As shown in Table 5.11 the single-phase, outdoor culture reached a higllL'r 

cell density that the two-phase system and produced, on average. twice as many cells 

per day. Combined with the increased number of cells produced hy the outdoor system; 

it also produced cells that were rich in secondary carotenoids. whereas th()se produced 

through controlled culture required a second encystmcnt stagc to produce sL'condary 

carotenoids. The two-phase system produced green hiomass with a urea content that 
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had been reduced to 37.44 % of the starting concentration by the growth of the cells. At 

the start of the continuous feed period in the outdoor system the urea content of the 

culture had dropped to 18.29 % of the starting concentration. This resulted in the 

production of a mixed population of aplanospores and zooids with a mean secondary 

carotenoid content of 27.32 pg/cell. As the culture ran at a 10% (v/v) renewal rate for 

15 days, in total the culture produced 2.25g of secondary carotenoids, of which I.XOg 

was astaxanthin, mainly as a mixture of mono and di esters (Table 5.8) 

The two-phase strategy resulted in the production of a series of carotenoid-rich 

cultures. Concentration of the green zooid cultures further reduced their urea content, 

so that upon resuspension in tap water the cultures contained 3-lOmg/1 total nitrogen. In 

total the four cultures took 26 days to produce carotenoid-rich cells and yielded a total 

of 0.95g of secondary carotenoids, which translates to 0.04g/day. The continuous 

culture produced 0.15g of secondary carotenoid/ AAPSTM/day making it nearly four 

times more productive. This is despite the fact that each of the two-phase encystment 

cultures received a higher daily irradiance (Figure 5.10) than the continuous culture 

(which received 6.17x10
8 

llmollm2/day during the 10% (v/v) renewal phase). The 

continuous culture was exposed to similar mean and maximum temperatures (Tahle 

5.10) as the four encystment cultures (Figure 5.13). It differed in that the minimum 

temperature that it was exposed to was 14°C, whereas the encystment cultures were 

exposed to temperatures falling as low as 6°C. Higher temperatures have been shown to 

induce carotenogenesis in Haematococcus (Borowitzka ('t al 1991, l~jahjono ct III 

1994). 

Although the continuous culture produced carotenoid-rich cells in a single phase 

system outdoors this was highly climate dependent. The figures given here arc the 

mean productivities over the IS days of the 10% (v/v) renewal period. In fact, after the 

235 



first five days of feeding the carotenoid content of the culture began to drop; although 

there was no increase in the urea content of the culture. This drop was co-incidental 

with a decrease in the irradiance received by the culture. The decrease in the proportion 

of aplanospores could also be due to the continuous nature of the culture. When the 

continuous feed started the culture was largely made up of aplanospores (Figure 5.20), 

which upon the commencement of the continuous feed were slowly removed from the 

culture. The culture was actively dividing to replace these cells with a mixture of 

aplanospores and zooids. It is therefore possible that if the culture were allowed to 

approach equilibrium this change in the culture dynamics would have continued until it 

reached a steady state popUlation, irrespective of the climatic conditions. 

5.5. Conclusions 

Continuous culture of H. pluvialis produced carotenoid-rich cells using both the 

single-phase and two-phase approach. The culture of the alga outdoors resulted in a 

higher productivity and a greater yield of astaxanthin. However, it is highly likely that 

the biomass yield of an indoor grown culture could be improvcd by the optimisation of 

the lighting that the system used. 

Both a 10% (v/v) and 20% (v/v) renewal regimc were tested in the single-phase 

system. The data revealed that H. pluvia/is, in the AAPSTM, was only capablc of 

sustaining production at <20% (v/v) and possibly as low as 1O(}f, (v/v). This is 

supported by the work of Clarkson et al (2001). They determined that in a small-scale 

continuous culture of H. pluvialis the highest cellular productivitics were attained at a 

renewal rate of 10.80-12.96% (v/v). At a renewal rate of l7.2H% (v/v) the cell (.iL'nsity 

and productivity dropped. 
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Both strategies produced carotenoid-rich cultures of Haenwtococcus, although 

the single-phase production method was shown to be a more efficient system, 

producing twice the number of cells per day and four times the volume (mg/l) of 

secondary carotenoids. However, the outdoor method of production is limited by the 

climate that the culture is grown in and therefore may be better suited to conditions 

with a higher number of sunshine hours and total in-adiance. 
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6. Conclusions 

6.1. Introduction 

The previous three chapters have detailed the development of a novel tubular 

photobioreactor, and an assessment of the viability of using the system to produce the 

alga H. piul'ialis. This chapter summarises the performance of the tubular 

photobioreactor with relation to the production of carotenoid-rich 1I. 1'11I1'ia/is. 

Attention shall also be given to the potential for scale-up of this methodology for 

commercial production, and to suggestions for further work. 

6.2. Development of the novel tubular photobioreactor 

Four successive tubular photobioreactors were developed; each with a helically 

arranged photostage driven by an airlift pump. The configuration of the photostage as a 

helix had a number of advantages over other arrangements. A helix enables the lise of a 

very long length of tubing in the photostage while minimising the area of land lIsed and 

maximising the amount of irradiance falling on the tube (Borowitzka 1994, Lee 1l)~6). 

The helical arrangement is also beneficial as it generates a turbulent flow pattern, which 

improves mixing (Borowitzka 1994, Carlozzi and Torzillo I <)<)6). This results in the 

movement of the algal cells through the light regime within the photostage which 

maximises the amount of light that each cell is exposed to (Molina Grima cf lit 2 ()()() , 

Janssen ef al 2000). Turbulent mixing also reduces thc boundary layer between the 

algal cells and the media, which acts to increase the rate of exchange of nutrients and 

gases (Grobbelaar 1994). Anothcr advantage of the helix is that there an: no sudden 

changes in flow direction as the algae move through the photostage. In otllL'r tubing 



arrangements sudden changes In flow can result In algal accumulation (Borowitzka 

1994). 

Problems with the initial photobioreactors (TBR 1 and TBR2) in terms of their 

photostage flow rate and mixing led to the development of the AAPSTM 1. The design of 

this system differed from the first two in that it had a longer riser with a larger cross 

sectional area, which resulted in an improvement in the photostage flow rate and the 

mass transfer of the system (Merchuck and Siegel 1988, Bentifraouinc cl (II 1(97). 

Although the system had twice the volume of either TBR 1 or TBR2 thc length of each 

winding in the photostage was shorter. This was achieved by the introduction of a 

manifold assembly, which meant that the photostage was made up of three separate 

lengths of tubing. Therefore the cells were more frequently returned to the riser/header 

tank where gas transfer occuned than would have been the case if the photostagc was 

made of a single tubing length (Borowitzka 1994, Sanchez Mir6n ('I (II 1(99). This 

enabled the cells to be frequently replenished with CO2 and prevented the huild-up of 

photosynthetic 02. The constant supply of CO2 is vital to maximise the photosynthetic 

rate of the culture. O2 must be removed rapidly to prevent growth inhibition (Garcia 

Camacho el al 1999). 

AAPS™2 was a further development of the AAPSTM 1: it differed in that the 

header tank changed shape from a cylinder to a rectangular hox and pH control using 

C02 was added. The header tank design change was thought to have a detrimental 

affect on the physical performance of the system as it's presence resulted in a reduced 

photostage flow rate and mass transfer coefficient when compared to the AAPSTM I. ThL' 

differences in photostage flow rate and mass transfer would have resulted in different 

light/dark cycles within the photobioreactors as the degree of turbulence in each 

photostage would be different (Molina Grima el (II 2000, Oghonna and Tanaka 20()()). 

239 



It would also have resulted in a difference in the size of the houndary layer betwL'l'n thl' 

cells and media (Grobbelaar 1994). Also as the AAPS™2 had a reduced mass transfer 

coefficient it would have had a reduced rate of CO2 supply and photosynthetic 0., 

removal (Chisti 1989). However the physical performance was still an improvl'llll'nt 

over that seen in TBR I and TBR2. 

The construction of the header tank of AAPS™ I and AAPS™2 also ditll'rL'd in 

that they were opaque and transparent, respectively. There was also a ditlen:ncl' in 

materials between the two downcomers (AAPSTM I was transparent, AAPS 1M 2 was 

opaque). This difference would have resulted in a change in thc ratio of dark and li~ht 

zones within the photobioreactors, which may have affected productivity (Jansscll (" (il 

2000). In this case however, it is unlikely to have affected the performance !,!rcatly as 

light transmission in the header tank of AAPS™2 and downcolllcr of AAPS1M I would 

have been expected to be negligible when compared to the photostagc. Cultures !,!("O\\'n 

in each of the AAPSTM units had the same percentage residence time in the photllsta!,!c. 

6.3. Production of H. pluvialis 

The changes in the design of the photohioreactor, which rcsulted in 

improvements in the physical performance, also resultcd in an IInprovCll1cnt in thc 

biological performance of the system. TBR2, AAPSTM I and AAPS™2 all sustained tilL' 

cultivation of H. pluvialis and the subsequent accumulation of astaxanthin, howL'\L'r 

TBR2 produced a lower density culture. The reduced growth or the alga in TBR2 \\as 

thought to be caused by poor mixing in the system (as the cells frequently selllL'd ill the 

header tank) and light limitation caused by the configuration of light in!,! around thL' 

photostage. Poor mixing would have rcsulted in a poor rate or exchangc hctwL'l'n thl' 
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algae and the media in terms of nutrients and metabolites, which could have resulted in 

a reduced productivity (Grobbelaar 1994). 

The two AAPSTM designs repeatedly produced cultures of H. p/ul'ia/is with a 

high cell density and carotenoid content. AAPSTMI and AAPS™2 differed from TBR2, 

as they were both sited outdoors where irradiance was not thought to be limiting. The 

irradiance incident on the photostage surface combined with the turbulent mixing 

regime in the photo stage would have acted to supply each cell with an increased 

intercepted irradiance when compared to cells in TBR2. This could act to increase the 

photosynthetic efficiency of the cells (Terry 1986). However exposure to the high 

irradiances in outdoor cultures could also result in photoinhibition of the cultures (Pulz 

1994, Vonshak ef al 1988, Janssen ef 01 2(00). It has been suggested that turbulent 

mixing within a photobioreactor would act the move the cells in and out of the high 

irradiance on the surface of the photostage thereby minimising any photoinhibitory 

effect (Janssen et at 2000). It would be further minimised by movement of the cells in 

and out of dark zones within the photobioreactor (Molina Grima ('/ (/1 2()()O). The 

manifold construction of the AAPSTM photostage resulted in a reduction i II the ti me 

spent by the cells in the photostage when compared to a photostagc constructed of a 

single winding. Cultures grown in the AAPS™ I and AAPS™2 spent - 34(X, of their 

time in the photostage, in comparison cells in TBR2 were resident in the photostage for 

- 59% of the time. Increasing the residence time of the cells in the photostage may also 

limit the time cells would have to recover if exposed to photoinhibitory irradiance. 

AAPSTM 1 was only used in batch operation, whilst AAPS™2 was used for both 

batch growth and continuous production of H. pluvia/is. AAPS™2 proved more 

productive both in terms of biomass and secondary carotenoids when compared to the 

AAPS™ I in batch operation. This was despite the apparent detrimental effect of the 
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change in design on the flow rate and mass transfer of this system (section 6.2). This 

suggests that their level may not be critical once a certain threshold value is reached. It 

is also possible that the difference in performance was climatic, as each of the cultures 

was grown at a different time of year. Further work is clearly needed in order to 

elucidate the effect of short-term and long-term changes in certain environmental 

variables, e.g. irradiance, temperature, and day-length, on algal productivity in the 

AAPS™. Nevertheless it is clear that the AAPSTM can be used as a platform for the 

cultivation of H. plul'iali.l'. 

6.3.1. Batch production 

H. plul'ialis was cultured in modified BBM (Tsavalos 1(95), with both a high 

[N) (3.00mM urea) and low IN) (O.7SmM urea). The high IN] media produced a culture 

with a higher cell density but the carotenoid content per cell was much reduced \'.'hen 

compared to cells grown in the low [NJ media. The culture produced from the high I N I 

media however did contain a higher carotenoid content per volume of media due to the 

higher number of cells. The production of a greater number of cells could haw 

protected the culture as a whole from becoming photoinhibited (Richmond 200()). A 

greater number of cells in the culture would result in a higher degree of cell shading, 

this would result in a heterogeneous irradiance within the photohioreactor (Acien 

Fernandez et al 1998). It would also result in a reduction in the irradiancc received per 

cell, which would consequently increase the irradiance the system could receive bef()re 

the culture became photoinhibited. 

The best performing low [N] culture proved to be lOx more productive in terms 

of secondary carotenoids but produced only -30% of the cell hiomass when compared 

to the best performing high [N] culture. Both were cultured outdoors at till' same time 
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of year (Cultures five and six, Chapter 4, Tablc 4.14). This indicates that the increased 

nitrogen content of thc high [N] media slowed the ratc of carotenoid accumulatioll 

within the cells. 

The yield of secondary carotenoids in the low I N I mcdia was 3.XWk (w/dw, 

after 18 days), in the high INI media it was 3.00% (w/dw, after 4X days). These results 

compare favourably with published information on commercial ventures. Olaiwla 

(2000) reports a carotenoid yield at harvest of 3(,k) (w/dw) (Aquaseach Inc, Hawaii, 

USA), whereas Lorenz and Cysewski (2000) report yields of 1.5-3(,~, (w/dw) 

(Cyanotech Corp. Hawaii, USA). The carotenoid yield is greater than other reported 

data (e.g. 1.4% (w/dw), Gudin and Thepenier 19X6). 

Typically, carotenoid accumulation occurs when the cells are in the stationary 

phase of growth (Droop 1954, Boussiba and Vonshak 1991, Zlotnik £'/ (1/ 1993). In the 

AAPS™ I sited outdoors it was noted to occur while the culture was still ill the 

exponential phase of growth. Carotenogenesis began on day six while the cells were 

clcarly still in the exponential phase of growth and resulted in thc production of 

carotenoid-rich zooid cells. Initially the culturc was a homogeneous population of red 

zooids (macrozooids, see Chapter I and Elliott 1934), as it aged and reached tht: t:nd nr 

the exponential growth phase the population became a mixture of red zooids and 

aplanospores. Unlike the outdoor continuous culturc no germination of aplallospol'l.'s 

was noted. The production of red zooids was thought to bc duc to the high irradiance 

that the cells were exposed rather than a lack of nitrogen (which would calise cessation 

of growth). It is widely accepted that one of the main triggers of carotenogenesis is high 

irradiance (Droop 1955, Kobayashi ('/ a/ 1992, Fabregas ('/ (1/ 199X). In growing 

cultures in has been observed that the rate of acclllllulation within a IIU('lIIlIfOC(JCClis 

culture is determined by the photon flux density (PFD) that the cells were exposed to 
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rather than the absorbed light energy (Lee and Soh 1991). Chaumont and Thepenier 

(1995) recorded red zooid cells in continuous culture when cultured outdoors. They 

noted that the carotenoid content doubled between 7-11 am, the concentration then 

decreased with decreasing irradiance in the afternoon. 

6.3.2. Continuous production 

Continuous production of H. pllll'ialis proved to be a higher yielding system, in 

terms of biomass, than batch production. Two approaches to this form of culture were 

tested. The first was a two-phase method using an indoor AAPS™2 to produce the 

biomass and then transferring the cells outdoors for the carotenoid accumulation phase. 

In the second approach both cell and carotenoid production occurred outdoors. 

6.3.2.1. Two-phase production 

In two-phase production the algal cells were produced using an AAPS1M2 that 

had been configured for continuous production. It was sited indoors using artificial 

lighting in a temperature controlled room. The culture was thought to he light-limited 

due to its slow growth rate (Acien Ferminadez et at 1998). 

Cells produced from the system were concentrated (which removed a large 

proportion of the nitrogen rich media), and then resuspended in tap water in a second 

AAPS™2 that was sited outdoors. Four successive carotenoid-rich cultures were 

produced using this method, producing - O.04g carotenoid/ AAPS 1M/day. The 

carotenoid productivity of each culture was found to be affected hy the irratiiallce 

received and temperature. The addition of NaCI (as a stimulant of carotenogellesis) was 

also found to result in extremely high cell mortality as had been previollsly shown hy 

Droop (1955) and Harker et al (1996a). 
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Current commercial ventures based in Hawaii, USA, use the two-phase 

approach. Cyanotech Corp. produces vegetative cells under 'ncar optimal' growth 

conditions, carotenogenesis is then induced using nitrogen and phosphate deprivation, 

increased temperature and irradiance or by the addition of NaCI. Typically it take three 

to five days to produce cells which contain 1.5-3% (w/dw) astaxanthin as dry weight 

(Lorenz and Cysewski 20(0). Aquaseach Inc, also based in Hawaii, use a tubular 

photobioreactor to produce biomass which is then transferred to ponds where 

carotenogenesls is induced. After a five-day induction period the cells are harvested 

and typically contain >2.5% (w/dw) astaxanthin (Olaizola lOO(). 

6.3.2.2. Single-phase production 

The operation of a continuous culture outdoors resulted in the continuous 

production of H. pluvialis cells that were rich in secondary carotenoids. This system 

was operated at the same renewal rate as the continuous stage of the two-phase system 

and resulted in a higher productivity both in terms of biomass (twice the llllmhn of 

cells per day) and carotenoids (nearly four times the weight per day). The improvement 

in cellular productivity when compared to the indoor continuous culture is though to he 

due to the increased irradiance which when combined with the turbulent now in the 

photostage maximises the irradiance received per cell (Acien Fernanadez ('/ (1/ 1l)l)X. 

Molina Grima c/ (II 1996). 

Carotenoid productivity in the continuous culture was highly climate dependent; 

a drop in the irradiance resulted in a drop in the carotenoid content. Chaumont and 

Thepenier (1995) also observed this in continuous culture over the course of a Jay­

night cycle. They noted that the carotenoid content of a culture inneased with 
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irradiance during the day. Towards evening when the irradiance began to decrease the 

carotenoid content of the culture was also seen to decrease. 

6.4. Scale-up of H. piuvialis culture 

In the scale up of a biological process it is important to realise that a process 

that has worked at laboratory scale may fail at a greater volume if attention is not paid 

to certain important design features. The liquid flow rate achieved in the photostage is 

of key importance. On scale-up a reduction in the flow rate within the photobioreactor 

can result in a reduced yield (Watanabe ef al 1998). Also of importance is the 

maintenance of the culture depth and tubing diameter, changes in the culture depth 

could impact on light transmittance and consequently on culture productivity 

(Kobayashi and Fujita 1997). The mass transfer coefficient and the ratio of light to dark 

areas as well as the residence time in these sections of the photobioreactor should also 

be maintained (Chisti 1989), as should the ratio of surface area to volume of the 

photobioreactor (Tsygankov ef al 1997). 

The two AAPS™ used for this study had working volumes of 651 (AAPS1MI) 

and 551 (AAPS™2). They represent the transition from laboratory to the first stage of 

scale-up. Commercial production would mean the operation of a plant containing many 

thousands of litres (Benemann 1990, Borowitzka 1994). Before systems of that volume 

are constructed it is important to construct systems at intermediate stages so that 

problems can be identified and tackled before a large monetary investment has been 

made. Borowitzka and Borowitzka (1989) have found that scale-up by a series of steps. 

each representing an approximate increase factor of 10, was the most manageahle in 

biological and engineering terms, and yielded fewer surprises. 
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At each stage in the scale-up process attention must be paid to the key design 

features. As previously discussed in Chapter 3 perhaps the most important parameter is 

the length of tubing in the photostage. Larger volume systems require greater lengths of 

tubing in the photostage, this knowledge led to the development of the AAPSTM 

manifold systems, which improved the scalability of the system. Therefore careful 

attention must be paid to gas transfer as excessive lengths of tuhing Illay result in a 

build up of photosynthetic 0], which would cause photoinhihition in the culture. This 

was thought to be the cause of the failure of a large-scale growth facility in Spain 

(Camacho Rubio el al 1999). Awareness of this potential problem means that the scakd 

up system can be engineered to minimise the lengths of tubing in the photostage. This 

could be achieved by introducing further windings into the manifold; for example by 

increasing the three windings used in the AAPS™ I and AAPS™2 to five (I. Burbidge 

pers. comm.). 

Another point for consideration, as mentioned above, is the fluid flow rate in the 

photostage and around the system. A reduced flow rate may result in cell settling (Terry 

and Raymond 1985) and reduced turbulence which would be detrimental for growth 

both in terms of the light received per cell (Eriksen el al 1996, Molina Grima ('I til 

1999) and the rate of transfer of nutrients and gases from the culture mediulll to each 

cell (Grobbelaar 1994). Attention must be paid to the physical factors such as the gas 

hold-Up differential between the riser and downcomer (Chisti 19H9) and the huhhk 

regime in the riser (Hsiun and Wu 1995) as they are of key importance in determining 

the fluid flow rate. Also of importance are the riser cross-sectional area and the bubble 

density, which is affected by the sparger design (Chisti el al 19XH, Hebrard ('I til ll)l)(). 

A further factor that is important in the design of larger scale systems is the 

ratio of the photostage, riser and header tank volumes (Chisti 19X9, Benyahia and Jones 
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1997). This ratio is important as the time spent by the culture in each of the wnes will 

directly affect the growth and productivity of the culture. This is hecause each of the 

zones has an important function, the riser and header tank are important for gas transfer 

(Pirt et al 1983) whereas the photostage is the main site of light interception 

(Borowitzka and Borozitzka 1989, Lee and Low 1991, Watanabe et (111995). 

6.5. Further work 

The work that leads from the research discussed in the previous chapters forms 

two major sections, (i) the further assessment of the hydrodynamics of the system ami 

consequent design alterations and (ii) validation and development of the hiological 

production of H. pllll'ia!is. 

6.5.1. Hydrodynamics of the photobioreactor 

6.5.1.1. Sparger 

In each system the sparger plate was positioned just helow the point at which 

the return manifold (see Chapter 3) joined to the riser (Figure 6.1.). This however may 

not the best positioning of the sparger because the fluid entering for the manifold 

causes a maldistribution of the bubble stream onto the wall of the riser, which reduces 

the interfacial area and consequently the mass transfer. Chisti (1989) fOllnd that lIsing a 

sparger of the design shown in figure 6.1. the bubble stream could be optimised. Chisti 

alsO noted that no settling occurred around this type of sparger up to a solids density of 

30g/l, though it would have to be tested using H. plul'ialis to confirm this. 

The type of sparger used could also be further developed. All four systems used 

a plate type sparger, which is a disc that has a number of holes of uniform size drilled 
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into it. There are a number of other sparger designs including the porous disc. The type 

of sparger design used has been found to have a significant effect on the 

hydrodynamics of a system (Hebrard ef (II 1996). 

D o J) 

o 

c 

A A 

Design of sparger in 
AAPSTM 

Theoretical design 

Figure 6.1. Sparger configuration (adapted from Chisti 19H9) 

A Air inlet 

B Sparger plate 

C Entry from return manifold 

D Riser 

c 

In future work it would also be important to measure the pressure of air going 

into the system as well as the air flow rate. 

6.5.1.2. Assessment of fluid flow 

The fluid flow rate of each of the four pho(obioreac(ors was measured ill this 

study, however for scale up further information 011 the behaviour of the fluid around (he 

system would be invaluable. Methodology that could be employed includes the lise or 

249 



dyes to visualise the flow patterns (Chisti and Moo-Young 19H7) and the lise of a 

conductivity probe to measure the flow in the downcomcr (Bentrifraouine e( (// 19(7). 

It would also be beneficial to measure the gas hold-up in the downcoll1er as this is of 

key importance in determining the flow rate around the system (Chisti Il)Xl)). 

6.5.1.3. Mixing 

As an airlift system, mixing in the AAPSTM was achievcd by the addition or 

compressed air. Airlift systems can be difficult to control, as a change in the rhcology 

of the media during growth results in a change in the riser dynamics from perfect 

bubbly to slug flow (see Chapter 3 and Hebrard et at 19(6). This could have a serious 

effect on the physical performance of the system and conscquently on thc growth of the 

culture as there is little that can be done and the culture may bc lost duc to a reduction 

in the fluid flow rate and mass transfer (Chisti 1989, Watanabe C( (1/ 199X). Also for 

this reason anti-foaming agents cannot be used in this type of airlift design as they act 

by reducing bubble wall strength which increases coalescence thereby encouraging the 

formation of slug flow in the riser (Ghosh et ([/ 1993, Al-Masry and Dukkan 19(7). 

Coalescence in the riser of the AAPSTM 1 was noted to occur aftcr the addition of an 

anti-foam agent (data not shown). 

6.5.1.4. Mass transfer 

The most important further study that could be carried out in relation to mass 

transfer would be to alter the configuration of the present systems to allow the insertion 

of a dissolved oxygen probe in the riser, downcomcr and photostage as well as the two 

manifolds. This would enable the determination of mass transfer at different parts of the 

system, rather than in the header tank as in this study. Benyahia and Jones (1997) 
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demonstrated that there can be up to a 20% variation in mass transfer depending on the 

point of measurement within an air-lift photobioreactor. 

It would also be important to carry out mass transfer determinations with the 

algae present in the system to determine how the presence of cells affects mass transfer. 

Contreras et al (1998) found that KLa declined with increasing solids concentration in a 

culture of P/weodacty/ulll tricomutlllll. 

6.5.2. Biological performance 

6.5.2.1. Photosynthetic efficiency and photoinhibition 

Measurement of CO~ and O2 concentrations in the culture could be lIsed to 

determine the photosynthetic efficiency of the culture. Continuous measurement of the 

C02 and 02 levels in the out-gas in this study using a gas analyser was not possible due 

to the high rate of ambient airflow though the airlift. This effectively 'swamped' the 

expected changes in the C02 and O2 levels due to the algal culture. Measurements 

could also be correlated with irradiance measurements to determine the irradiance at 

which Haematococclls becomes photoinhibited. C02 and O2 measurements arollnd the 

AAPSTM could also be used to determine the optimal point at which to inject CO~ for 

maximal diffusion into the media. The data-logging of the CO2 and O2 concentrations 

would give a better understanding of the behaviour of H. pluvia/is over the course of a 

day-night cycle and also over the course of thc culture period with relation to the 

climatic conditions. 

The 002 status of a culture may also be of importance in the accumulation of 

secondary carotenoids. Lee and Ding (1995) demonstrated that oxygen stress is a major 

factor in the induction of carotenogenesis. A high dissolved O2 partial pressure (1'DO.,) 

was seen to offer a non-destructive means to enhance astaxanthin productivity. 
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6.5.2.2. Lighting 

The configuration of artificial lighting used to illuminate the photostages of the 

tubular photobioreactors indoors required further study. By developing a more efficient 

lighting system (constant illumination around the photostage) the optimum irradiance 

for growth in the AAPSTM could be determined. Parallel studies (A. Ince, pers.com.) 

have developed a lighting rig that evenly illuminates the entire photostage at ~ 

120Jlmollm2/s. The photostage light path (25mm) is similar to that seen in shake-flask 

culture. Light transmission properties may therefore be expected to be similar at any 

given density of algal culture, although due to mixing differences in the two vessels the 

proportion of time the cells are illuminated for may differ. 

6.5.2.3. Data acquisition 

The on-line monitoring of parameters such as the pH and rate and volume of 

C02 usage is an important consideration. CO2 usage is of particular interest as the 

process is scaled-up as C02 is costly and minimising its use would reduce the total cost 

of production (Camacho Rubio et al 1999). The direct measurement of growth and 

pigment content in the reactor, using optical density sensors, could be used with 

climatic data to develop a computer model of the process (N. Clarkson, K. Jones. AJ. 

Young, pel's. com). This would be of importance in process optimisation. The 

continuous monitoring of these parameters could also be used to assess the behaviour 

of a culture over a light cycle. Chaumont and Thepenier (1995) noted that the 

secondary carotenoid content of a culture changed with changing irradiance over thc 

course of a day. This may have implications commercially in determining the timc of 

harvest in order to maximise the yield. 
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Appendix la 

BBM recipe 

Before sterilisation the pH of the media was adjusted to 7 using 4M NaOl1. 

Stock Solutions 

Urea CO(NH2h 

At O.75mM (4.5g/l) 

At 3.0mM (l8g/l) 

MgS04.7H20 (7.5 gil) 

NaCI (2.5 gIl) 

K,HPO .. (9.8g/l) 

KH2PO .. (l7.5gll) 

CaCb.2H20 (2.5 gil) 

Trace Element Solution 

(Autoclaved to dissolve) 

ZnS04.7H20 (8.82 gil) 

MnCh.4H20 (1.44 gil) 

MoO] (O.7Ig/l) 

CUS04.5 H20 (1.57 gil) 

CO(N03b6H20 (0.49 gil) 

EDTA-KOH Solution 

EDT A (50g/l) 

KOH (31 gIl) 

Boric acid Solution 

H 1BO.1 (11.42 gIl) 

Iron Solution 

FeS04.7H20 (5 gil) 

Citric acid (5g/l) 
L.._ 

Volume of stocks for I litre of Illodified BBM 

e with distilkd watcr). 

IOml 

(made up to I litr 

I Oml 

I Oml 

I Oml 

I o III I 
-- -~~ -

I Oml 
------~--.-~ --

Iml 

---

I 1111 

------------ ------

I 1111 

------_ .. --

I III I 

---_.----
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Appendix Ib 

BBM supplementation for the germination of aplanosporcs 

pH of the media was adjusted to 7 using 4M NaOH. 

---- -----_._-

Urea CO(NH2)2 l.XOg 

MgS04.7H20 O.075g 

NaCI O.025g 

K2HP04 O.09Xg 

KH2P04 O.175g 

--

CaCb.2H2O O.025g 

Trace Element Solution 11111 

EDTA-KOH Solution Iml 

-.-~---

Boric acid Solution 11111 

Iron Solution Iml 

Distilled water 46ml 

See AppendIX la lor solutIon recIpes 
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BBM supplementation (-P04) for the genllination of 

aplanospores 

pH of the media was adjusted to 7 using 4M NaOH. 

---

Urea CO(NH2h I. KOg 

MgS04. 7H20 (U)75g 

. __ ._-----_.--- _ .. 

NaCI O.025g 

~-

CaCb2H20 (U)25g 

--------

Trace Element Solution 1m I 

-~----- -- -- ._---

EDTA-KOH Solution 1ml 

--------

Boric acid Solution 1ml 

_._---------

Iron Solution 1ml 

---------

Distilled water 46ml 

--- -~---------

See AppendIx la for solutIon recIpes 

Urea plus trace elements supplementation for thl' 

germination of aplanospores 

------------r------------------ -- ----
Urea CO(NH2b I.XOg 

-------=-::-----:-----t----~----~----- -
-Trace Element Solution Iml 

+-------~----

Distilled water 491111 

-----'-------~---- ----.. ----

See Appendix la for solution recipe 



Appendix 2a. Climatic conditions 

27th August to 13th October 1999. 

The graphs below show the irradiancc (PAR) and air temperatllrL' ("C) IllL' .. -.lIrcd 

during culture five and six in the AAPS™2. Measurements WClC tdhcll l'\Cry 1.') 

minutes 24hours a day for the duration of the cultures. 

Key. ----- Photosynthetically active radiation (PAR, IlIl1ol/m]/s) 

_-Air temperature (OC) 
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Appendix 2b. Climatic conditions 

220d October to 16th December 

1999. 

The graphs below show the irradiancc (PAR) and air temperature 11IL'''\llrcd 

during culture seven and eight in the AAPS™2. Measuremellts WLTC takcll C\L'(\ I:" 

minutes 24hours a day for the duration of the cultures. 

K _____ Photosynthetically active radiation (PAR, Ilmol/1l12/s) ey. ~ 

_Air temperature (OC) 
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Appendix 2c. Climatic conditions 

12th July until 29th August 2000. 

The graphs below show the irradiance (PAR, ),llllol/m 2/s), air Icm(Jnature and 

culture temperature (ac) measured the single-phase continuous culture of II. 1'/III'itl/il. 

Measurements were taken every 15 minutes 24hours a day for the duratiull llt' thl' 

cultures. 
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Temperature. ----- Culture temperature (OC) 

__ Air temperature (OC) 
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