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PREFACE 

This volume contains progress reports presented by the Aquatic Species Program 
subcontractors and SERl researchers a t  the SERl Biomass Program Review held in 
Boulder, Colorado, April 4, 1984. These reports present and discuss research advances 
achieved by the program participants during the preceding year. The SERI Biomass 
Program receives its funding through the Biomass h e r g y  Technology Division of the 
Department of Energy. 
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The production of microalgal biomass has been studied for about 4 decades. Its potential 
t o  provide food, feed, and energy for mankind has been the reason for increasing interest 
in these organisms. Microalgae also contain high amounts of f a t s  and oils ( lipids). They 
are  produced by direct use of the sun's energy via photosynthesis. In principle, lipids 
from microalgae a re  suitable for  refining into conventional liquid fuels. Indeed, in the  
past, biological oils have been refined t o  fuels during shortages in petroleum supply. In 
1980, Aaronson and Dubinsky proposed using saline water resources in arid lands t o  
produce microalgae for oils. They also projected that  these microalgal oils could be used 
as a source of fuel. 

The purpose of the Aquatic Species program is t o  improve the productivity, conversion t o  
fuels, and cost efficiency of aquatic plant species for energy. The emphasis of t h e  
program is on developing oil-yielding microalgae which will grow in the saline waters of 
the desert in the  American Southwest. To meet this objective, research is carried out 
under three tasks: biological, engineering, and analysis. The principal objectives of the 
biological task are (1) t o  conduct a comprehensive and complete screening activity that  
will result in the  selection of the  best microalgae strains for production of fuels; (2) t o  
establish a gene pool so tha t  species can be improved through agronomic means; and (3) 
t o  develop techniques that  will result in enhancing the yields of the desired fuel 
product. Engineering research is concerned with integrating biological concepts with 
engineering principals t o  develop the most cost-effective microalgal culture 
technology. Work is concentrated on developing culture management strategies and 
required subsystems such as harvesting technologies. Analysis supports the technology 
development through cost goal determination, resource assessment, and technology 
evaluation. The program also supports the development of macroalgae culture for 
methane gas or alcohols. 



COMPARATIVE STUDIES ON THE CARBOHYDRATE COMPOSITION 
OF MARINE MACROALGAE 

R. W. Mack 
Biology Department 

Jackson S t a t e  Univers i ty  
Jackson, MS 39217 

INTRODUCTION 

The o b j e c t i v e  of t h i s  subcont rac t  is  t o  eva lua t e  carbohydrates  from macroalgae 
common t o  t h e  Gulf of Mexico. Information from t h e s e  ana lyses  s h a l l  be  used 
t o  provide an i n d i c a t i o n  of t h e  f e a s a b i l i t y  of fermenting macroalgae t o  ethanol .  
Knowledge of t h e  carbohydrates  and sugars  s h a l l  a l low assessment of requi red  
pre t rea tments  and u t i l i z a t i o n  e f f i c i e n c i e s  i n  convert ing a l g a l  feeds tocks  t o  
ethanol .  

The work under t h i s  subcont rac t  s h a l l  provide an  annotated b ib l iography t o  
re ferences  on macroalgal carbohydrates  and a n a l y t i c a l  techniques app l i cab le  
t o  de te rmina t ion  of t h e s e  carbohydrates .  A pro toco l  s h a l l  be developed t h a t  
w i l l  b e  a guide f o r  a n a l y s i s  of t h e s e  carbohydrates  i n  a format t h a t  w i l l  a l low 
eva lua t ion  of t h e s e  carbohydrates  f o r  fermentat ion t o  ethanol .  F i n a l l y ,  macro- 
a lgae  common t o  t h e  Gulf of  Mexico s h a l l  be obtained and analyzed f o r  chemical 
composition w i t h  an emphasis on carbohydrates.  

METHODOLOGY 

The macroalgae u t i l i z e d  i n  t h i s  i n v e s t i g a t i o n  w i l l  be  r e p r e s e n t a t i v e  of t h e  
d i v i s i o n s  Phaeophyta, Rhodophyta and Chlorophyta. Carbohydrates from each 
spec i e s  w i l l  be  ex t r ac t ed ,  f r a c t i o n a t e d  and analyzed f o r  chemical composition. 
Schemes f o r  t h e  t o t a l  e x t r a c t i o n  of carbohydrates  and s e l e c t i v e  f r a c t i o n a t i o n  
of carbohydrates  a r e  as shown i n  f i g u r e s  1 and 2, r e spec t ive ly .  Spectrophoto- 
metry and chromotography w i l l  be  t h e  methods f o r  chemical ana lyses  of carbo- 
hydra te  f r a c t i o n s .  

PROGRESS AND PROJECTIONS 

The i n i t i a l  t h r e e  months (November 1983 - February 1984) of t h e  p r o j e c t  were 
r e l ega t ed  t o  t h e  development of an  annotated bibl iography r e l a t i v e  t o  carbo- 
hydra tes  of marine rnacroalgae. P re sen t ly  (March - A p r i l  1984),  va r ious  
a n a l y t i c a l  p ro tocols  f o r  t h e  e x t r a c t i o n ,  f r a c t i o n a t i o n  and chemical ana lyses  
of carbohydrates  a r e  being compared f o r  e f f i c i ency .  Subsequently, dur ing  
t h e  l a s t  phase of t h e  subcont rac t  (May - October 1984),  t h e  most app ropr i a t e  
pro tocol  w i l l  b e  u t i l i z e d  t o  ana lyze  a t  l e a s t  s i x  spec i e s  of macroalgae. 
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CULTURAL REQUIREMENTS, YIELDS, AND 
LIGHT UTILIZATION EFFICIENCIES OF 

SOME DESERT SALINE MICROALGAE 

W.H. Thomas, D.L.R. Se ibe r t ,  M. Alden, and P. Eldridge 

Phy top1 ankton Re sources Group 
I n s t i t u t e  of Marine Resources 

Scripps I n s t i t u t i o n  of Oceanography 
Universi ty of Cal i forn ia ,  San Diego 

La J o l l a ,  Ca l i fo rn ia  92093 

Approximately 100 s t r a i n s  of microalgae were i so la t ed  from sa l ine  
waters  of the d e s e r t s  of e a s t e r  Ca l i fo rn ia  and western Nevada. The 
growth of 42 s t r a i n s  i n  a r t i f i c i a l  media was estimated v i sua l ly .  
Thi r ty  one i s o l a t e s  gxew well; seven s t r a i n s  showed moderate growth; 
and the  o thers  grew only poorly. I n  6 - l i t e r  mass cu l tu res ,  roughly 
ca c u l a t  d  y i e l d s  of 9  i s o l a t e s  ranged from 11.5 t o  45.8 gm dry weight -1 -r m day as ing  e i t h e r  n i t r a t e  or  urea as n i t rogen sources. Most cul- 
t u r e s  did not grow on ammonium a t  the high pH l e v e l s  of these media. 
Depending on the species  tes ted ,  e igh t  of these algae grew a t  tempera- 
t u r e s  ranging from 11-35O~, but bes t  growth was a t  20-25'~. Since the 
algae were i s o l a t e d  from waters of varying s a l i n i t y ,  they a l so  had 
varying s a l i n i t y  reqairements, ba t  general ly grew bes t  a t  the s a l i n i t y  
p reva i l ing  i n  the  waters from which they were taken. They grew poorly 
i n  completely f r e s h  water. I n  two experiments t e s t i n g  growth a t  vary- 
ing l i g h t  i n t e n s i t i e s ,  Ankistrodesmus f a l c a t u s  and O o c ~ s t i s  p u s i l l a  
grew bes t  a t  50-6m of the maxim sunl ight  i r radiance  reported f o r  La 
J o l l a  --225 t o  270 c a l  d  y - r  A t  these l i g h t  l e v e l s  the y i e l d  of 
Ankistrodesmus was 21.9 gm m-' day-' and t h a t  of O o c ~ s t i s  was 25.7 gm - 
m daym'. Corresponding e f f i c i e n c i e s  of u t i l i z a t i o n  of l i g h t  i n  the 
photosynthet ica l ly  ac t ive  spec t ra l  range were 4.9% and 5.75, respec- 
t i ve ly .  I n  one experiment t o  maximize y i e l d s  of Ankistrodesmus as ing  
c u l t u r e  chambers of vaxying thickness,  he y i  Ids  i n  5- and 10-cm 
thick cu l to res  were 18.8 and 26.3 gm mi day-'. respect ive ly .  I n  a  
second experiment. y i e l d s  in 5- 10- and 15-cm th ick  cu l tu res  were 
41.1, 40.2, and 52.7 gm d dayL1, respect ive ly .  



INlRODUcr ION 

Since they have abundant resources of land, sunlight ,  and sa l ine  water 
which cannot general ly be used f o r  conventional ag r i cu l tu re ,  the  Amer- 
ican dese r t s  a r e  an a t t r a c t i v e  area  i n  which t o  loca te  outdoor f a c i l i -  
t i e s  f o r  growing microalgae as energy and/or food and fodder 
resources. The concept of u t i l i z i n g  d e s e r t  a reas  f o r  these purposes 
has been previously described (1). 

Algal Yields 

Yields of microalgal cu l tu res  both i n  the  laboratory and i n  outdoor 
ponds have been summarized p eviou l y  (2,3,4,5).  Generally y i e l d s  a r e  -5 -1 repor e d a s  dry weight m day ( f u l t i p l  by 1.4 f o r  tons -1 - acre  year  'and by 3.7 f o r  tons ha- yea;'). 

Yields of 30-40 gm m-2 day-' have been regular ly  achieved, but  average 
y i e l d s  over long periods were somewhat l e s s ,  However, there  i s  on 
repor t  of research i n  which laboratory y i e l d s  of > 700 gm m-2 day -1 
were achieved with the high temperature s t r a i n  of Chlore l la  grown a t  
l i g h t  i n t e n s i t i e s  of about 7x t h a t  of f u l l  noon sunl ight  (6) .  Thus, 
with proper mixing, temperatures, adequate n u t r i e n t s  and CO supplies,  
etc .  it seems poss ib le  t o  'lpush'l a lga l  cu l tu res  t o  very hi& yie lds .  
One might expect t h a t ,  with the development of the r i g h t  technology 
a_nf se lcp t ion  of the  bes t  s t r a i n s  of algae, y i e l d s  i n  excess of 50 p 
m day might be achieved i n  dese r t  outdoor cul tures .  

Ef f i c i enc ies  of ~ i a h t  U t i l i z a t i o n  by Algae. 

Ef f i c i enc ies  of l i g h t  u t i l i z a t i o n  a re  general ly reported a s  the per- 
centage of photosynthet ical ly ac t ive  r ad ia t ion  --light i n  the spec t ra l  
region 400-700nm (PAR)-- t h a t  i s  f ixed  a s  c e l l u l a r  energy ( c a l o r i e s ) .  

Algae are a t t r a c t i v e  a s  a  biomass source, not only because of an t i c i -  
pated high y i e l d s ,  but because they u t i l i z e  l i g h t  a t  e f f i c i e n c i e s  5-7 
times g rea te r  than higher p lan t s  (7 ) .  E f f i c i enc ies  f o r  various algae 
range from about 3% up t o  20% (2,3,4,5,7,8,9).  

0b.i ec t ive s  

The objec t ives  of the  research reported he re in  were 1) t o  measure the 
a w i t i e s  of dese r t  sa l ine  algae t o  grow on a r t i f i c i a l  s a l t s  media 
s h t d a t i n g  the  water from which they were i so la ted;  2)  t o  obta in  rough 
dmta on y i e l d s  i n  larger-scale cu l tu res  t h a t  were aera ted  and grown t o  
v s w  high dens i t i e s ;  3 )  t o  determine the bes t  ranges of temperatures 
and s a l i n i t i e s ;  4 )  t o  measure the l i g h t  in tens i ty  requirements of 
dense cultures;  and 5 )  t o  maximize y i e l d s  by varying cu l tu re  thick- 
ness. This research i s  a  process of se lec t ion  of microalgae from 
dese r t  sa l ine  environments which may be useful  fo r  outdoor mass cul- 
tu res  i n  the  dese r t s  of the southwestern United S ta tes .  



MATERIALS AND METHODS 

F i e l d  Tr ips  

Seven f i e l d  t r i p s  were completed t o  t he  d e s e r t s  of e a s t e r n  Ca l i fo rn i a  
and western Nevada. Figure 1 shows the  general  l oca t ions  t h a t  were 
sampled. These t r i p s  were made t o  two e s t a b l i s h e d  f i e l d  s t a t i o n s :  
the S i e r r a  Nevada Aquatic Research Laboratory (SNARL) run by the 
Univers i ty  of Ca l i fo rn i a  near Mammoth Lakes, Ca l i fo rn i a  and the Deser t  
S tudies  Center (Zzyzx Spr ings)  run by the Ca l i fo rn i a  S t a t e  Univers i ty  
System near Baker, Cal i forn ia .  Various s a l i n e  waters  and s o i l s  were 
sampled from these f i e l d  s t a t i o n s .  

M i c r o a l ~ a l  I s o l a t i o n s  

The growth of a lgae i n  water samples was s t imula ted  by s e t t i n g  up 
enrichment cul t a r e s .  N i t r a t e  (lOpM), phosphate ( I@) ,  s i l  i c a  (10pM) 
and t r a c e  metals  (Chapman formulat ion --see below) were added t o  50 m l  
of n a t a r a l  waters  contained i n  125 m l  f l a sks .  Agar p l a t e s  were a l s o  
prepared from enriched n a t a r a l  water. A t  SNARL, t he se  c u l t u r e s  were 
incubated i n  a  nor th  window ( n a t a r a l  d i f f u s e  l i g h t )  o r  i n  a  l i g h t e d  
incubator a t  the n a t a r a l  temperature and a 12:12 hr 1ight :dark cycle .  
Af te r  growth was apparent the algae were i s o l a t e d  by micropipe t t ing  
and washing of severa l  c e l l s  of the same spec ies  under the inver ted  
microscope. Fur ther  i s o l a t i o n s  were made a t  our La J o l l a  labora tory  
and a l l  i s o l a t i o n s  from the  Zzyzx loca t ions  were made a t  La J o l l a .  
So i l  a lgae were obtained from b iphas i c  s o i l  --Zzyzx medium enrichment 
cu l tu re s .  S o i l  a lgae  were a l s o  obtained from Winogradsky columns (10) 
incubated i n  a  nor th  window a t  La J o l l a .  

Chemical Analyses 

Inorganic chemical analyses  were c a r r i e d  out on these samples by a  
commercial l abora tory ,  E. S. Babcock and Sons, Riverside,  Ca l i fo rn i a .  
The data  were used t o  formnlate a r t i f i c i a l  media s imulat ing each water 
source t h a t  was sampled and from which algae were i so l a t ed .  

Media 

The media formulat ions a r e  presented  i n  Table 1. Thei r  pH was high 
due t o  high l e v e l s  of caxbonate and/or bicarbonate .  Nitrogen sources,  
phosphate, and so lub le  s i l i c a  were added a s  needed f o r  each experi- 
ment. Vitamins (thiamin, b i o t i n ,  and B ) were sometimes added using 
the  f / 2  formulat ion given by Gu i l l a rd  (!f) and t r a c e  metals  and Fe 
were added i n  the  concent ra t ions  suggested f o r  the Mono Lake medium 
designed by D. Chapman (personal  communication). ese t r ace  metal 3 s a l t  concentr t i o n s  were ZnS04'7H20, 84.4 pg l i t e r  ; H3~03,  
600 pg i t ;  C0cl2*6H 0, 150 pg l i ter- ' ;  CnS04, 31.5 pg l i ter- ' ;  
bCl2 '4H ) ,  10 r n l  liter-'; ( N 8 4 ) 2 ~ ~ ~ 4 ,  370 pg l i t e r -  ; and NaFeEDTA, 
10  mg l i t e r -  . A l l  media were f r l t e r  s t e r i l i z e d  through Gelaon 0.22 
pm f i l t e r s  and major and minor n u t r i e n t s  were then added a s e p t i c a l l y .  





TABLE 1 .  Desert Sal ine  Water Media 

Location 

Pond Pond Pyramid Black Owens Walker 
A B Lake Lake Lake Lake 

mg l i t er - '  

3271 4031 

1176 3515 

3 92 1043 3 

28 22 

-- 90.2 

246 1571 

207 4740 

9.48 87.2 

11 42 

508 -- 



b 

TABLE 1 .  (Cont'd) 

Locat ion 

S a l i n e  ZZPZX Armagosa Sperry Harper S a l t  
Val l e y  River  River Lake Creek 

NaCl 

NaHC03 

Na B 0 '10H20 
2 4 7  

NaF 

mg l i t e r - '  

3174 1769 

1327 1008 

1185 666.5 

2 2 . 2  77 .9  

82.6 246.5  

183.4  137.9  

3 652 3112 

339.4 171.52 

17 .6  1 2 . 6  

-- -- 



Algal S t r a i n s  

The var ious  s t r a i n s  of d e s e r t  microalgae t h a t  have been e s t a b l i s h e d  
a r e  given i n  Table 2  along wi th  temperature and s a l i n i t y  da t a  f o r  each 
l o c a t i o n  from which they were i s o l a t e d ,  Not a l l  of the  s t r a i n s  a r e  
nnialgaf. and these await  f u r t h e r  s epa ra t ion  by micropipet t ing.  Most 
of the  s t r a i n s  have been i d e n t i f i e d  t o  genus and only a few of the 
s t r a i n s  which have been ex tens ive ly  inves t iga t ed  have been i d e n t i f i e d  
t o  the  spec ies  l e v e l .  A l l  of these s t r a i n s  a r e  now maintained i n  
a r t i f i c i a l  media. 

Pre 1 iminary Cul t n r e s  

Various s t r a i n s  were grown i n  a r t i f i c i a l  media t o  see which ones gave 
the  bes t  growth. These c u l t u r e s  were contained i n  SO m l  of media i n  
125-ml f l a sks .  The c u l t u r e s  we e  incubated f o r  one week a t  a  cons tan t  
l i g h t  i n t e n s i t y  of 0.05 l y  minmf (PAR) supplied by cool-white f luroes-  
cen t  lamps and a t  a  temperature of 21°C. Light  i n t e n s i t y  was measured 
wi th  a Li-Cor No. 185 meter and a  No. 190-SIB f lat-response sensor. 
Growth was then  es t imated  v i s u a l l y  and r a t e d  +, ++, +++, or  ++++ 
depending on the  growth t h a t  was observed. These r a t i n g s  were always 
done by the  same person t o  keep them l e s s  sub jec t ive  and r e l a t i v e l y  
uniform from c u l t u r e  t o  cu l tu re .  

Mass Cul tures  

Larger s ca l e  c u l t u r e s  of the algae t h a t  showed the  b e s t  growth i n  
prel iminary c u l t u r e s  were e s t ab l i shed  i n  6 l i t e r s  of medium contained 
i n  9 - l i t e  serum b o t t l e s .  The medium was supplemented wi th  20 mg-at - f mg l i t e r  a s  ammonium, n i t r a t e ,  o r  urea and wi th  2  mg-at P m g  l i t e r  -!! 
as K2EP04 .  Trace metals  (Chapman formulat ion)  were added along wi th  
vi tamins (11) .  These c u l t u r e s  were incubated a t  21-22'~ i n  a  water 
ba th  and were i l luminated  from below with cool white Pow rgroove 
f luo rescen t  lamps a t  an i n t e n s i t y  (PAR) of 0.056 ly  mi;'. The l i g h t  
was on a  12:12 h r  1 ight :dark  cycle .  When the c u l t u r e s  became dense 
they were bubbled wi th  1% C02-in-air a t  approximately 2,000 m l   PIP^. 
When growth slowed down, more n u t r i e n t s  were added a t  the o r i g i n a l  
concentrat ions.  Growth was es t imated  d a i l y  by o p t i c a l  dens i ty  meas- 
urements a t  750 nm and by f i l t e r i n g  a1 iquots  onto t a r e d  Whatman GF/C 
g l a s s  f i b e r  f i l t e r s  f o r  c e l l u l a r  dry weight determinat ions.  The 
f i l t e r s  were washed wi th  i so ton ic  ammonium formate so lu t ion ,  Blank 
dry weight f i l t e r s  were prepared by f i l t e r i n g  s t e r i l e  media followed 
by washing wi th  ammonillm formate. The f i l t e r s  were d r i ed  overnight  a t  
70°c and weighed t o  the nea re s t  0.01 mg on a Cahn microbalance. Dry 
weights genera l ly  c o r r e l a t e d  very  we l l  ( r  > 0.9) with o p t i c a l  densi- 
t i e s  and t h i s  r eg re s s ion  r e l a t i o n s h i p  was used i n  subsequent l i g h t  
i n t e n s i t y  experiments ( see  below) t o  ob ta in  d a i l y  es t imates  of dry 
weight increases .  Growth curves were p l o t t e d  from dry weights and 
o p t i c a l  d e n s i t i e s  a s  a func t ion  of time i n  days. A t  high c u l t u r e  den- 
s i t i e s  these p l o t s  were l i n e a r  and r eg res s ion  ana lyses  were used t o  
ob ta in  dry weight changes per  day. These were then transformed t o  
rough y i e l d  f i g u r e s  ovex the  i l luminated  bottom area  of the b o t t l e .  
The y i e l d  da ta  a r e  rough because l i g h t  was received through the  s i d e s  
of the  b o t t l e s  a s  we l l  a s  through t h e i r  bottoms. Roanh l i g h t  



Table 2. Cultures of Desert Algae Isolated and Maintained by the IMR Phytoplankton 
Resources Group. 

Organism Date Water TDS 
Sampled Temp. (gm liter-') 

CALIFORNIA ( SNARL ) 

Owens Lake Unialaal 

OL1-1 Blue-green 
6-1 Blue-green 
OL-10 Cymbella 
4-1 Blue-green 

Owens Lake Not Unialgal 

OL-7 Chaetoceros 
OL-3 Myremecia 
OL- 9 Chaetoceros 

Chae toceros 

Saline Valley Unialaal 

10-2 Dunal iella 
15-1 Dangeardinella 
10-1 Dangeardinel la 
12-1 Dunal iella 

Pond A (Bin Alkali Lake) Unialaal 

PA-3 Nitzschia 
PA-1 Pinnularia 
PA- 5 Coelastrum 
PA-6 Nitz schia 
PA-7 Green flagellate 
PA-8 Nitzschia 

Pond A (Big Alkali Lake) Not Unialaal 

PA-2 Green flagellate 
87-1 Cymbella 

Pond B (Bia Alkali Lake) Unialaal 

PB-1 Chlorella 
W-8 Chlorella 
82-1 Cymbella 

Oct 11 1982 27.5 
Oct 11 1982 27.5 
May 04 1983 16 
Oct 11 1982 27.5 

Oct 11 1982 27.5 
Wayne Armstrong Sample 
Oct 11 1982 27.5 
Oce 11 1982 27.5 

Oct 11 1982 25.4 
Oct 11 1982 25.4 
Oct 11 1982 25.4 
Oct 11 1982 25.4 

Oct 01 1982 9.6 
Apr 30 1983 5 .O 
Jul 03 1983 29.5 
Jul 03 1983 29.5 
Jul 03 1983 29.5 
Jul 03 1983 29.5 

Apr 30 1983 
Oct 01 1983 

Sep 29 1983 
Sep 29 1983 
Sep 29 1983 



84-1 Yellow flagellate 
PB-2 Microcy st is 
PB-5 Chlorella 
PB-6 Oocystis 
PB-7 Cymbella 
PB-9 Nitzschia 

Pond B (Big Alkali Lake) Not Unialnal 

Sep 29 1983 
Apr 30 1983 
Jul 03 1983 
Jul 03 1983 
Jul 03 1983 
Apr 30 1983 

PB-4 Botrycoccas Jnl 03 1983 29.5 

Spring 1 0 / L ( H o t  Spring nearr Big Alkali Lake) Unialgal 

96-1 Chlorella 
97-1 Chlorella 

Black Lake Unialnal 

78-1B Green flagellate 
77-1 Chaetoceros 
BL-3 Nitz schia 

Black Lake Not Unialaal 

78-1A Cymbella 
11-15 Cymbella 
7 6-2 Chaetoceros 

Yell ow flagellate 
7 5-2 Mixture 
BL-1 Nitzschia 
BL-2 Achnanthes 

NEVADA (SNARL) 

Pyramid Lake Unialgal 

Ye1 low round 
Anacystis 
Nannochl or i s 
Ankistrodesmus falcatus 
Syne chococcns 
Nitzschia 
Green flagellate 
Nannochloris 
Green round 
Green ovoid 

Pyramid Lake Not Unialgal 

C-1 Nannochl or i s 
PL-4 Coccoid green 

Oct 0 1  1982 *1.2 
Oct 8 1  1982 e1.2 

Oct 03 1982 13.2 
Oct 03 1982 13.2 
Jnl 02 1983 20.0 

Oct 03 1983 13.2 
Oct 03 1982 13.2 
Oc t  03 1982 13.2 
Oct 03 1982 13.2 
Oct 03 1982 13.2 
Apr 30 1983 1 4  .O 
Apr 30 1983 1 4  .O 

Oct 1 4  1982 
Oct 1 4  1982 
Oct 1 4  1982 
Oct 1 4  1982 
May 1 6  1983 
May 1 6  1983 
May 1 6  1983 
Oct 1 4  1982 
May 1 6  1983 
May 1 6  1983 

Oct 1 4  1982 
May 1 6  1983 



Walker Lake Unialaal 

Cyclotella 
Anacystis 
Oocystis 
Yellow-green flagellate 
Yellow-green flagellate 
Green ovoid 
Green flagellate 
Nitzschia 
Nannochl or i s 
Desmococcas 
Cyclotella 
Chlorococcum 

Oct 05 1983 
Oct 05 1982 
Oct 05 1982 
Oct 05 1982 
Oct 05 1982 
May 17 1983 
May 17 1983 
May 17 1982 
May 17 1983 
May 17 1983 
May 17 1983 
May 17 1983 

Walker Lake Not Unialnal 

33-1 Cyclotella 
3 4-1 Blue-green 
3 5-1 Nannochl or is 
WL-7 Chlorella 

Oct 05 1982 
Oct 05 1982 
Oct 05 1982 
May 17 1983 

Columbus Salt Marsh Unialaal 

47-1 Chlorococcas Oct 13 1982 

Pond #2 off Hinhway 80 Unialnal 

2R80-1 Chlorella 
2R80-2 Nav icnl a 
2R80-3 Chl ore 11 a 

May 17 1983 
May 17 1983 
May 17 1983 

Bin Soda Lake Unialaal 

May 17 1983 
May 17 1983 
May 17 1983 
May 17 1983 
May 17 1983 

BS-1 Nitzschia 
B S-3 Nitzschia 
BS-2 De smococcas 
B S-4 Chlorella 
B S-5 Chlorella 

Lake Tuendae Unialaal 

49-la Chaetoceros 
2-2 Selenastrum 
2-3 Chlorella 
50-1 Yellow round 
5 4-1 Pennate diatom 

Oct 22 1982 
Aag 17 1983 
Ang 17 1983 
Oct 22 1982 
Oct 22 1982 

NC S~rinn Unialaal 

Oct 22 1982 
Oct 22 1982 

Z-1 Chlorella 
64-1 Anacystis 



NC Spring Not Unialgal 

Oct 22 1982 62-1 Green + flagellate 

Harper Lake Unialnal 

HL-2 Oocystis 
HL-6 Small green flagellate 

Feb 03 1983 
Feb 03 1983 

Harper Lake Not Unialnal 

HL-1 Crypt omona s 
HL-3 Oocystis 
HL-4 Oocystis 

Feb 03 1983 
Feb 03 1983 
Feb 03 1983 

Sperry River Unialnal 

SR-1 Coc comyxa Feb 01 1983 

3-BATS Unialnal - 

Oct 22 1982 
Oct 22 1982 

3-BATS Not Unialnal - 
44-1 Chaetoceros Oct 22 1982 

Armagosa River Unialgal 

Feb 01 1983 
Aug 16 1983 
Aug 16 1983 

AR-1 Green flagellate 
AR-2 Nitz schia sigmoida 
AR-3 Nitzschia 

Armagosa River Not Unialnal 

Aug 16 1983 AR-A Cyclotella 

Salt Creek Unialnal 

Aug 16 1983 SC-1 Cyclotella 

MISCELLANEOUS CALIFORNIA CULTURES 

Salton Sea Unialnal 

SS-1 Chaetoceros 
SS-2 Dunal iella 
SS-3 Nitzschia 
SS-4 Dunaliella 
SS-6 Pennate (agar) 
SS-7 Flagellate 

Apr 07 1983 
Apr 07 1983 
Apr 07 1983 
Apr 07 1983 
Apr 07 1983 
Apr 07 1983 



SS-8 Cryptomonad 
SS-9 Botryococcus 
SS-10 Green oval 
SS-11 Dunaliella 

Salton Sea Not Unialaal 

SS-1 Navicula + green alga 
SS-5 Green colony 

Mono Lake Unialaal 

S-16 Nitzschia 
S-9 Coccomyxa 
MO-2 Ctenocladus circinnatis 

Apr 07 1983 20.7 39.0 
Apr 07 1983 20.7 39 .O 
Apr 07 1983 20.7 39.0 
Apr 07 1983 20.7 39 .O 

Apr 07 1983 20.7 39 .O 
Apr 07 1983 20.7 39.0 

David Chapman Sample 
David Chapman Sample 
David Herbst Sample 

Soil Algae 

RT6-1 Myrmecia Sep 21 1983 
(Rts. 295 + 6) 

RT6-2 Nannochloris Sep 21 1983 
(Rts. 295 + 6) 

S F 1  Dunaliella (Silver Peak) Sep 21 1983 
B-1 Chlamydomonas (Bad water) Sep 21 1983 
CSM-1 Chl orogonium Sept 21 1983 

(Columbus Salt Marsh) 

OREGON SAMPLES 

Abert Lake Unialnal 

AB-1 Ctenocladus circinnatis David Herbst Sample 

*TDS calculated from conductivity measurements. 



u t i l i z a t i o n  e f f i c i ency  values were a l s o  ca lcula ted  from the dry weight 
changer assuming a c e l l u l a r  c a l o r i c  value of 5,000 c a l  gm-' dry 
weight. This es t imat ion  gives c e l l u l a r  c a l o r i e s  formed per u n i t  time 
and t h i s  was divided by the l i g h t  i n  c a l o r i e s  supplied per  u n i t  time 
t o  ob ta in  the  percent  e f f i c i ency  values. 

Temperature - S a l i n i t y  Experiments 

The apparatus and methods of assess ing  the  optimum temperatures and 
s a l i n i t i e s  f o r  dese r t  a lga l  growth have been described previously (12) 
Algae were incubated a t  a continuous PAR of 0.156 l y  min -1 supplied 
by Powergroove cool-white f luorescent  lamps. Fifty-ml c u l t u r e  suspen- 
s ions  were contained i n  65-1 Pyrex b o t t l e s  which were placed i n  50-cm 
diameter holes i n  the  alaminum temperature gradient  block A described 
previoasly (13).  The block was maintained i n  a constant-temperature 
room and temperatures along one a x i s  of the block ranged from 11-35 C. 
S a l i n i t y  was vaxied i n  f i v e  increments along the  o ther  ax i s  of the  
block. Thus the re  was an ar ray  of 30 d i f f e r e n t  combinations of tem- 
pera ture  and s a l i n i t y .  I n  each experiment a d i f f e r e n t  s e t  of sa l in i -  
t i e s  was used because the var ious  algae were obtained from natura l  
waters  of varying s a l i n i t y .  The s a l i n i t i e s  of these a r t i f i c i a l  media 
ranged from 0-2x t h a t  of the  na tu ra l  waters. 

Growth ( o p t i c a l  dens i ty)  was measured da i ly  by p lac ing  each of the 30 
b o t t l e s  successively i n  a capped, opaque PVC tube, thus in t e r rup t ing  a 
l i g h t  beam provided by a p rec i s ion  vol  tage-regulated incandescent 
lamp. The Li-Cor Model 190-SIB f l a t  response sensor was mounted onto 
the WC tube i n  a prec ise  loca t ion  across from the lamp t o  receive 
maximum in tens i ty  of the l i g h t  beam. Each cu l tu re  b o t t l e  was ca l i -  
b ra t ed  and marked p r i o r  t o  an experiment a t  the pos i t ion  giving the  
maximum l i g h t  i n t e n s i t y  when f i l l e d  with s t e r i l e ,  deionized water. 
For the op t i ca l  densi ty equation (-log I t / I o ) ,  the  uninterrupted stan- 
dard l i g h t  value (Io) was obtained from the mean of several  measure- 
ments i n  the b o t t l e  containing s t e r i l e  deionized water taken before 
and a f t e r  processing the  c u l t u r e  samples. These standard and t r ea t -  
ment s igna l s  were e i t h e r  ca lcula ted  manaally or  sent  t o  a microcom- 
puter .  Optical d e n s i t i e s  were recorded da i ly  as  a funct ion  of sal in-  
i t y  and temperature e i t h e r  manually or  by the computer and the r e su l t -  
ing p l o t s  were contoured by eye t o  determine the e f f e c t s  of tempera- 
t u r e  and s a l i n i t y  on growth. After  a few days of each experiment, 
responses t o  these va r i ab les  were obtained t h a t  were cons is tent  from 
day t o  day and representa t ive  p l o t s  of these responses a r e  given 
he re in  (see  RESULTS). 

Light  I n t e n s i t y  Experiments 

For these experiments cu l tu res  of a given s t r a i n  were contained i n  a 
v e r t i c a l l y  mounted 5-cm th ick  t ransparent  p lexig lass  cu l tu re  vesse l  
which was divided i n t o  f i v e  compartments t h a t  were 5 cm wide. The 
s ides  of the vesse l  and the  compartment wal ls  were opaque p l a s t i c  so 
t h a t  l i g h t  would not  be received from the s ides.  The l i g h t  source was 
d i r ec ted  l a t e r a l l y  toward the f ron t  of the vesse l  and consisted of a 
2000 watt tungsten-halide lamp mounted i n  a parabolic  s tage l i g h t  
r e f  l e c t o r  as  pxeviously described ( 2 ) .  The l i g h t  was f i l t e r e d  through 



7  cm of flowing tapwater  t o  remove infra-red r ad ia t ion .  Various 
i n t e n s i t i e s  --30, 40, 50, 60, 70% summer maximum sun l igh t  a t  La J o l l a  
(450 l y  dayw1) a s  repor ted  by S t r i ck l and  (14)-- were achieved by the 
placement of the  compartments away (SO%, 609b) from the  cen te r  of the  
l i g h t  f i e l d  (70%) and by f i l t e r i n g  t h e  l i g h t  on two compartments away 
from the  cen te r  one through Ni tex  n e t t i n g  (30%, 40%). Light  received 
by each compartment was measured over i t s  a r ea  wi th  the  LiCor f l a t  
response PAR sensor  and the measurements were in t eg ra t ed  by computer 
t o  determine t h a t  the  nominal i n t e n s i t i e s  were achieved. Each com- 
partment was f i l l e d  t o  0.83 l i t e r s  volume with the  t e s t  c u l t u r e  grown 
up a s  r epo r t ed  above ( see  Mass Cul tures )  and d i l u t e d  out t o  an o p t i c a l  
dens i ty  of 0.1 with s t e r i l e  a r t i f i c i a l  medium. The medium was supple- 
mented wi th  n u t r i e n t s  a t  the  above concent ra t ions  ( s ee  Mass Cul tures )  
and e i t h e r  n i t r a t e  or urea were used a s  N sources.  The c u l t u r e s  were 
mixed wi th  a i r  a t  2,600 m l  min-' de l ive red  through Pyrex tubes  extend- 
ing t o  the  bottom of each compartment. When the  c u l t u r e s  reached an  
o p t i c a l  dens i ty  of about 0.3, 1% C02 was added t o  the  a i r s t ream.  

Growth was measured d a i l y  a s  o p t i c a l  dens i ty  a t  750 nm and by dry 
weight measurements ( s ee  Mass Cu l tu re s ) .  Af te r  OD reached about 1.0, 
growth was l i n e a r .  P rec i se  y i e l d s  were ca l cu la t ed  from reg res s ions  of 
measured dry weight and t h a t  ca l cu la t ed  from OD determinat ions ve r sus  
days over the  i l luminated  a rea  of each compartment. Light  u t i l i z a t i o n  
e f f i c i e n c i e s  were ca l cu la t ed  a s  i n  t h e  Mass Culture experiments, bu t  
a r e  more p rec i se  s ince  l i g h t  d id  not  pass  through the s i d e s  of each 
compartment. 

Maximiz ina Yie lds  

Experiments t o  maximize y i e l d s  by varying c u l t u r e  th ickness  were c a r  
r i e d  out i n  chambers having an i l luminated  a rea  of 703.5 cm2 t h a t  were 
previously descr ibed  (2 ) .  These chambers had inner  th icknesses  of 5 ,  
10,  and 15 cm. Ankistrodesmus f a l c a t u s  from Pyramid Lake was used a s  
a  t e s t  a lga.  The chambers were i l luminated  a t  50% La J o l l a  sun l igh t  
i n t e n s i t y  s ince  t h i s  was found t o  be the  b e s t  i n t e n s i t y  i n  Light  
I n t e n s i t y  experiments ( s ee  R e s u l t s  and Discussion) .  The medium con- 
t a i n i n g  n i t r a t e  a s  an  N source used i n  the  Mass Cul ture  and L igh t  
I n t e n s i t y  experiments was a l s o  used i n  these  experiments. The cul- 
t u r e s  were mixed v igorous ly  by a e r a t i o n  wi th  1% CO in-air  throagh 2- 
ho les  i n  t he  bottoms of the  chambers. Th a e r a t i o n  r a t e s  i n  the  cul- 
t u r e s  were 2.7, 7.2, and 14.5 l i t e r s   mi^' i n  the  5- 10- and ld-cm 
c u l t u r e s ,  respec t ive ly .  Visual observa t ion  ind ica t ed  t h a t  the tur- 
bulences i n  each c u l t u r e  were s i m i l a r  and high. Growth was measured 
by o p t i c a l  dens i ty  a t  750 nm and by dry weight measurements, and 
y i e l d s  and e f f i c i e n c i e s  were ca l cu la t ed  a s  i n  the  L igh t  I n t e n s i t y  
experiments. 



RESULTS AND DISCUSSION 

Inorganic Chemical Com~osi t ion  of Desert Natural Water 

Extensive data on the  inorganic chemical composition of these waters 
a r e  given i n  a  s e r i e s  of Appendix tables .  The s a l i n i t y  or t o t a l  dis-  
solved so  ids  ranged from near ly  freshwater ( the  Mohave River -- 705 
mg 1 itor-') t o  the  sa o ra t ed  b r i  e  a t  the s a l t  lake i n  the Sal ine Val- 5 -11 ley  -- 79 t o  323 x 10 mg l i t e r  . A t  t h i s  loca t ion  the s a l i n i t y  
var ied  seasonally and was l e s s  i n  the  spring than i n  the  summer or 
f a l l ;  t h i s  e f f e c t  i s  probably due t o  r a i n f a l l  and runoff i n  the 
spring. Similar  e f f e c t s  were observed f o r  o ther  loca t ions  -- Big 
Alka l i  Lake (Ponds A B) and Black Lake. S a l i n i t i e s  were more s t a b l e  
i n  the la rge  lakes  (Mono, Pyramid, Walker, and Big Soda). 

Most of these waters  had high l e v e l s  of carbonate and bicarbonate and 
thus t h e i r  pH values  were general ly >9.0. Exceptions were the pH of 
4.9 a t  B r a e  Hot Springs, 6.9 i n  the  Sal ton  Sea, and 7.1-7.5 i n  the 
Sal ine Valley s a l t  lake. Thus most of these waters  contain enough cax- 
bon as  bicarbonate or carbonate t h a t  na tu ra l  a lga l  growth would not be 
l imi t ed  by carbon deficiency.  The p r inc ipa l  majox ca t ion  was sodium 
and these waters  were high i n  the  anions chloride and su l fa t e .  They 
were unifoxmly low i n  nitrogenous and phosphoric nu t r i en t s .  Most 
minor metals were present  i n  very low or undetectable amounts except 
f o r  Fe. These waters  general ly contained high amounts of B or  Fe, 
Arsenic was high i n  Owens Lake water and i n  t h a t  of the Hnmboldt S a l t  
Marsh. 

Mason (15) has summarized the  chemical composition of Mono Lake. His 
value f o r  s a l i n i t y  i s  about 72 grams liter-'. Our va luer  a re  s l i g h t l y  
higher.  Our corresponding va lues  f o r  individual  major and minor ele- 
ments a re  a l s o  s l i g h t l y  higher t h a t  those reported by Mason. This may 
r e f l e c t  increases  due t o  d ivers ion  of input water and subsequent eva- 
pora t ion  since the 1960's. O u r  s a l i n i t y  values f o r  Pyramid Lake a r e  
s imi la r  t o  those repor ted  by Galat  e t  a l .  (16) f o r  the yea r s  1976-77 
and the  ion ic  compositions reported he re in  (see Appendix) a r e  a l so  
s imi la r  t o  the e a r l i e r  values. Koch e t  a1 (17) have summarized chemi- 
c a l  data or Walker Lake from 1937 975. I n  1937 the  s a l i n i t y  as  5430 
mg and was 10,300 rn8 lit.;' i n  1975. We repor t  one low value 
-- 4720 i n  July of 1983 -- but  otherwise our valnes a re  s imi la r  t o  the 
1975 values. Our low value may be i n  e r r o r ,  but the sodium and 
chlor ide  va lues  a r e  a l s o  lower on t h a t  date than the  valnes of Koch e t  
a1 or  our e a r l i e r  ones. Otherwise the individual  ionic  concentrat ions 
f o r  Walker Lake given i n  the  appendix a r e  s imi la r  t o  those reported by 
Koch e t  a1 fo r  1975. Big Soda Lake i s  meromictic i n  t h a t  r e l a t i v e l y  
f r e sh ,  0 - r ich  r a t e r  ove r l i e s  a  l aye r  of moxe sa l ine  anoxic water 
(18,19,28) t h a t  i s  a l s o  h i l h  i n  nu t r i en t s .  We sampled only surface 
water and our va lues  fox surface chloride a re  almost iden t i ca l  t o  
those reported e a r l  i e r  (18,19). E a r l i e r  complete chemical data a re  
lacking f o r  t h i s  lake. The s a l i n i t y  of the  Sal ton  Sea has increased 
since-f ts  formation i n  1907. I n  195 the s a l i n i t y  was 33.7 gm -I l i t e r  . Our value was 39 gm l i t e r  . Compared t o  seawater the Sea 
i s  lor i n  mi2 and HCO;' (21).  Carbonate and bicarbonate a re  lower i n  
the  Sal ton  Sea than i n  most of the  o ther  waters  t h a t  we sampled and 



t h i s  i s  r e f l e c t e d  i n  the  pH va lue  -- 6.9 -- t h a t  we ob erved. 0 r +1 values  f o r  the a l g a l  n u t r i e n t s  i n  the Sea -- NO;', NE4 , and PO;' a r e  
somewhat lower than those r epo r t ed  e a r l i e r  (22) .  

The main reason f o r  ob ta in ing  chemical da t a  from these n a t u r a l  waters  
was t o  be ab l e  t o  formulate a r t i f i c i a l  media t h a t  were s i m i l a r  t o  
t h e i r  compositions. Such formulat ions were s  ill not  easy t o  achieve 
s ince  the analyzed t o t a l  c a t i o n s  i n  me l i t e r - '  were c lose  to, but  d id  
not  exac t ly  equal,  t he  analyzed t o t a l  anions i n  me l i ter- ' .  Table 3 
compares the  chemical composition of n a t u r a l  Pyramid Lake water with 
t h a t  of the Pyramid Lake a r t i f i c i a l  medium. It w i l l  be seen t h a t  the 
a r t i f i c i a l  medium i s  s l i g h t l y  higher  i n  sodium and ch lo r ide  than the 
n a t u r a l  water. Nevertheless ,  t h i s  medium supports  the growth of a lgae 
from Pyramid Lake q u i t e  wel l  ( s ee  below) when enriched wi th  n i t rogen ,  
phosphorus, s i l  i c a  ( f o r  diatoms),  t r a c e  meta ls  and vi tamins.  

Growth i n  Pre l iminary  Cul tures  

Table 4 shows v i s u a l  es t imat ions  of growth i n  small s c a l e  c u l t u r e s  of 
42 d e s e r t  a l g a l  s t r a i n s .  F i f t e e n  of these grew very well  (++++I; 1 6  
grew well  (+++); 7 grew moderately (++I ;  and 4 grew only s l i g h t l y  (+). 
There seemed t o  be no p a t t e r n  a s  t o  which kinds of a lgae from which 
loca t ions  succeeded o r  d id  not succeed. The a lgae  were grown under 
s tandard ized  condi t ions  and i n  media s imi l a r  t o  the waters  from which 
they were i so l a t ed .  While these d i f f e r ences  i n  growth may be genet ic  
i n  o r i g i n ,  var ious  a lgae  may have d i f f e r e n t  l i g h t  and temperature 
optima and we used a  s tandard s e t  of physical  condi t ions  f o r  a l l  a lgae 
t e s t ed .  

Growth i n  Mass Cul tures  

Ce r t a in  of the b e t t e r  growing (++++ or  +++) a lgae  were t e s t e d  i n  mass 
c u l t u r e s  which could be mixqd by aera t ion .  Three N sources were 
t e s t e d  - NO;, urea,  and NH4. A t  the high pH va lues  of most of these 
media, the l a t t e r  source was l o s t  a s  ammonia gas and i n  most cases  no 
growth occurred. Rough y i e l d s  and e f f i c i e n c i e s  of l i g h t  u t i l i z a t i o n  
were ca l cu la t ed  from the growth curves. Since dry weights genera l ly  
c o r r e l a t e d  (r > 0.95) very well  with o p t i c a l  dens i ty ,  da ta  were 
obtained t h a t  could be used i n  c a l c u l a t i n g  dry weights from OD meas- 
urements i n  subsequent experiments. 

A t y p i c a l  growth curve f o r  Nannochloris from Pyramid Lake i s  shown i n  
Figure 2. Note t h a t  a t  OD va lues  >0.8 growth was l i n e a r  and not  
exponent ial .  Such a  l i n e a r  r e l a t i o n s h i p  f o r  a l g a l  growth i n  very 
dense c u l t u r e s  has been descr ibed  previously (23) and was a t t r i b u t e d  
t o  l i g h t  l i m i t a t i o n  due t o  self-shading by the c e l l s .  Growth curves 
f o r  Ankistrodesmus f a l c a t u s  from Pyramid Lake -- the  alga we have 
inves t iga t ed  most thoroughly -- a r e  shown i n  Figure 3. B e t t e r  growth 
was obtained using urea as  an N source than wi th  n i t r a t e .  I n  l i g h t  
i n t e n s i t y  experiments ( see  below) t h i s  was not  the case -- equiva len t  
growth was obtained wi th  each source. 

Nine successfu l  mass c u l t u r e  experiments were c a r r i e d  out.  Trro o t h e r s  
were unsuccessful i n  t h a t  a  Cry~tomonas sp. from Harper Lake became 



TABLE 3 .  Chemical Composition of Pyramid Lake Water and the Medium 
Derived from It .  

Natural Water 
Pyramid Lake 

Pyramid Lake 
Medium 

Date 10/4/82 



TABLE 4. Growth in Preliminary Cultures of Desert Algae* 

Location Strain Growth 
(Estimated Visually) 

Owens Lake, California Chactoceros 

Myremec ia 

Saline Valley, California Danneardinella 

Big Alkali Lake, 
California 

Pond A 

Pond B 

Nitzschia 

Coelastrum 

Chlorella 

Oocystis parva 

Zzyzx Springs, California Unidentified (50-1) 

Chlorella 

Cosmar ium 

Harper Lake, California Oocystis 

Unidentified flagellate 

Armagosa River, 
California 

Sal ton Sea, California 

Unidentified flagellate 

Nitzschia sinmoida 

Nitzschia sp. 

Chaetoceros 
Dunaliella 

Ni tzschia 

Unidentified cryptomonad 

Mono Lake, California Nitzschia 

Coccomyxa 

Black Lake, California Unidentified flagellate 

Chaetoceros 

Cvmbella 



TABLE 4 .  (Cont'd) 

Location S tra in  Growth 
(Estimated V i sua l l y )  

Pyramid Lake, Nevada Unident i f i ed  (20-1) + 
Nannochloris ++++, ++++ ( 2 )  

Ankistrodesmas fa l ca tus  +++ 

Walker Lake, Nevada Cyc lo t e l l a  ++, + (2 )  

Anacystis ++++ 
O o c ~ s t i s  ++++ 

Unidentif ied f l a g e l l a t e s  ++++, ++++ ( 2 )  

Nannochloris 

B i g  Soda Lake, Nevada Desmocaccns 

+The numbers i n  parentheses indicate  that mul t ip le  s t ra ins  from the same 
source were t e s t ed  and do not r e f e r  t o  separate experiments with the 
same s tra in .  







contaminated and dry weight da t a  from an  experiment with Danaeardi- 
n e l l a  from the  Sa l ine  Valley were e r r a t i c  due t o  high s a l t  r e s idues  on 
t h e  dry weight f i l t e r s .  Biomass, y i e l d ,  and e f f i c i e n c y  da t a  f o r  nine 
experiments a r e  sum a r i z e  i n  Table 5.  Yields generaly ranged from 
about 3 t o  23 gm m-' day-f bu t  t h e  y i e l d s  f o r  O o c ~ s t i s  v u s i l l a  were 
except iona l ly  high. This  r e s u l t  was not  confirmed i n  a l i g h t  inten- 
s i t y  experiment with t h i s  spec i e s  ( s ee  below) i n  which y i e l d s  were 
est imated wi th  more prec is ion .  E f f i c i e n c i e s  of l i g h t  u t i l i z a t i o n  
ranged from about 2% t o  12% with the  except ion of those f o r  Oocyst is  
p u s i l l a  which ranged up t 28.3%. Maximum biomass f i g u r e s  ranged up t o  -P 2200 mg dry weight l i t e r  . 
E f f e c t s  of Temperature and S a l i n i t y  

Several t empera tu re / sa l in i ty  grad ien t  experiments were c a r r i e d  out.  
F igures  4 and 5 show the  r e s u l t s  f o r  Ankistrodesmus f a l c a t u s  and Nan- 
noch lo r i s  sp. from Pyramid Lake. The optimum temperature f o r  Ankis- 
trodesmus was 2 6 ' ~  and was 1 6 ' ~  f o r  Nannochloris. Optimal s a l i n i t i e s  
f o r  t h  two s t r a i n s  were 5.8-8.5 and 16 gm t o t a l  d i sso lved  s o l i d s  
l i ter- ' ,  r e spec t ive ly .  Table 6 summarizes the  da ta  t h a t  were obtained 
f o r  e igh t  s t r a i n s .  Some s t r a i n s  grow wel l  a t  high temperatures 0 
30 '~)  and genera l ly  the  range of optimal temperatures i s  20-30'~. 
With the except ion of the  Mono Lake Nitzschia ,  none of our s t r a i n s  a r e  
t r u l y  high temperature spec ies  such a s  Sp i ru l ina  o r  t he  high tempera- 
t u r e  s t r a i n  of Ch lo re l l a  (24) which has been used s o  widely i n  physio- 
l og ica l  s tud ie s .  S a l i n i t y  t o l e rances  a r e  s i m i l a r  t o  those from the  
waters  from which these s t r a i n s  were i so l a t ed .  None t o l e r a t e d  the  
lowest s a l i n i t y  t e s t ed .  

Since most s t r a i n s  t o l e r a t e d  the  h ighes t  s a l i n i t y  t e s t e d  -- 2 times 
t h a t  of the  n a t u r a l  water -- and d i d  not  grow wel l  a t  the lowest 
s a l i n i t y  t e s t e d ,  these  a r e  t r u l y  h a l o p h i l i c  a lgae.  Previous s t u d i e s  
of the Mono Lake Ni tzschia  showed t h a t  i t  would a l s o  not grow a t  
s a l i n i t i e s  much higher  t h a t  than p re sen t ly  i n  t he  lake (90 gm l i ter- ')  
(25);  we confirm t h i s  r e s u l t .  Dangeardinella and Duna l i e l l a  were iso- 
l a t e d  from s a t u r a t e d  NaCl b r ine  i n  t h e  Sa l ine  Valley and thus  would 
have a high to le rance  of s a l i n e  water. The l a t t e r  spec ies  i n  probably 
the  most s a l t - t o l e r a n t  p l a n t  known -- it occurs i n  t h e  Great  S a l t  
Lake, the Dead Sea, and o the r  h ighly  s a l i n e  waters  throughout the  
world. 

Yields  and E f f i c i e n c i e s  of Dense Cul tures  a t  Various Light  I n t e n s i t i e s  

Two experiments on the e f f e c t s  of high l i g h t  i n t e n s i t i e s  on y i e l d s  and 
e f f i c i e n c i e s  of dense c u l t u r e s  were c a r r i e d  out.  Figure 6 shows 
l i n e a r  curves f o r  Ankistrodesmus f a l c a t u s  from Pyramid Lake a t  d i f -  
f e r e n t  l i g h t  i n t e n s i t i e s .  The dup l i ca t e  po in t s  r ep re sen t  ac tua l  meas- 
ured dry weights and those es t imated  from a r eg re s s ion  of o p t i c a l  den- 
s i t i e s  on measured dry weights. Yields and e f f i c i e n c i e s  were calcu- 
l a t e d  from l i n e a r  r eg re s s ions  of these  growth curves. These va lues  
a r e  shown i n  Figure 7. The h ighes t  y i e l d  was obtained a t  a l i g h t  
i n t e n s i t y  50% of the  maximum summer d a i l y  l i g h t  i n t e n s i t y  measured i n  
1967 a t  La J o  l a  (14) .  F i f t y  percent  of t h i s  maximum i n t e n s i t y  i s  225 
c a l  cm-' day-'. Yields were reduced a t  lower i n t e n s i t i e s  s ince  l i g h t  



TABLE 5. Mass Culture Biomass, Yield and Efficiency Data. 

- -- 

S t r a i n  N O ~  Urea 

Maximum Yield Efficiency Maximum Yield Eff iciencg 

Biomass (gm m-2day-1) (% of L i ~ h t  Biomass (gn m-2day-1) (% of Ligh 

(mg l i ter- ')  U t i l i zed)  Ut i l i zed)  Ut i l i zed)  

Nitzschia,  S-16 
(Mono Lake) 

Ankis t rode smns 
f a l c a t u s ,  91-1 
(Pyramid Lake) 

Nannochloris, 
26-1A (Pyramid Lake) 

Oocvstis 
p a s i l l a ,  32-1 
(Walker Lake) 

Chlore l la ,  Z-1 
(Zzyzx - NC Spring) 

Chlorel la ,  PB-1 
(Big Alkal i  Lake - 
Pond 8 )  

Chlorel la ,  96-1 
(Zzyzx - NC Spring) 

Oocyst i s  
pama,  PB-6 
( B i g  Alkal i  Lake - 
Pond B) 

Selenastrum, 2-2 
(Zzyzx - 
Lake Tuendae) 

* A t  r e l a t i v e l y  low pH values i n  the Zzyzx media, growth occurred with ammonium as an N source an 
these values are reported. 

** L i t t l e  o r  no growth occurred using urea as  an N source with these algae. 







TABLE 6. Summary of Temperature and S a l i n i t y  Data. 

S t r a i n  Temperature, OC s a l i n i t y .  gm l i t e r - '  

Bes t  Some L i t t e  Best  Some L i t t l e  
Growth Growth o r  No Growth Growth o r  No 

Growth Growth 

Ni tzschia ,  S-16 
(Mono Lake) 

Ankistrodesmus 
f a l c a t u s ,  91-1 
(Pyramid Lake) 

Nannochloris, 26-1A 16  11-34 -- 16 11-27 5.8 
(Pyramid Lake) 

Oocyst is  
p u s i l l a ,  32-1 
(Walker Lake) 

Chlore l la ,  Z-1 15-25 3 0 9,  34 6.2-9 3.2, 1 2  0.3 
(Zzyzx - NC Spring)  

Chlore l la ,  96-1 20.5-26.5 30.5 34.5, 11.0 4.7-6.1 1.8-3.2 0.3 
(Zzyzx) 

Oocyst is  
parva,  W-6 
(Big Alka l i  Lake - 
Pond B) 

Selenastrum, 2-2 20-3 0 11-34.5 -- 4.7-6.1 1.8-3.2 0.3 
(Zzyzx - Lake Tuendae) 







was l imi t ing .  They were a l s o  reduced a t  higher i n t e n s i t i e s  probably 
because of photoinhibi  t ion.  The e f f i c i ency  of l i g h t  u t i l  i z a t i o n  was 
g r e a t e s t  a t  the lowest l i g h t  l eve l  t e s t e d  and was very much reduced a t  
high i n t e n s i t i e s ,  These cu l tu res  were grown using n i t r a t e  a s  an N 
soarce. Contrary t o  da ta  obtained i n  a previous mass cu l tu re  experi- 
ment, y i e l d s  were not increased when t h i s  experiment was repeated 
using urea as  an N soarce. These y i e l d  da ta  a re  more prec ise  than 
those reported i n  Table 5 s ince no l i g h t  came i n t o  the cul t u r e s  
through t h e i r  sides. 

Figures 8 and 9 show s imi la r  data f o r  Oocystis p u s i l l a  from Walker 
Lake. The maximum y i e l d  was again found a t  50% sun l igh t  and was 
decreased a t  l i g h t  l e v e l s  g rea te r  or l e s s  than t h i s  value. Oocystis 
y i e l d s  a t  each i n t e n s i t y  were g rea te r  than those found f o r  Ankistro- 
desmus. This r e s u l t  i s  s imi l a r  t o  t h a t  given i n  Table 5, but O o c ~ s t i s  
y i e l d s  were l e s s  than the  y i e l d s  repor ted  f o r  mass cu l tu res  i n  bot- 
t l e s .  The y i e l d s  f o r  t h i s  l i g h t  i n t e n s i t y  experiment again a r e  more 
p rec i se ly  est imated since l i g h t  from the s ides  of the  cu l tu res  was 
excluded. E f f i c i e n c i e s  v a r i e d  s imi la r ly  t o  those i n  the  Ankistro- 
desmus cul tures.  

In  these dense cu l tu res  l i g h t  only penetrated the f i r s t  5 mm of the 
cu l tu re  and most of the c e l l s  were i n  a darkened l a y e r  i n  the  remain- 
ing 45 mu thickness. Growth i n  t h i s  two-layered system then becomes 
dependent on proper turbulent  mixing between the 1 ayers.  Such mixing 
would r e s u l t  i n  a " f lashing  l i g h t "  e f f e c t  and growth was probably 
enhanced (26) , 

Photosynthesis and growth of var ious  algae were previously reported t o  
be sa tura ted  a t  somewhat lower i n t e n s i t i e s  (29,28,29) but  e a r l i e r  da ta  
were not obtained wi th  c a l t a r e s  as dense as  ours. Thus, self-shading 
by the c e l l s  i n  our c a l t a r e s  probably accounts f o r  t h i s  difference.  
With even g rea te r  d e n s i t i e s  than oa r s  and i n  e n s i t ' e s  > )  sunl ight ,  -1 much g rea te r  y i e l d s  (approximately '700 gm P' day ) have been 
observed f o r  Chlore l la  ( 6 ) .  Thus, i n  an outdoor pond, maximizing 
y i e l d s  becomes a problem of providing t h e  r i g h t  c u l t u r e  densi ty for  
the prevai l ing  d a i l y  l i g h t  i n t e n s i t y  and mixing the pond properly so  
t h a t  the algae a re  i n  the l igh ted  and dark l a y e r s  f o r  the bes t  amounts 
of time. 

Maximizing Ankistrodesmus Yields by Varyinn Culture Thickness 

Yields a re  equivalent  t o  gro t h  r a t e  (mg 1 i t e r l  day-') x cu l tu re  1 volume I area i l luminated (m ) . Growth r a t e s  a t  var ious  l i g h t  inten- 
s i t i e s  a re  given f o r  Ankistrodesmus f a l c a t u s  and Oocvstis ~ u s i l l a  i n  
Table 7. The growth of Ankistrodesmus over a l a r g e r  i l luminated area  
was t e s t e d  a t  a l i g h t  in t ens i ty  of 50% sun l igh t  i n  th ree  cu l tu res  of 
d i f f e r i n g  thicknesses (5,  10, and 15 cm) and accordingly d i f f e r e n t  
volmnes (4 ,  8,  and 12 l i t e r s ) .  We hypothesized t h a t  the growth r a t e s  
i n  the cu l tu res  would be s imi la r  provided mixing was s imi la r  but t h a t  
y i e l d s  would increase with thickness due t o  increas ing  c u l t u r e  
volmnes. 









Two experiments were performed i n  which cu l tu re  thickness was varied.  
I n  the f i r s t  experiment only 5- and 10-cm thicknesses were employed. 
Figure 10 shows the  growth curves a t  these thicknesses and Figure 11 
shows the d a i l y  r a t e s  of growth. Prom days 2 t o  6 growth was l i n e a r  
i n  these l ight - l imi ted  c u l t u r e s  and was r e l a t i v e l y  constant  i n  each 
chamber. During t h i s  period the  mean r a t e  i n  the  5-cm cu l tu re  was 
463.7 ng dry we0ght 1-ter- '  day-' while t h a t  i n  the  10-om cu l tu re  was 
259.7 mg l i te r - '  day-'. Thus the r a t e s  were not s imi la r  desp i t e  
intense mixing of t h  cul tures .  The mean y i e l d  i n  the 5-cm cu l tu re  

2 g m  m 2  day-' while t h a t  i n  the  10-cm cu l tu re  was 19.5 gm 
m day (see Figure 12  f o r  y i e l d  va lues  over the  whole experiment). 
Thus increased thickness did increase  the y i e l d s .  

After  day 6, the  r a t e s  slowed, p a r t i c r l a r l y  i n  the  5-om cul ture .  This 
was due t o  n u t r i e n t  l i m i t a t i o n  since the  5-cm cu l tu re  became pale. On 
day 7 a complete s e t  of n u t r i e n t s  was added t o  both cu l tu res  a t  the 
i n i t i a l  concentrat ions.  Growth was s t i l l  low u n t i l  day 9 when the re  
was a  s trong spur t  of growth as  s tored  n u t r i e n t s  were ass imi la ted  i n t o  
c e l l  mater ia l .  We attempted t o  avoid n u t r i e n t  deple t ion  t h e r e a f t e r  by 
adding n u t r i e n t s  a t  t h e i r  i n i t i a l  l e v e l s  on day 1 0  and day 12. 

The mean r a t e s  pf gro th  during the  whole experiment were 353.5 and 
232.0 mg l i t e r -  daymP i n  the 5- and 10-cm cu l tu res ,  respect ive ly .  
Again the ove ra l l  r a t e s  were not s imi lar .  Corresponding e f f i c i e n c i e s  
of l i g h t  u t i l i z a t i o n  were 4.5 and 5.9% i n  the 5- and 10-cm cu l tu res ,  
respect ive ly .  Corr sponding y i e l d s  over the whole experiment were 
20.1 and 26.4 gm m-a day-' i n  the 5- and 10-cm cu l tu res ,  respect ive ly .  
Thus it was apparent t h a t ,  desp i t e  g rea te r  l i gh t - l imi t a t ion  i n  the  
th i cke r  c u l t u r e  which reduced the  r a t e  of growth, the y i e l d s  were 
g rea te r  i n  t h a t  cn l ture .  

Toward the end of the experiment (days 14 and 15) samples were taken 
every two hours through two l i g h t  and dark cycles  t o  determine whether 
growth went on only during the  l i g h t  period and what the magnitudes of 
r e sp i ra to ry  los ses  were during the dark period. Figure 13 shows 
changes i n  dry weight (from op t i ca l  dens i ty  measurements), pH, and 
temper t u r e  i n  both cul tures .  I n  the  5-cm cu l tu re ,  growth (mg 
l i t e ~ ~ )  occurred during the  day, but bare ly  kept up with r e s p i r a t i o n  
during the night .  Due t o  n i t r a t e  uptake, pH went up during the  day 
and decreased a t  night.  During the  second night ,  the C02 s ~ p p l y  was 
turned off  and pH increased only s l i g h t l y .  It decreased when the C02 
was turned back on a t  0600. Temperature increased during the day due 
t o  absorpt ion of hea t  from the lamp and decreased when the lamp was 
turned o f f .  Such a temperature cycle might occur i n  an outdoor pond, 
but the change would not be a s  g rea t  i n  the  l a r g e r  volume of the pond. 
The 10-cm c a l t a r e  grew more vigorously than the 5-cm ca l  t a r e  and 
re sp i ra to ry  los ses  a t  night  were only about 25% of the  increases i n  
biomass during the  day. The pH cycle was s imi la r  t o  t h a t  i n  the  5-cm 
cn l tu re  except a  s t rong increase i n  pH occnrred during the  second dark 
period-probably because n i t r a t e  uptake occurred using energy assimi- 
l a t e d  during the  previous l i g h t  period. This pH change was e spec ia l ly  
apparent because the CO was turned of f .  I n  a  pond C02 could be con- 
served by turning it of% a t  night.  The temperature cycle i n  the  10-cm 
c u l t u r e  was s imi la r  t o  t h a t  i n  the  5-cm cu l tu re  except t h a t  the 











temperature d id  not go up a s  much s ince  the c u l t u r e  volume was g r e a t e r  
i n  the 10  cm cu l tu re .  

I n  the second experiment, t h r ee  th icknesses  were t e s t ed .  These were 
5 ,  10,  and 15 cm and t h e i r  volumes were 4 ,  8 ,  and 12 l i t e r s ,  respec- 
t i v e l y .  We hypothesized t h a t  the growth r a t e s  i n  t he  15-cm c u l t u r e  
would be so  small due t o  l i g h t  l imat ions  t h a t  the volume-dependent 
y i e l d s  would be l e s s  than those i n  the 5- and 10-cm cu l tu re s .  Pigure 
14 shows the growth curves f o r  these th ree  c u l t u r e s  and Pigure 1 5  
shows the d a i l y  r a t e s  of growth. In  a l l  t h r ee  c u l t u r e s  t he re  was a  
h i a t u s  i n  growth from days 2  t o  3  probably because of a  s t rong  
decrease i n  pH (from 9.28-9.41 t o  7.44-7.81) when a e r a t i o n  with 1% 
CO -in-air was commenced. The C02 l e v e l  was then reduced t o  0.5% 
un%i l  day 4 .  The growth r a t e s  increased  and the  pH was 7.91 t o  8.81. 
On day 4  the  f u l l  1% C02-in-air add i t i on  was commenced. The pH was 
not excess ive ly  low t h e r e a f t e r  and the  growth r a t e s  were maximal and 
s teady.  We est imated t h a t  the i n i t i a l  n u t r i e n t  l e v e l s  would support 
about 2  gm dry weight l i t e r - '  so n u t r i e n t  l e v e l s  were added a t  ha l f -  
s t r eng th  on days 5 ,  7 ,  9  and 11 t o  avoid nu r i e n t  l imi t a t ion .  The 
i n i t i a l  l e v e l s  of M O  were 20 q o l e  l i ter- ' ,  2  -01s 4 HPO 1 m l  
l i t e r - '  1% NaFeEDTA, 3 m l  l i t e r  Chapman t r a c e  meta ls  and f42  v i t a -  
mins; the  add i t i ons  were ha l f  of these l e v e l s .  The mean r a t e s  of 
growth (days 3-12) i n  the-!-, 10- and 15-cm c u l t u r e s  were 723.2, 
353.8, and 309.2 mg 1 i t e r  day-', r e spec t ive ly .  Corresponding ef  f  i- 
c i e n c i e s  of l i g h t  u t i l i z a t i o n  were 9.1, 8.9 and 11.7%, r e spec t ive ly .  

Despi te  the f a c t  t h a t  the r a t e s  were l e s s  i n  the  15-cm c u l t u r e  than i n  
the o ther  two cu l tu re s ,  they were not low enough t o  r e s u l t  i n  a  lower 
y i e l d  when the r a t e s  were mul t ip l i ed  by the increased volume i n  the  
15-cm cu l tu re .  The da i ly  y i e l d s  a r e  shown i n  F igure  16. Yield were 
g r e a t e s t  i n  the 15-cm c u l t u r e  and reached a s  high as  71.2 gm m-' day-' 
(100 tons  acre-' year-1) from days 7  t o  8. The mean y i e l d s  from days 
3  t o  12  i n  the  5-, lo-, and 15-cm c u l t u r e s  were 41.1, 40.2 and 52.7 gm 
m-2 dayv1, r e spec t ive ly .  Thus the r a t e  was not reduced enough i n  the  
15-cm c u l t u r e  t o  reduce the o v e r a l l  y i e l d s  a s  compared t o  the o ther  
two cu l tu re s ,  but the mean y i e l d  i n  t h a t  c u l t u r e  was only about 20% 
g r e a t e r  than those i n  the o ther  two cu l tu re s .  

It might be argued t h a t  dry weight va lues  shown i n  F igures  10 and 14 
might not be v a l i d  s ince  they were based on o p t i c a l  dens i ty  measure- 
ments. However some a c t u a l  dry weights were determined. The regres- 
s i o n  of OD on dry weight was dry weight = (OD x 295.81-18.5 (r=0.994) 
and t h i s  r e l a t i o n s h i p  was d  termined using dry weight va lues  ranging 
from 125 t o  1,650 mg l i te r - '  and ODs from 0.45 t o  5.45. Since the 
spectrophotometer would not measure such high OD's, they were calcu- 
l a t e d  from measured ODs t h a t  ranged from 0.4 t o  0.8 i n  samples d i l u t e d  
with Pyramid Lake medium and these measared ODs were mul t ip l i ed  by a  
d i l u t i o n  f a c t o r  t o  ob ta in  the ac tua l  ODs i n  the o r i g i n a l  samples. 

Yields were a l s o  not based on ac tua l  c e l l  ma te r i a l  harvested continu- 
ously o r  semi-continuously from the cu l tu re ,  but  from changes i n  
est imated dry weights during each day. Yields based on semi- 
continuous, d a i l y  sampling were measured by Krauss and Thomas (30) f o r  
Scenedesmus. I n  f u t u r e  work t o  maximize y i e l d s  we p lan  t o  follow 









t h e i r  experimental protocol  s ince  t h i s  might be the way ha rves t s  would 
be taken i n  an outdoor f a c i l i t y .  

These y i e l d s  a r e  somewhat g r e a t e r  than those r epo r t ed  f o r  o ther  cul- 
t u r e s  us ing  l i g h t  i n t e n s i t i e s  approaching o r  equiva len t  t o  f u l l  sun- 
l i  h t  (2 3 ,  4 ,  5 ,  26 ) .  Other va lues  genera l ly  range up t o  30 gm 
m-' daywi. We a t t r i b u t e  our r e s u l t s  t o  high turbulence and r e s u l t a n t  
proper mixing between the l i g h t  and dark l a y e r s  w i t h i n  the c u l t u r e s  
and t o  j ud ic ious  resupplying of n u t r i e n t s .  Af te r  the c u l t u r e s  became 
r e a l l y  dense ( )  1,000 mg l i te r - ' ) ,  the  two layered  systems were 
r e a d i l y  apparent v i s u a l l y  through the s ides  of the ves se l s .  On day 8 
the es t imated  th icknesses  of the l i g h t e d  l a y e r s  were 4 ,  5 ,  and 7  mm 
f o r  the 5-, 10- and 15-cm c u l t u r e s ,  respec t ive ly .  The d i f f e r ences  i n  
the  l i g h t e d  l a y e r  thicknesses  was due t o  d i f f e r e n c e s  i n  dens i ty  of the 
c u l t a r  s. On t h a t  day the d e n s i t i e s  were 3565, 2556, and 1881 mg 
l i te r - '  i n  the  5 ,  lo-, and 15-cm c u l t u r e s ,  r e spec t ive ly .  

Ankis t rode  smus conta ins  about 27% 1 i p i d  (Tornabene, personal  communi- 
c a t i o  ). Therefore the mean l i p i d  y i e l d s  would 11.1, 0.9, and 14.2 
gm m-I day-' o r  15.5, 15.3, a  d  19.9 tons acre-' year-i. A t  our -I! highes t  y i e l d  (100 ton1 ac re  ex t r apo la t ed )  t he  l i p i d  y i e l d  
would be 27 tons  acre- Thus t h i s  a lga  has r e a l  p o t e n t i a l  f o r  
producing energy-related substances a t  high y i e l d s .  

On day 1 2  we harves ted  the 5-cm c u l t u r e  and o  t a i n e d  19.2 gm of dry 
mater i  1. This  corresponds t o  4.87 gm l i ter- '  (compared wi th  6.9 gm - f l i t e r  measured by OD).  This  ma te r i a l  w i l l  be analyzed f o r  i t s  inor- 
ganic n u t r i e n t  and t r a c e  metal composition by Babcock Labora to r i e s  so 
t h a t ,  a s  a lgae a re  produced i n  f u t u r e  experiments, enough n u t r i e n t s  
can be added back da i ly  t o  main ta in  the necessary c e l l  quotas of each 
element. Such add i t i ons  of necessary n u t r i e n t s  based on c e l l u l a r  com- 
p o s i t i o n  t o  main ta in  high r a t e s  and y i e l d s  were done previously by 
Krauss and Thomas (30) us ing  Scenedesmus a s  t he  t e s t  a lga.  

These inves t iga t ions  have been a  cont inuing s e l e c t i o n  process t o  f i n d  
those s a l i n e  d e s e r t  microalgae t h a t  would be bes t  f o r  outdoor use. 
Best growing s t r a i n s  have been i d e n t i f i e d  and grown i n  a r t i f i c i a l  
media s imulat ing the  waters  from which they were i so l a t ed .  Tempera- 
t u r e ,  s a l i n i t y  and l i g h t  requirements f o r  some s t r a i n s  have been esta-  
b l i s h e d  and u t i l i z e d  i n  experiments designed t o  maximize y i e l d s .  Ank- 
istrodesmus f a l c a t u s  from Pyramid Lake has been s tudied  most 
thoroughly and t h i s  a lga i s  very  promising a s  a  high-yielding spec i e s  
t h a t  produces an accordingly high y i e l d  of l i p i d .  Engineering and 
design s t u d i e s  a r e  obviously needed t o  t r a n s l a t e  these b io log ica l  
r e s u l t s  t o  outdoor f a c i l i t i e s  using n a t u r a l  sunl ight .  
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Appendix Table 1. Chemical Data on Major Constituents of Water Samples from East-Central 
California Desert Locations. 

Big Alkali Lake 
Black Black 

Pond A Pond A Pond A Pond B Pond B Pond B Lake Lake 

Date - 9/29/82 4130183 7131 83 9/29/82 4130183 7/3/83 1013182 4/30183 

Temperature, C 4.0 5 .O 2 0 2 .O 6.5 29.5 13.2 14 .O 

Major Cati ns 
(mg liter-') 

Ca 

Mg 

Na 

K 

NH4 

Total Cations 
(me liter-') 

Major Anio s 
(mg liter-', 

HC03 

S04 
C1 

Ortho PO4 

Total PO4 

Total Anio s 
(me liter-?) 

Electrical 
Condac t iv ity 
(mmho cm-') 

Equivalent 
(mg liter 

Total Dissolved 
Residue 

(mg liter-') 



Appenaix l a o l e  1 LnemicaL uara ua rnajur b u n s l l L u e ; n L a  or w u b G r  ~ r r r u p l ~ a  rxuu ~ ~ ~ L - L G U L ~ . U L  

Cal i fornia  Desert Locations (Continued). 

Black Mono Mono Owens Owens Owens Sal ine Sa l ine  Sa l ine  
Lake Lake Lake Lake Lake Lake Valley Val ley  Valley 

7/2/83 4/30/83 7/2/83 10/11/82 5/4/83 7/6/83 10/11/82 5 /4 /83 7/6/83 



Appendix Table 2. Chemical Data on Major Cons t i tuents  of Water Samples from Western 
Nevada Desert  Locat ions.  

Pyramid Pyramid Pyramid Walker Walker 
Lake Lake Lake Lake Lake 

Date - 1014182 5/16/83 7/12/83 10/5/82 5/18/83 

Temperatare, C 17.4 1 5  .O 25.5 18.0 15.5 

Major Cations 
(mg l i ter- ' )  

Tota l  Cations 
( m l  l i ter- ')  

Major Anio s 
(mg liter-') 

Ortho PO 
4 

Tota l  PO 
4 

Tota l  Anio s 
( m 1  liter-') 

E l e c t r i c a l  

Eqnival en t  
(mg l i t e r  

Tota l  Dissolved 
Re s idue 

(mg l i ter- ' )  



Appendix Table 2 .  Chemical Data on Major Const i tuents  of  Waters Samples from Western 
Nevada Desert Locations (Continued). 

Walker Big Soda Big Soda Spring No. 1 Spring No. 2 Hzlmboldt Brady 
Lake Lake Lake o f f  R t .  80 o f f  R t .  80 S a l t  Maxsh Hot Spring 



Appendix Table 3. Chemical Data on Major Cons t i tuents  of Water Samples from Southern 
Ca l i fo rn i a  Desert  Locat ions.  

Zzyzx Springs 

Lake Lake NC Sperry 
Tuendae Tue ndae 3-BATS 3 -BATS Spring River 

Date - 2/3/83 8/17/83 2/3/83 8/17/83 8/17/83 2/1/83 

Temperature, C 9 .O 27.5 8.8 27 .O 25 .O 14 .O 

Major Cations 
(mg l i te r - ' )  

Ca 

Mg 

Na 

K 

NH4 
Tota l  Cations 
(me l i ter- ' )  

Major Anio s  
(mg l i t e r - f )  

HC03 

S04 
C 1 

S i 

N03 
Ortho PO4 

Tota l  PO4 

To ta l  Anions 
(me l i ter- ' )  

E l e c t r i c a l  
Conduct i v  ' t y  
(mmho cm-3) 

Equivalent 
(mg l i t e r  

Tota l  Dissolved 
Residue 

(mg l i ter- ' )  

pH 



Armagosa Armagosa S a l t  S a l t  Harper Harper Mohave Sal ton 
River,  River, Creek Creek Lake Spring River, Afton Sea 
Tecopa Tecopa 



Appendix Table 4.  Chemical Data on Minor Const i tuents  o f  Water Samples from East- 
Central  C a l i f o r n i a  Desert  Locat ions .  

B ig  A l k a l i  Lake 
Black Black 

Pond A Pond A Pond A Pond B Pond B Pond B Lake Lake 

Date 9/29/82 4130183 7131 83 9/29/82 4130183 7/3/83 10131 82 4130183 

Element 

mg l i t er - '  

1 0.2 

<0.5 <O. 5 

20 5 .o 

<o . O 1  <0.01 

<0.05 <0.05 

<o. 02 <0.01 

10 3.3 

0.15 0.06 

<0.05 <0.01 

0.04 <0.01 

<o .001 <o. 001 

<0.01 <0.01 

<0.01 <0.01 

<o . O 1  0.02 



Appendix Table 4. Chemical Data on Minor Constituents of Water Samples from East- 
Central California Desert Locations (Continued). 

Black Mono Mono Owens h e n s  Owens Sal ine Sal ine Sal ine 
Lake Lake Lake Lake Lake Lake Valley Valley Valley 

mg l i t e r  -1 

8.5 

(0.5 

110 

<0.01 

(0.05 

<om01 

5.8 

0.27 

(0.1 

(0 . 01 
(0.001 

(0.01 

(0 01 

0.02 



Appendix Table 5. Chemical Data on Minor Constituents of Water Samples from Western 
Nevada Desert Locations. 

Pyramid Pyramid Pyramid Walker Walker 
Lake Lake Lake Lake Lake 

Date - 1014182 51161 83 7/12/83 1015182 5/18/83 

Element 

mg l i ter- '  

As 0.03 0.1 0.01 0.8 0.6 

Ba <0.5 <0.5 <1 <0.5 <0.5 

B 11 11 6 19 24 

Cd <0.01 <0.01 <0.01 <0.01 <0.01 

Cr <0.05 <0.05 (0.05 <0.05 <0.05 



Appendix Table 5 .  Chemical Data on Minor Const i tuents  of  Water Samples from Western 
Nevada Desert  Locat ions  (Continued).  

Walker B i g  Soda Big  Soda Spring Spr ing Hmboldt Brady 
Lake Lake Lake No. 2 No. 2 S a l t  Marsh Hot Spring 

o f f  R t .  80 o f f  R t .  80 

-1 mg l i t e r  



Appendix Table 6. Chemical Data on Minor Constituents of Water Samples from 
Southern California Desert Locations 

Zzyzx 
Lake Lake 3-BATS 3 -BATS NC S P ~  rry 

Tuendae Tuendae Spring River 

Date - 2/3/83 8/17/83 2/3/83 8/17/83 8/17/83 2/1/83 

Element 

liter-' 



Appendix Table 6 .  Chemical Data on Minor Constituents of Water Samples from 
Southern Cal i fornia  Desert Locations (Continued) 

Armagosa Aragosa S a l t  S a l t  Harper Harper Mohave Sal ton 
River, River,  Creek Creek 1 ake Spring River, Sea 
Te copa Te copa A f  ton 



CHEMICAL PROFILE O F  MICROALGAE 
WITH EMPHASIS O N  LIPIDS 

T. G. Tornabene  
School of Applied Biology 

Georgia Ins t i t u t e  of Technology 
At l an ta ,  Georgia 30332 

PURPOSE 

T h e  r e sea rch  is d i r ec t ed  towards  identifying a lgae  t h a t  have  t h e  highest  
lipid producing capaci t ies .  T h e  labora tory  at Georgia Tech  has  t h e  responsibilities 
o f  providing t o  a l l  members  of t h e  Aquat ic  Species Program (ASP) analy t ica l  
expe r t i s e  for  de termining  t h e  quant i ty  and  quali ty of a lga l  lipids; ass i s t  in t h e  
ident i f ica t ion  of potent ia l  oil-producing algae;  s ea rch  for  t h e  t r igger(s)  t h a t  cont ro l  
t h e  regula tory  mechanisms within cells; and, t o  op t imize  productivity. 

INTRODUCTION 

This repor t  is r e s t r i c t ed  t o  t h e  cu r ren t  c o n t r a c t  period which began in Oc t -  
ober  1983. D a t a  co l lec ted  prior t o  Oc tobe r  has been included in t h e  annual  repor t  
and  in two  manuscr ip ts  submi t t ed  for  publication. The  t i t l e s  of t h e  manuscr ip ts  
a re :  "Lipids and  l ipopolysaccharide cons t i t uen t s  of a commerc ia l  prepara t ion  
of Spirulina platensis", by T. G. Tornabene  and A. Ben-Amotz (I),  and "Chemical  
Prof i les  of s e l ec t ed  spec ies  of Algae  with emphas is  on lipids" by A. Ben-Amotz, 
W. H. Thomas  and T. G. Tornabene  (2). Previous resul t s  were  a lso  described by 
T. G. Tornabene,  G. Holzer ,  S. Lien and N. Burris, "Lipid composit ion of t h e  
ni trogen s t a rved  green  a lga  Neochloris oleoabundans", in Enzyme  ~ i c r o b .  Technol. 
5, (1983) 435-440. - 

SPECIFIC OBJECTIVES 

1)  Provide analy t ica l  expe r t i s e  t o  Aquat ic  Species Program for  microa lgae  evalua-  
tion; 2) examine  t h e  influence of envi ronmenta l  pa rame te r s  (nitrogen def ic iency  
and t e m p e r a t u r e )  on lipid production; 3) s e l ec t  for  clones of t e s t  s t ra ins  having 
t h e  g r e a t e s t  potent ia l  for  synthesizing lipids; and  4)  s tudy suspected  inhibi tors  
t h a t  will block t h e  polyisoprenoid pa thway and resul t  in t h e  overproduction of  
isoprenoid hydrocarbons and/or  alcohols, preferably  within t h e  C5-C15 range. 

MATERIALS AND METHODS 

Cul t iva t ion  of organisms. Most organisms in th is  s tudy were  cul t iva ted  by 
members  of  t h e  ASP and forwarded t o  us as f rozen  wet-packed cel ls  o r  as f reezed-  
dried cells. All a lgae  rece ived  were  cul t iva ted  in ni trogen suf f ic ien t  media. For 
de ta i l s  of a lga l  cu l t iva t ion  see SERI Annual Repor t  for  FY 83. 

Se lec ted  a lga l  cu l tures  were  cul t iva ted  at Georgia Tech  in both nitrogen- 
suf f ic ien t  and  def ic ien t  media. Algae were  cul t iva ted  in Mono Lake  o r  Pyramid  
Lake  a r t i f i c i a l  media  as described by E. Thomas  (Scripps Inst i tute) ;  na tura l  and 



s y n t h e t i c  s e a  w a t e r  media  fo r t i f i ed  with Guil lard t r a c e  m e t a l  mix; or ,  modif ied 
Provasol i  medium. Ce l l  cu l t iva t ions  in t h i s  and  previous r epo r t s  w e r e  conduc ted  
in f lasks on a p la t form shaker  under  continuous i l luminat ion at 25°C. These  sys- 
t e m s  a r e  descr ibed  in de t a i l  in t h e  annual  r epo r t  (FY83). Ce l l  suspensions w e r e  
e x t r a c t e d  for  lipids by t h e  modif ied me thod  of Bligh and  Dyer ,  (3, 4). E x t r a c t e d  
ce l l  debr i s  was saponif ied in NaOH-MeOH, and  e x t r a c t e d  wi th  pe t ro leum e t h e r .  
T h e  nonpolar and  polar lipids w e r e  s e p a r a t e d  by s i l ic ic  ac id  co lumn ch roma to -  
graphy ( 5 )  with  hexane,  benzene,  ch loroform,  a c e t o n e  and  methanol .  Polysac-  
char ides  were  e x t r a c t e d  f rom dried ce l l s  (10 g )  by t h e  phenol-water  me thod  (6) 
and  isolated by isopycnic dens i ty  g rad i en t  u l t racent r i fuga t ion .  Lipid componen t s  
were  deacy la t ed  by mild a lka l ine  methanolysis  (7). Samples  w e r e  hydrolyzed wi th  
2 N HC1 at 100°C fo r  2 h for  neu t r a l  sugars; and  4 N HC1 fo r  6 h at 100°C 
fo r  amino  sugars. Lipids w e r e  ana lyzed  by thin-layer  chromatography in d ie thyl  
ether-benzene-ethanol-acetic ac id  (45:50:2:0.2) a s  f i r s t  so lvent  and  hexane-diethyl  
e t h e r  (96:4) as second so lvent  or  chloroform-acetone-methanol-acetic ac id -wa te r  
(50:20:10:10:5). Lipids w e r e  d e t e c t e d  by exposure  t o  I2 vapor,  a c id  char r ing ,  
phosphate  spray  (9), ninhydrin, a -naptho1 fo r  glycolipids (8), Draggendorff  s t a in  
fo r  qua r t ena ry  a m i n e s  (8), o r  H SO a c e t i c  ac id  (1:l) for  s t e ro l s  (8). T h e  deacy- 
l a t ed  water-soluble products  wgre  4 i e p a r a t e d  on cel lulose-TLC p la t e s  (10). T h e  
samples  were  visual ized by t h e  o-tol idine s ta in ing  me thod  overs ta ined  with a n  
ac id i c  ammonium molybdate  solution ( l o ) ,  o r  by ninhydrin. To ta l  ca rbohydra t e s  
w e r e  de t e rmined  by t h e  phenol-sulphuric ac id  me thod  (I  I). Nucleic  ac ids  w e r e  
e s t i m a t e d  spec t rophotorne t r ica l ly  a f t e r  hydrolysis with 0.1 N NaOH. To ta l  protein 
was  de t e rmined  a f t e r  hydrolysis in NaOH a t  100°C for  1 h (12). Samples  w e r e  
assayed  for  3-deoxy sugars  (1 3), KDO (1 4), glucosarnine (1 5 ) ,  heptose  (1 61, and  
phosphorous (17). The  t o t a l  f a t t y  ac id  of LPS was de t e rmined  gravimet r ica l ly  
(18). Chlorophyll  and  ca ro t eno ids  w e r e  assayed  a s  descr ibed  by Jensen  (19). F a t t y  
ac id s  were  conve r t ed  t o  t h e  methyl  e s t e r  form in 2.5% anhydrous methanolic-  
HC1 (8). Aliquots  of f a t t y  ac ids  w e r e  hydrogenated  with H and  10% Pd on a c t i -  
v a t e d  charcoal .  F r e e  sugars  were  conve r t ed  t o  a ld i to l  ace$ates  (20). Der iva t ized  
componen t s  w e r e  ana lyzed  on a Varian 3700 gas-liquid ch roma tog raph  (GLC) 
equipped with dua l  f l a m e  ionizat ion d e t e c t o r s  and  a Varian Vista 401 d a t a  system. 
T h e  ana lyses  w e r e  a s  follows: 30 x 0.252mm fused q u a r t z  capi l lary column with 
0.25 M of OV 351 o r  0.25 M of DB-5 at 8 psi of He and  4"C/min f rom 125°C 
t o  220°C and  held isothermally;  2m x 0.31 c m  glass  co lumn packed  with 10% 
SP2330 on 100/120 Gas  ch rom W AW a t  27 psi of He and  4"C/min f rom 110°C 
t o  250°C and  held isothermally.  

RESULTS 

C u l t u r e  screening  for  m e m b e r s  of ASP 

Algal s amples  w e r e  ana lyzed  for  the i r  app rox ima te  chemica l  composi t ion.  
F ive  i so la tes  w e r e  s e l ec t ed  and  cu l t i va t ed ,  under  various g rowth  conditions, by 
Dr. Thomas. T h e  organisms and  gene ra l  g rowth  condit ions a r e  described in Table  
1. Twenty- two samples  compr ised  th i s  set. O n e  of e a c h  a lga l  prepara t ion  was 
des igna ted  a s  "aged". These  "aged" cu l tu re s  w e r e  o lder  cu l tu re s  t h a n  t h e  o t h e r s  
but  t h e y  a r e  not  t o  be confused  wi th  ni t rogen-l imited a lga l  prepara t ions  a s  des- 
c r ibed  in following sect ions.  F ive  cu l tu re s  w e r e  prepared  by Microbial P roduc t s l J .  
Weisman (Table 1). No informat ion  was  provided as t o  t h e  ident i ty  o r  me thod  



TABLE 1 

PROXIMATE CHEMICAL COMPOSITION OF SELECTED MICROALGAE 

Initial Dry 
Culture Wt. cells Lipids CHO Protein 

NO. (gm) % % % 
1 Flagellate, Walker L., Urea 0.8668 1 17.88 37.97 20.04 
2 I! I I " (Aqed) 1.10922 12.05 41.73 19.23 
3 Cryptomonad, Harper L., NH4 0.08323 15.83 9.33 48.78 
4 I I " (Aged) 0.75793 18.22 8.34 52.91 

5 11 11 NO 0.68536 3.15 7.67 19.94 
6 I! I! ? ~ g e d )  0.81458 5.02 9.66 26.84 
7 11 I I Urea 0.42120 6.41 9.00 30.23 

8 I I I I (Aged) 2.16098 10.59 9.37 43.61 
9 Dangeardinella, Salina Valley, NO3 0.56196 5.57 1.44 16.93 

10 11 I I 11 1.6220 5.46 3.38 16.61 
11 . I I 

'I Urea 0.38870 4.20 2.42 17.94 
12 11 11 " (Aged) 0.22664 4.77 3.36 18.15 
13 Chlorella/Pond B N03 0.57920 20.08 10.54 65.72 
14 11 " (Aged) 1.01492 18.04 13.84 44.96 
15 I I 11 0.53883 20.68 9.71 46.94 
16 I I " (Aged) 0.94596 20.15 7.84 57.91 

17 Chlorella/Spring 1011 NH4' 0.48283 17.53 11.90 41.95 
18 11 I I (Aged) 1.83487 15.23 9.44 52.49 
19 1 I II 

N03 0.81650 10.85 14.09 46.50 
2 0 I I 11 (Aged) 1.85140 2.95 14.72 46.07 

2 1 11 11 Urea 0.71039 13.34 9.28 61.73 
22 11 I I " (Aged) 2.59074 7.99 10.68 60.23 
2 3 Gl(1) 0.93062 9.55 38.13 18.18 
2 4 GI (2) 0.45224 8.92 18.66 4206 
25 M3 (1) 0.38514 19.96 26.97 20.77 
26 M3(2) 0.51865 8.96 10.91 73.96 . . 

27 M4 0.51 195 22.23 33.62 34.67 
"culture number 1-22 were from Thomas, Scripps Institute whereas 23-27 were from Microbial Products. 



of prepara t ion  of t h e  l a t t e r  f i ve  a lga l  s amples  (Table 1) which w e r e  in smal l  
quant i t ies ,  re la t ive ly  "uncleanf '  as ind i ca t ed  by t h e  d iverse  s t r a t i f i ca t i ons  of 
t h e  wet -packed  cells. No d i r e c t  a sh  c o n t e n t  was de t e rmined  for  any  of t h e  27 
samples  fo r  s eve ra l  reasons: Sample  weights  for  mos t  s amples  w e r e  less  t h a n  
1 gm; s a l t  c rys t a l s  and  ex t r in s i c  ma te r i a l s  w e r e  readi ly visible and  e s t i m a t e d  
t o  be  c lose  t o  o r  g r e a t e r  t h a n  one-half of t h e  s ample  and,  t h e  organisms prepared  
w e r e  appa ren t ly  a l l  g r een  a igae ,  cu l t i va t ed  in nons t ress  envi ronments ,  s o m e  of 
which are recognizable  a lga l  "weeds" that have  been s tudied  in  cons iderable  
de t a i l  in this  l abo ra to ry  a n d  elsewhere.  T h e  ash c o n t e n t  c a n  be  ex t r apo la t ed  
f rom t h e  resu l t  of t h e  app rox ima te  organic  contents .  These  r e su l t s  a r e  given 
in Table  1. T h e  r e l a t i ve  dis tr ibut ion of nonpolar  and  polar lipids in t o t a l  f r e e  
lipid f r ac t i ons  of r ep re sen ta t i ve  organism, a s  s e l e c t e d  by e lu t ion  f rom a si l ic ic  
ac id  column, is  given in Tab le  2. E a c h  co lumn e l u a t e  was  assayed  by TLC in 
mix tu re s  of nonpolar  and  polar  so lvents  to survey  t h e  number  a n d  n a t u r e  of t h e  
lipid components .  A r ange  of 15-30 componen t s  a s  resolved in e a c h  of t h e  s i l ic ic  
ac id  co lumn e l u a t e s  wi th  t h e  excep t ion  of t h e  CHCl e l u a t e s  which had 3-10 
resolved components .  Many of t h e  p igmented  cornponen?s in r e l a t ed  e l u a t e s  w e r e  
duplicates .  T h e  composi t ion of t h e  phopholipids in a l l  of t h e  me thano l  e l u a t e s  
w e r e  s imilar .  These  lipids w e r e  t h e  diacylglycerol  phosphate  type. T h e  composi t ion 
of t h e s e  diacylglycerol  der iva t ives  in b iomembranes  is re la t ive ly  uniform with 
regard  t o  t he i r  overa l l  s t e r e o s t r u c t u r e s  and  t h e y  a r e  genera l ly  of l i t t l e  va lue  
a s  chemotaxonomic  markers .  Each  ce l l  will m a k e  no less  t han  t h e  a m o u n t  of 
t h e m  t h a t  i s  e s sen t i a l  for  m e m b r a n e  s t r u c t u r e  and  funct ion.  T h e  essent ia l  amoun t  
i s  genera l ly  less  t h a n  one-half of t h e  a m o u n t  t hey  normal ly  produce. T h e  minimal  
a m o u n t  of phospholipids a r e  genera l ly  produced when t h e  ce l l s  a r e  under  "stress" 
and  t h e  me tabo l i c  flow of ca rbon  is  d i r ec t ed  towards  carbon s torage .  In t e r m s  
of r e l a t i ve  quant i ty ,  t h e  a c e t o n e  e l u a t e  is  o f t e n  t h e  mos t  c o n c e n t r a t e d  e l u a t e  
fo r  unstressed a lga l  cells. Glycolipids of t h e  ga lac tosy l  diacylglyceride t y p e  a r e  
common  in t h e  a c e t o n e  e lua te .  The  chlorophylls and  caro tenoids  a l so  p redomina te  
in t h i s  f rac t ion .  T h e  neu t r a l  lipid (hexane,  benzene,  C H C l j  e lua t e s )  r ep re sen t  
re la t ive ly  smal l  a m o u n t s  of lipids. This  i s  typ ica l  of vir tual ly a l l  a lgae.  A dec rease  
ir; the concen t r a t i on  of t h e  chlorophyll c o n t e n t s  and  a r ise  in concen t r a t i on  of 
t h e  caro tenoid  (isoprenoid) t ypes  (both polar and  nonpolar)  o f t e n  occu r s  in cel ls  
cu l t i va t ed  under s t ress .  Unfor tuna te ly ,  none of t h e  ce l l s  s tud ied  in t h i s  group 
of organisms were  chal lenged;  t he re fo re ,  i t  is  no t  possible t o  d e t e r m i n e  if t h e s e  
organisms have  a po ten t i a l  for  high-lipid product ion and  e x a c t l y  w h a t  would happen 
t o  t h e  lipid product ion in t h e s e  a l g a e  under s t ress .  T h e  lipid concen t r a t i on  ranges  
de t e rmined  in t h i s  l abo ra to ry  for  t h e  test a lgae  a r e  r a t h e r  typ ica l  of a l l  a l g a e  
cu l t i va t ed  in "suff icientff  g rowth  media.  

Orpanism cul t iva t ion  a n d  ana lvs is  a t  GIT 

Two organisms i so la ted  by Dr. Thomas  and  eva lua t ed  in t h e  previous year  
w e r e  s e l ec t ed  for  fu r the r  studies. These  t w o  organisms w e r e  Oocys t i s  a n d  Anki- 
s t rodesmus.  They had demons t r a t ed  no  spec ia l  lipid producing poten t ia l ;  however,  
t h e y  a r e  easi ly cu l t i va t ab l e  a lgae  and  t h e  had never  been t e s t e d  for lipid roduc- 
t ion while cu l t i va t ed  under n i t rogen  de f i c i en t  conditions. Two addi t lonay  a l g a e  
w e r e  included in t h i s  phase of t h e  study: Cyl indro the ica  fusiformis and  Monallan- 
t hus  salina. All four  organisms w e r e  cu l t i va t ed  in both n i t rogen  suf f ic ien t  a n d  -- 
de f i c i en t  media  a s  descr ibed  in t h e  following procedure.  

T h e  t w o  cu l tu re s  supplied by Bill Thomas  w e r e  cu l t i va t ed  in Walker Lake  
medium fo r  Oocys t i s  a n d  Py ramid  Lake  medium fo r  Ankistrodesmus a s  h e  recom-  



mended. All cu l tu re s  were  grown in shal low flask on a shaker  under continuous 
i l lumination a t  25OC. 

I. Ankistrodesmus falcatus.  O n e  l i t e r  Pyramid  Lake  medium (1mM KN03) 
was  inocula ted  wi th  20ml log phase Ankistrodemus. A f t e r  f ive  days, when t h e  
n i t r a t e  level  was  approximate ly  0.5mM, t h e  growth  was  heavy and  da rk  green. 
T h e  cu l tu re  was  divided in to  four equal  volumes,  and  d i lu ted  wi th  o n e  of t h e  
following: 

1)  250ml Pyramid  Lake  medium, no  ni trogen source;  
2) 250ml Pyramid  Lake  medium, no  n i t rogen source ,  lOmM NaHC03; 
3) 250ml Pyramid  Lake  medium, 2mM KN03, lOmM KNO ; 
4) 25Oml Pyramid  Lake  medium, 2mM KN03 (no N ~ H C O ~ ~  

A f t e r  t w o  weeks, n i t r a t e  levels  of nos. 1 and  2 had been a t  background leve l  
f o r  seven days  (value de t e rmined  by NO3 assay  with medium with no  K N 0 3  as 
a control) ,  t h e  cu l tu re s  were  then  harves ted  by centr ifugat ion.  

Values obta ined  for  protein,  carbohydra te ,  a sh  and lipid levels  a r e  summar ized  
in Tab le  3. Pro te in  levels  in t h e  ni trogen def ic ien t  cu l tu re s  were  approximate ly  
one-half o f  t h a t  of  t h e  ni trogen suf f ic ien t  cul tures.  Resul t s  of t h e  ca rbohydra t e  
assay  indica ted  t h a t  t o t a l  ce l lu lar  ca rbohydra t e  increased  with ni trogen deficiency. 
No t r e n d  was  appa ren t  in t h e  a sh  weights. 

Lipids compr ised  40% of t h e  t o t a l  dry  ce l l  weight  of cu l tu re  no. 2; 27.24% 
of  no. 3; and  19.5% of no. 4. T h e r e  was no t  enough sample  recovered  for  a n  
a d e q u a t e  ex t r ac t ion  and  quant i f ica t ion  of no. 1. A sl ight  sh i f t  f rom polar t o  
nonpolar lipids was  seen  in nos. 2 and  4--methanol f r ac t ions  of t h e s e  t w o  a r e  
lower than  no. 3, while t h e  chloroform f r ac t ions  of 2 and  4 hold a g r e a t e r  per- 
c e n t a g e  of t h e  t o t a l  t han  no. 3. The  preponderance  of lipids, however, was in 
t h e  a c e t o n e  fract ion.  TLC of f r ac t ions  in polar lipid so lvent  showed ident ica l  
separa t ion  p a t t e r n s  for  chloroform, a c e t o n e  and methanol  f r ac t ions  of a l l  t h r e e  
e x t r a c t s ,  t h e  major  d i f f e rence  being quan t i t a t i ve  r a t h e r  t hen  quali tat ive.  In t h e  
ni trogen def ic ien t  cu l ture ,  in tense  yellow t o  orange  p igments  predominated.  The  
yellow pigments  in benzene  f r ac t ion  of no. 2 (Table 3) were  par t icu lar ly  sens i t ive  
t o  drying and  illumination. When t h e  benzene  f r ac t ion  of no. 2 was  dr ied  ( a t  
40°C) under ni trogen and subdued illumination, i t  tu rned  f rom a bright  yellow 
t o  a bright  o range  color and  t h e  absorpt ion spec t rum in t h e  region f rom 400nm 
t o  490nm was  increased  by 50% with r e spec t  t o  a new peak absorpt ion at 660nm. 
TLC of t h i s  oxidized benzene  f r ac t ion  revea led  a separa t ion  p a t t e r n  ident ica l  
t o  t h a t  observed  in t h e  a c e t o n e  f r ac t ion  of no. 2. O n  ref rac t ionat ion  on  Unisil, 
a l l  visible p igment  was e lu t ed  by ace tone .  Re-ext rac t ion  of ano the r  sample  of  
no. 2 wi th  no  i l lumination produced a benzene  f r ac t ion  with t h e  principal com-  
ponent  having a n  Rf  va lue  corresponding t o  +-carotene standard.  

In both T L C  solvents  a and  b a l l  t h r e e  t r e a t m e n t s  had a major  spot  t h a t  
co-chromatographed with a t r ig lycer ide  s tandard.  Saponif icat ion of ch loroform 
f r ac t ions  resu l ted  in t h e  near - to ta l  d isappearance  of t h i s  spot  in no. 3, with a 
corresponding inc rease  in t h e  s i ze  of a spot  co-chromatograhing wi th  a f a t t y  
ac id  s tandard .  



TABLE 2 

FRACTIONATION O N  "UNISIL" SILIC ACID COLUMNS 

C u l t u r e  % Eluted  
Number Sample  y g  loaded Hex. Benz. C H C l  Acet .  MeOH T o t a l  

3 
1 F l age l l a t e  64.8 0.43 2.70 19.06 59.90 18.38 100.47 

Walker Lake  

3 Cryp tomonad ,  8.0 0.03 0.08 0.15 100.40 0.93 101.59 
Harper  Lake  

11 Dangeard ine l la  13.8 0.65 17.85 0.43 76.45 6.72 102.10 

15 Chlore l la  9 7.6 0.08 0.56 1.72 61.63 22.10 85.93 
Pond B 

11. Oocys t i s  sp: 

T h e  analysis  of Oocys t i s  was  compl i ca t ed  by t h e  p re sence  of ex t r i n s i c  
bac ter ia .  Cu l t i va t ing  Oocys t i s  on  aga r  s u r f a c e s  and  t h e  subculturing of c lones  
g rea t ly  reduced  t h e  number  of b a c t e r i a  but  i t  did no t  e l imina t e  t h e m  as judged 
by the i r  subs tan t ia l  i nc rease  in number s  r e l a t i ve  t o  t h e  number  of s u c c e s ~ v e  
cul t ivat ions.  The  a lga l  ce l l s  e x c r e t e d  g lycoprote ins  a s  soon a s  t h e  ce l l s  approach- 
e d  l a t e  exponent ia l  g rowth  phase. T h e  bac t e r i a l  populat ion t h e n  prol if ierated.  
We t h e r e f o r e  found it impossible  t o  conduc t  meaningful  ana lyses  on t h e  Oocys t i s  
in n i t rogen  f r e e  media. Visual d e t e c t i o n  of bac t e r i a l  a c t i v i t y  in t h e  Oocys t i s  - 
cu l tu re s  was  masked  by t h e  d e e p  g reen  p igments  of t h e  a lga l  cells;  low speed  
cen t r i fuga t ion  of Oocys t i s  in n i t rogen  suf f ic ien t  med ium,  however ,  d e m o n s t r a t e d  
s t r a t a  in t h e  w e t  pellet.  When in n i t rogen  de f i c i en t  media ,  t h e  cu l tu re  was  
pa le  green;  a s  t h e  bac t e r i a l  populat ion inc reased ,  t h e  c u l t u r e  t u rned  r e d  in 
color. A new sample  of Oocys t i s  will be obta ined  f r o m  Dr. Thomas. T h e  r e su l t s  
of t h e  s tudy  a t t e m p t e d  is  descr ibed  in t h e  following lines. 

O n e  l i t e r  of &-phase cu l tu re  was cent r i fuged  (100 x g),  washed t w o  t i m e s  
with a n  i soosmot ic  s a l t  solut ion and  divided in to  four  equal  p a r t s  t o  i nocu la t e  
t w o  f lasks  e a c h  conta in ing  o n e  l i t e r  Walker Lake ,  20mM NaHCO, wi th  no  nitro- 
gen  source ,  and  t w o  f lasks  e a c h  with o n e  l i t e r  a s  above  su$plernented with 
4 m ~  KN03. Harves t ing  was  a t  t w o  day in t e rva l s  beginning 24  hours  a f t e r  inocul- 
a t  ion. 

The  addi t ion  or  omission of a n i t rogen  sou rce  caused  e f f e c t s  o r  changes  
with t i m e  which were  discernible  in pro te in  (8.4% - 24%) ca rbohydra t e  (16.5% 
- 32.7%) or  ash  (23%-26%). In ni t rogen-deficient  c u l t u r e s  lipid leve ls  appa ren t ly  
dec reased  with t i m e  t o  4-9% of ce l l  dry wt. These  resu l t s  w e r e  attributed 
to dec rease  in t h e  a l g a e  and  bac t e r i a l  prol i ferat ion.  



TABLE 3 

Prof i le  of Ankistrodesmus f a l ca tus  

2) no  KN03, lOmM 
NaHC03 

ASH PROT. C H O  LIPID Sil icic  Acid Separa t ion  of lipids 
% % % % HEX. BENZ. CHC13  ACET. MeOH TOTAL 

7.0 13.3 18.3 insuff icient  s ample  

3) 1.5mM KN03 
lOmM NaHC03 7.0 34.4 11.4 27.2 - 2.5 9.8 72.6 19.5 104.4 

2 ' )  re -ext rac t ion  of 2 40.0 3.2 14.1 66.8 10.5 94.6 - 

Lipids of  nos. 2 and  4 appear  t o  have  changed in t h e  s a m e  way--the methanol  f r ac t ion  i s  slightly lower in t h e s e  
t w o  t h a n  in no. 3, and  t h e  chloroform f rac t ions  have  a g r e a t e r  pe rcen tage  of t h e  t o t a l  lipids in 2 and 4 than  
in 3. T h e  protein level  of no. 2 i s  exact!.y half of t h a t  of  no. 4. The  appa ren t  increase  in carbohydra te  levels  
in n i t ra te -def ic ien t  cu l tures  may  be a n  indicat ion o f  t h e  production of d i f f e ren t  t ypes  of sugars ,  s ince  only 
glucose was  used as a s tandard  in t h e  ca rbohydra t e  assay. 



111. Monallantus salina: Monallantus was grown in e i the r  a supplemented sea- 
w a t e r  media  o r  a comple te ly  defined media based on t h a t  of Provasoli. A lipid 
yield of 60% was ob ta ined-  on t h e  supplemental  s e a w a t e r  medium (Table -4). 
A t t e m p t s  t o  establish axen ic  cul tures  of Monallantus m e t  with l i t t l e  success; 
both ant ib io t ic  and physical se lec t ion  methods  were  tried. 

N i t r a t e  def ic ient  cuf tures  began as cu l tu res  low in n i t r a t e  al lowed t o  ex- 
haust  t h e  n i t r a t e  as evidenced by co lo r ime t r i c  assay. Cul tures  w e r e  typical-  
ly given 10 mM of sodium bicarbonate  eve ry  3 t o  5 days. 
~ o k ~ o s i t i o n  under Ni t r a t e  Deficiency: These  cul tures  were  9 days  old at harvest.  
Initial n i t r a t e  was 1 and 5 mM for  t h e  n i t r a t e  def ic ient  and suff ic ient  cultures,  
respectively. The  n i t r a t e  was exhaus ted  in t h e  n i t r a t e  def ic ient  cu l tu re  on 
t h e  seventh  day of cul t iva t ion  as determined by color imetr ic  assay. 

TABLE 4 

Approximate  Chemical  Composit ion of Monallantus sal ina 

N i t r a t e  Sufficient  N i t r a t e  Def ic ient  
Component  Dry Ce l l  Wt. (%) Organic  W t .  (%) Cel l  Dry Wt. Organic  (%) 

Ash 18 - - 24 - - 

Prote in  43 55.8 20 24.3 

Carbohydra te  12  15.6 1 3  15.9 

Lipid 22 28.6 49 59.8 

Several  a t t e m p t s  were  made  t o  grow t h e  a lga  under these  s a m e  condi- 
t ions for l o r ? ~ e r  ~ e r i o d s  of t ime ,  but  bac ter ia l  blooms occured  a t  11 t o  12 days. 

U L 

Fract ionat ion  of Lipid on ' ~ n i s i l :  Lipid from both n i t r a t e  suff icient  and  
def ic ient  cul tures  was f r ac t iona ted  on unisil by s tandard  procedure (Table 5) .  

TABLE 5 

Percen tage  of Silicic Acid Frac t ionat ion  of Monallantus sal ina lipids 

Frac t ion  

Hexane 

Ce l l  Prepara t ion  
Ni t r a t e  Sufficient  N i t r a t e  Deficient  

Benzene 5 5 

Chloroform 5 25 

Ace tone  5 5  42 

Methanol  33 27 



N i t r a t e  suf f ic ien t  and  def ic ien t  ce l l s  g a v e  similar  lipid p a t t e r n s  on TLC excep t  
a s  noted.  Only t h e  major  compounds a r e  indicated;  mos t  of  t h e  p igments  a r e  
not  indicated.  

TABLE 6-A,-BsC 

Thin Layer Chromatography o f  Monallantus lipids 

Silicic Acid F rac t ion  
Probable  

A. Rf  - Hex. Benz. CHC13 Acet .  Ident i ty  

0.97 + + Neutra l  lipids 

0.84 + + Triglyceride 

Pigment  

1,3-Diglyceride 

1,2-Diglyceride 

Solvent: Diethyl  e the r ,  benzene,  e thanol ,  a c e t i c  ac id  (40:50:2:0.2). 

B. Rf - Hexane  Benzene  Probable Ident i ty  

0.80 + Hydrocarbons 

Solvent: hexane,  d i e t  hyl, e t h e r ,  96:4. 

C. Rf Ace tone  

0.84 + 

Methanol  

P igmen t  

S tery l  e s t e r s  

Ident i ty  

Monogalactosyl-digly- 
ce r ide  

Phosphatidyl ethanol-  
amine  

Phosphatidyl glycerol  

Phosphatidyl choline 

Phosphatidyl inositol 



Solvents: Chloroform, acetone ,  methanol, a c e t i c  acid,  wa te r  50:20:10:10:5. 

The major lipid shift,  in t h e  cel ls  conversion f rom nitrogen sufficient  
t o  deficient  s t a t e s  was observed in t h e  pigment con ten t s  and t h e  triglycerides. 
The l a t t e r  were  t h e  major lipid component in t h e  nitrogen-limited cells, account-  
ing for  42% of t h e  to ta l  e x t r a c t e d  lipids. The elution of tr iglycerides in to  t h e  
a c e t o n e  fac t ion  is not  uncommon when t h e  tr iglyceride content  i s  relat ively 
large. Triglycerides complex in a undefined a rch i t ec tu ra l  a r rangement  with 
t h e  gylcolipids. Recycling t h e  ace tone  e l u a t e  through a si l icic column even- 
tually str ips most  al l  of t h e  tr iglycerides in to  t h e  chloroform eluate.  

The f a t t y  acids were  predominantly polyunsaturated s t ra ight  chains with 
t h e  major species being 16:0, 16;1, 18.1, 18:2, 18:3 and 18:4. There  were  no 
major qual i ta t ive  d i f ferences  in t h e  f a t t y  acid contents  of t h e  lipids of nitro- 
gen-suf f icient  and -deficient  cells. 

IV. Cylindrotheica fusiforma: The agal  was grown in a medium of seawate r  
supplemented with t r a c e  e lements ,  phosphate, iron, s i l icate,  borate,  and nitrate.  

The cellular  composition under conditions of n i t r a t e  sufficiency and deficiency 
is given in Table 7. 

TABLE 7 

Approximate composition of Cylindrotheica 

Nitrogen Sufficient  Nitrogen Deficient  
Cel l  Dry Wt.(%) Organic  W t .  (%) Cel l  Dry W t .  (%) Organic ~ t . ( % )  

Ash 5 1 - - 67 - 

Protein 10 20 4 12 

Carbohydrate  8 16 5 15 

Lipid 9 18 4 1 2  

Unassigned 22 15 20 6 1 

A significant  proportion of  t h e  approximate  chemical  composition i s  unas- 
signed. This unassigned f rac t ion  consists of predominantly amphil ic  compounds 
t h a t  a r e  comprised of oligo- and poly-saccharides derivatized with f a t t y  acids 
(glycolipids) and amino acids (glycolipoproteins). These complex "lipids" a r e  
demonstrable by ac id  hydrolysis, solvent partitioning, derivatization,and analyses. 

Cylindrotheica, cul t iva ted  on nitrogen deficient  medium, shif ts  towards  
complex polymer biosynthesis, which a r e  designated in t h e  unassigned ca tegory  
(Table 7). Fractionation of t h e  lipids from nitrogen sufficient  or  def ic ient  cel ls  
on a unisil column indicated no significnt changes in t h e  distribution of nonpolar 
t o  polar lipid (Table 8). 



TABLE 8 

Silicic Acid F rac t ions  of Lipids of Cyl indrothe ica  

F rac t ion  

Hexane  

N i t r a t e  Suff ic ien t  N i t r a t e  Def ic ient  

3% 3 %  

Benzene  3 %  3 %  

Chloroform 16% 16% 

A c e t o n e  55% 56% 

Methanol  19% 21% 

Also, TLC of t h e  f r ac t ions  a lso  revea led  no  signif icant  qual i ta t ive ly  d i f f e rence  
be tween  t h e  lipids of n i t r a t e  suf f ic ien t  and  def ic ien t  cells. 

Isoprenoid Biosynthesis Inhibitors 

A spec i f ic  objec t ive  of t h i s  yea r s  pro jec t  is t o  test t h e  e f f e c t s  of chemica ls  
on deregula t ing  t h e  biochemical  pa thway for  isoprenoid biosynthesis. 

Pre l iminary  t o  any  invest igat ion of t h e s e  inhibi tors  i t  i s  necessary  t o  esta- 
blish bac t e r i a  f r e e  cu l tures ;  t h i s  was  accompl ished  for  both  Dunaliella sal ina 
and  D. bardawil.  

Screening of severa l  inhibi tors  for  le tha l  dose was  under taken  f o r  D. sal ina 
D. bardawil,  and  Isochyris ga lbana .  The  resul t s  of t w o  inhibi tors  a r e  shown - 
in Tab le  9. 

TABLE 9 

Toxici ty Measurements  on Selec ted  Algae  

Inhibitor D. salina* D, bardawil* I. ga lbana  



Table  9 continued: 

Inhibitor D. salina* D. bardawil* 1. galbana 

Pyridine 

10mM - + - 

O.lmN + + - 

1lJM + + + 

*response recorded a s  growth (+) or  nongrowth (-). 

8-Hydroxyquinone was a lso  t e s t e d  and  i t  was demonst ra ted  t o  be nontoxic in 
doses as high as iOmM. Diphenylamine was tox ic  t o  a l l  t h r e e  t e s t  organisms 
a t  10mM. 

D. sal ina was grown in 10  pM diphenylamine under light for  six days. The  -- 
lipid con ten t  a s  a pe rcen tage  of organic  weight was increased in t h e  diphenyla- 
m-ine t r e a t e d  cu l tu re  t o  35% compared  t o  28% in t h e  control.  The  lipid f k c t i o n a -  
t ion pa t t e rn  on Unisil was essential ly ident ica l  t o  t h e  control.  

D. salina was a lso  cul t iva ted  in media  containing 100 ppm CPTA (p-chloro- -- 
phenylthiotr iethylamine-HCl) for  two  days  in both light and  dark. Even though 
C PTA prevented  replicat ion,  t h e  ce l l s  remained viable a t  th is  concent  r a t i o w  
however,  only a small  a l t e ra t ion  in t h e  lipid p a t t e r n  was observed a s  indicated 
in Table 10. 

TABLE 10 

E f f e c t s  of CPTA on f r ac t iona ted  lipids of Dunaliella salinav 

Unisil Light, Con- Light, CPTA Dark, Con- Dark, 
Frac t ion  t ro l  (%) t r o l  -- CPTA (%) 

Hexane 5 3 4 0 

Benzene 6 2 2 0 

Chloroform 11 13 23  1 5  

Ace tone  56 55 46 57 

Methanol 22 26 25 28 

*data  repor ted  as percentage  of t h e  total .  

The  benzene f rac t ion  does decrease ,  possibly suggesting a minor dec rease  
in caretenoid.  

Currently,studies of inhibitors a r e  being conducted with radioact ive  bicar- 
bonate  t o  label  t h e  lipids and for a more  convenient  t rac ing  method for  evalua- 
t ing  t h e  systems.  

Inhibitor s tudies were  a lso  conducted  with Botryococcus braunii. B. braunii 
was cul t iva ted  in a a i r l i f t  sys tem pressurized with e i the r  1 o r  5% CO in 

2 



air.  T h e  organism g rew rapidly for  t w o  generat ions;  t h e  growth  t h e r e a f t e r  quickly 
declines. Renewa l  of a media  was suf f ic ien t  t o  s t i m u l a t e  addit ional  growth,  
but even  t h e n  t h e  l imi t  was  rapidly reached.  T h e  growth  l imi ta t ion  s t a g e  was 
visually indica ted  by ce l l  c lumping even  in rapidly s t i r r ed  cul tures.  

Pre l iminary  expe r imen t s  have  been in i t ia ted  t o  i nd ica t e  condit ions s t imula-  
t o r y  for  lipid synth  is. Using C-14 label led glucose n i t r a t e  def ic ien t  B. braunii 
accumula t ed  m o r e  "C-lipids t han  n i t r a t e  suf f ic ien t  cells. These  r e s u E  a r e  
indica ted  in Tab le  11. 

TABLE 11 

1 4 ~ - g l u c o s e  up take  s tudies  in Botryococcus in Light  

Ce l l  P repa ra t ion  

N i t r a t e  Sufficient  N i t r a t e  Def ic ient  

Initial Coun t s  19,000 cpm 19,000 cpm 

Coun t s  remaining  
in media  a f t e r  
t w o  days  4,160 cpm 

Chloroform 
lipids 2,570 cpm 

(17.3%)" 

Methanol-water  
soluble 1,120 cpm 

(7.5%)" 

9,500 cprn 

3,330 cprn 
(35.0)* 

1,280 cprn 
(13.5%)* 

*% of t o t a l  incorporat ion.  

B. braunii also incorpora ted  m o r e  of t h e  label  i n to  lipid when grown in t h e  dark  - 
(heterotrophical ly) .  Again, t h e  carbon sou rce  was 1 4 ~ - g l u c o s e ,  uniformly label led 
(Table 12). 

TABLE 12 

1 4 ~ - g l u c o s e  uptake  s tudies  in Botryococcus in Dark  

Ce l l  P repa ra t ion  

N i t r a t e  Sufficient  N i t r a t e  Def ic ient  

Ini t ial  Coun t s  19,000 cpm 19,000 cpm 

14c02 evolved 7,780 cpm 1,430 cprn 



Table  12 continued: 

Ni t r a t e  Sufficient  

Chloroform 
lipids 1,520 (0- 19)* 

Methanol-water  
soluble 1,220 (0.16)* 

14 
*the r a t io  of incorpora ted  C t o  respired 14c. 

N i t r a t e  Def ic ient  

Resea rch  Developments.  in progress 

There  a r e  severa l  a r e a s  t h a t  we a r e  exploring fo r  fac i l i ta t ing  t h e  s tudies  
being conducted. These  are:  

1. Designing and  Tes t ing  b ioreac tors  for  conducting s t eady  state cultivations. 

2. Establishing pa ramete r s  for  e f f e c t i v e  immobil izat ion of Algal Tes t  s trains.  

3. Corre la t ing  tandem-bioreactors  fo r  rapid conversion of ni trogen-sufficient  
cu l tu res  t o  ni trogen-deficient  cu l tu res  and  for  tes t ing  nretabolic inhibitors. 

4. Final tes t ing  of a sys tem for  e f f ec t ive ,  rapid and inexpensive concent ra t ion  
and/or recovery  of i n t a c t  algal  cells. 

Genera l  C o m m e n t s  

The  lipids of d i f ferent  microalgal  cul tures  cul t iva ted  in " ~ u f f i c i e n t ' ~  media  
in ba tch  cu l tu re  a r e  fundamental ly similar  in both quant i ty  and quality. The  
chemotaxonomic  specif ici t ies  of t h e  lipids usually r e s t r i c t ed  t o  speci f ic  pigments, 
f a t t y  acid,  and/or  metabol ic  accessory  components. These  speci f ic  component  
types  usually represent  a relat ively minor pa r t  of t h e  t o t a l  lipid. The  screening 
of microalgae  for  lipid production is, therefore ,  of l i t t l e  value unless t h e  isolates 
a r e  a lso  challenged by some  s t r e s s  s t a t e ,  such as nitrogen s tarvat ion ,  t o  fo rce  
t h e  metabol ic  mechanisms in to  a carbon s to rage  pathway. The  speci f ic  c h a r a c t e r  
of lipid production of e a c h  microalgal  i so la te  is  t hen  exemplified. Examples 
of p;oduitivities under induced metabol ic  t r iggers  a r e  Botryococcus (botryococ- 
cenes) ,  Dunaliella bardawil ( 6-carotene),  Neochloris (triglycerides), Isochrysis 
(C H 0) and  so  forth. It would be impract ica l ,  however, t o  conduct  such thor- 
ou& g?udies on eve ry  i so la te  obtained and being screened by members  of t h e  
ASP. Thus, a b e t t e r  se lec t ion  model must  be  developed for  screening microalgae  
t o  assure  a proper sample  of t h e  diverse algal  sys tems and t o  minimize unneces- 
sary  duplications. 

Equally impor tan t  t o  t h e  development of a screening model i s  t h e  cult ivat ion 
of t h e  algae.  The  tes t ing  of a lgae  for lipid production, metabol ic  t r iggers  and/or 
metabol ic  inhibitors by cult ivat ing ba tch  a lgae  in flask with agi ta t ion  i s  unwork- 
able. To  adequate ly  study these  pa ramete r s  we must  have  bioreactor(s)  t h a t  
support  continuous cul tures  with cont ro l  s t r a t eg ie s  fo r  manipulat ing t h e  ex te rna l  
physical and chemical  envi ronment  of t h e  cel ls  so  a s  t o  opt imize  productivity. 
For these  reasons we a r e  working towards  developing innovative b ioreac tor  



designs with t h e  vision directed towards scale-up pilot plants. This aspect  of 
t h e  work is being conducted in addition t o  our specific objectives outline in 
our subcontract. Several combined immobilization-continuous tandem bioreactors 
being t es ted  show promise for enhancing our e f fo r t s  t o  be t t e r  understand t h e  
metabolic regulatory tr igger for lipid biosynthesis. 
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1984 Aquatic Species Program Review:  P h y s i o l o g y  of O i  l Producing 
Micrcalgae i n  Response to  Stress C o n d i t i o n s  

S ,  L i e n  and k:. G -  Spencer 
SERI, Golden, CO 80401 

I .  In troduct ion  

Accumulat iun o-f s to rape  lipids has b e e n  noted in certa in  

species o-f algae.  T h e  starage lipids f r o m  alqae, l ike those 5f the 

oi 1-28 seeds, coi-tsist rnairily ctS neutral  lipids {mostly,in ti le +arm m f  

triacylqi~cerolf=,! . Thus, aigal f i p i d s  m a y  serve  as r-ar,rewable i scc t r tes  

of i s i  qhl  - .  y P . " E ~ L ~ c E ~ ~  nrgani c car- bar; stai tab3 e ear conver-s i  on i rtta l i q u i d  

f u e l  s a n d i o r  as f eebstark rnateri al s Car the pekr-achemi cal 

i r t d u s t r i e s .  F r e v i ~ t i ~ _ I  v tnost investigation o+ s to r - age  l i p i d  

pr-aductkan have D e e r 3  dcne w i t h  higher plarrts,  especial f y the tissue 

of o i ly  ,seedz. The substrates + a  l i p i d  prnduction are organic 

car-hons tr-ansported to itte s e e d s  Srnm the p h o t c s y n t l r e t i c  tissues of 

the  l e a v e s ,  Its t h i s  r - e s p e c z t ?  t h e  o l ~ a g i r t o u s  microalgae are unique i n  

- * it-:at a~ L aczufnuTaticij takes piace i f 7  C E ~  1. s tt-ia.t at-= 

p i - t ~ t a = ~ ~ r i k l . t ~ k i  - 7 ~ a i  1 .y scki v e  2nd iirtercrell ular trarrrspcrrt oS the 

i i l t e r - m e d i  ate m e t a b a l  i t e z  are not required. These 9 1  eaqinaus 

x r i r r - f i a I c ; a e  ar-E ideal t .ubjects  f o r  the s t ~ t d i e s  on t h e  r e g u l a t i o n  cs-f 

photasynkhetic reductant u t i l i z a t i o n  and partitioning of 

p P t u t o s y n t h e t i c a l  l y f ixeu carbnri substrates ,  

During the f ask 3 y e a r s ,  w a r - k  an l i p i d  production and oil 

accumu% aki on i n  s f  gae has l e d  the ident i f i cation and i sol ati on o+ 

n u m e r - u ~ t s  speci e5 a+ m i  cr-gal gae capable 0 . F  arcurnul ati ng rrtas~ii ve 

quar -&i t i es  0.f ir-rtracellular starage lipids. T a b l e  I sumrrrarize t h e  

taxanarn ica i  d i s t v  ibutian o+ h e  cf eaginous algae current ly  

maintained in our l abora tory .  



Table I A Taxonomic List of Oleaginous Microalgae 

C h l o r a p h y c e a e  
it01 v o c a l  es 

Heamatnce~caus.-~~ 
Ci-11 crrococcal es 

B o L r ~ o c a c ~ ~ j z -  Pra&!ngl- ( G o t t i  ngen s t r a i n )  
Botrrocorcus-brageii 572 
C!?lorococc~!~:-aureum 1 
C, ~LfrLfo~mel76? 
I=:. EroEeu!!! 1779 
C :. oleof a ~ l e n n  107 
C ,  p_i.nsui.@eum 774 
c!.. ref~lnsees 17a3 
cz s~~_abeJ-J.gm 1233 
Neochl.ori.s..-oXer?~b_uncia~~~ 1 185 
hi- ~~eudo~%i.qmatal24~ 
?! % evrenoidosa 777 
N, tezen~is 1980 
!'! - s p .  511 *** (From M. L )?  
Seo~?s$-&?lori-s- ?~eegiosa 
?reto%ehen.. betrrol-~.ES 

C h l  or-el lales 

Chi cr!-el.%a .~~r_erro~.d_cea 
c, s p  SO1 
finiii ~troFiesmlrzi-_kraun_i 1 750 
f? - 5p 1b3 (UC B e r k e l e v )  
Sce!?edesmus s p  St32 
S ,  s p  SO8 
$ .- s p  308 

U n c e r t a i n :  S03, S04, S05, 507, SOT, SlO f * * *  From Mexico by M. 
5.1. Sll i N e o r h l o r i 5 7 j  
Chrvsopphvceae  

Vancher i a1 es 

Foi-;rrdium-.kec_t!er_%an_~rl! 
a z- stolnnlferum 

Penna l  e5 

f?d.t.zchi.a --eal.ea 
Nitschga s p  (Mono Lake) 

Unknown: SO6 

Based a n  t h e  c u r r e n t l y  a v a i l a b l e  i n f o r m a t i o n  i n  t h e  l i t e r a t u r e  

and  a lso f rom o u r  own r e s e a r c h  d a t a  1 2  , o n e  of t h e  m a j o r  

t e c h n i c a l  p roblem in a d a p t i n g  t h e  o l e a g i n o u s  m i c r o a l g a e  as  a 

r e n e w a b l e  s o u r c e  a+ l i p i d s  is t h a t  fo r -  m o s t  a l g a l  s p e c i e s  s t u d i e d  SO 

f a r ,  t h e  c u l t i v a t i o r r  c ~ r ~ d i t i ~ ~ - t s  which are m o s t  c o n d u c i v e  t o  h i ~ h  

rates oS v e g e t a t i v e  r - ep roduc t ion  oi  a l g a 1  ce l l s  t e n d s  t o  suppress 



the active praducticn and accumulatian af t h e  storage l i p i d s ,  A s  a 

result, massive amounts o oil are present only in t h e o l d ,  

n a n - - d i v i d i n g  ceP is w h i c h  appears ta h a v ~  a d i m i n i s h e d  phatosynthetic 

capacity arid e f . f i c i e n c y .  Tite research on ti-te p h y s i a l o q i i s a l  and 

bi ctci~errrical aspecks o+ the star-aqe 1 ipi d accumulation in these 

aleaginous algae to be r e p o r t ~ d  here is a i m e d  at obtaininq the 

F~trtdatnenlrai i r i f  or-iriakisn u=e+trl  ta i h e  resui u t i o n  a+ thi 5 important 

t e c t i r s i c a l  1 imf taticr-r i n  the pr-oductimn + sturaqe -I i p i d s  by 

mi CP-oai qae. 



11 .  Materials and Methods 

Organisms and Growth conditions. For the majority of work 

described here, the 37 strai n5 of 01 eaqinous algae current1 y 

maintained in our laboratory (see Table 1) were used as the 

experimental orqanisms. Four strains Chlorella sp. Sol, Negchloris 

t e ~ e ~ s l s ,  Neochloul~.-.-elega~ur?lEian_s and Scengdesmus 308 ha5 been 

studied more extensive1 y .  kll strains were grown on Bold's Basal 

Medium CESM) supplemented with 3.0 mM NaM03 or with nitrate plus 

ur-ea. Shake cultures were maintained at 30°C under continuous light. 

Fet-menter- qrowth experiments were carry out in a New Brunswick 

Mi cr of  er m ferrnenter equipped with a specially designed 

centt-i fugal-pump spray apparatus to prevent accumulation af cells on 

the glass walls. Cultures were 14 L of EBM containing the indicated 

amount of NaNG3 as the sole source of nitrogen and were supplemented 

w i t h  12.1 M NaCl. The salt was added to prevent cell clumping during 

l oqat- i thmi c cel 1 qrowth. Illumination around 360° of the 

cylindrical grab-4th vessel was provided continuously at intensities 

0-f 30 or 70 W.m-Z as indicated. Cultures were sparged with 4% COa in 

air at 150 m l  per minute undet- constant and vigorous agitatian by a 

stirring impeller opersting at 360-400 rpm. For dark culturing cell 

suspensions were asepticall y transferred to 1 L flasks, wrapped with 

foil and placed on a shaker with a 3U°C, 1% atmosphere. 

Cell Growth Parameters. Dry mass was determined following 

filtration oQ specific culture volumes onto 2.5 cm Whatman GF/C 

Qiiters and drying overnight at 85°C (constant weight were reached 

within 3 hours at this temperature).Cell counting and sizing were 

done on a Coulter counter model ZM with Accucomp data processing. 

'iabie counts and contamination checks were performed by plating 

dilutions onto BBM or BBM with 1% yeast extract agar media. 



Pigment Determination, Chlorophvi l and carotenaids were 

deterrnir~ed after  e x t r a c t i o n  into 95% e t h a n o l  . S p e c t r a  w e r e  o b t a i n e d  

an a Hewlett-Packard 8 4 5 0 A  s p e c t r a p h a t o m e t e r .  For chloraphvfl the 

+ormu1 a of  Wintermans and D e M o t s  was used ( 3 ) .  Far carotenes the 

extinction coe+ficienfs r e p a r t e d  by J e n s e n  I 4  1 w e r e  used. F a r  

estimation c d  total  carntencids in the presence a$ chlorophylfs, a 

r lormal i zed  absarptiorl  spec-firctm of r i t l c r ~ p h y l  is  w a s  first subtracted 

f v - u r n  t f ip  a b s o r p t i o n  s p e r . L r ~ ; m  a6 tite total alga3 lipid e x t r a c t  i Z  1 ,  

Ion Determination, Nitrate arid sulfate levels w e r e  d e t e r m i n e d  

; ,.,,i f C  i . t ~  i ui-r cf t r - u r n a t a q r - a ~ f i ~ ~  of culirur-e f i ltra-ises, A Vydak 302 anion 

exct-tange calumn (250 mm :-: 4.5 rnm TDZ w a s  used i n  a Hewiet t -Parkarb  

IOllB l i auid rhromatogr-apf-3 wf t h  3 Mescan c o n d u c t i  vi kv detector. For 

nitrate determination in the p r e s e n c e  o-f NaCl the sample w a s  f i r s t  

t rea ted  k ~ i - k h  Aq2SD4 to precipitate the r h i a r - i d e  i o n  ( 2 )  . 

Phatasynthesi 5 and Respiration Rates, R a t e s  of I4CO2 + i x at i on 

w e r e  rr:easured i n  1 ml samples trans-Ferred directly + r o m t h e  

f e r m e n t e r  i n t o  the assay tubes containing 0.05 m l  of  0.2 M 

K--phosphate bu-F-Fer (pH 6.8). M t e r  preincubati~n in the d a r k  far IO 

m i n  by slaw1 y bubbling with ED2-free air, 0.1 r n l  of  NaHCDs (0.04 

mCi,l,680 mq/ml) w e r e  added immediately befare i l l u m i n a t i a n  with 

s a t u r a t i n q  i n t e n s i t y  a+ white light from 120 W t u n g s t e n  floodlamp. 

0.05 mi aliquats w e r e  s a m p l e d  at 1 .3 , s  m i n ,  and transferred into 

scintiiiatiun vials cc f i ta in ing  0.05 m l  of formic acid to stop the  

react ian  and drive out the remaining bicarbonate, The +ixed carbon 

were determined with a B e c k m a n  t S 3 0 6 C ~  scinti l l ati on counter w i t h  

automatic quench correction in Beckman Heady-Sa1.V MP scintillation 

cocktail m i x t u r e .  The rates  af p h o t o s y n t h e t i c  oxygen production and 

respiratorv oxygen cansumption were assayed polaroqraphically with a 

YSI-5331 oxygen electrode in a water-jacketed reaction v e s s e l  (5). A 



tunqsten-halogen lamp with fiber optic was used to provide 

satur atinq white l ight illumination for photosynthetic assavs. 

Gravimetric Determination and Microquanti tation of Lipids. 

Whole cells were harvested and washed bv successive 5 min 3000 rpm 

~ e i f t r  if uyati ons. The pellet a s  extracted with ethanol and 

chloroform-methanol (1: 1 .  viv) as described previous1 y (2). The mass 

of filtered (throuqh a silicic acid column) or phase separated total 

lipid e?:tracfs were dry to constant weight in a vacuum oven and 

determi~?er! by analytical balance. i2). Triacvlglvcerol s were 

quantified following separation on silica gel G plates ISupelco) as 

described previou5ly i2). For the separation of neutral lipids and 

p o l a r  l ipids iincluding steroids) total algal 1 ipid extracts were 

chrornat~graphed on si 1 icic acid column with chloroform ( 6 ) .  

Buanti i ication of microsample of 1 ipids were per-formed by 

rli ffe!-e!-ttiai reGractive index analysis in a HPLC (when applicable) 

or b.<' the color-imetic assay oi dichromate consumption (6). 

Nitrate Reductase. The enzyme assay was performed by a 

modi f lcation a+ the nitrite colorimetric assay (7). Cells were 

t esucpendinq at ax concentration in 0 . 1  M K2HP04 (pH 7.5) and were 

di~ruoted bv three passes through a French Press cell at 1 8 , 0 0 0  psi. 

A 0.5 aliquat of  the cell-free extracts was added to a mixture of 

0.4 ml 0 . 1  M KNO,, 0 .5  ml of 0.2 N K2PD4 (pH 7-5) and 2.5 ml glass 

distilled w~ater. The reaction was initiated by the addition of 0.1 

ir:1 of 20 rnM 'MDH. After incubation ( 1 0 - 2 0  min) the reaction were 

stopped by addition of 0.5 ml of 1 M Zn-acetate. The samples are 

cerltrifuqed for 5 min at 3000 rpm in a clinical Centrifuge. The 

super-natant was used for the quantification of nitrite produced by 

nitrate reducatase. 



I I I .  R e s u l  ts and Di scuss i  an 

4.:. ' rhe - -Pt ry~ io l .~~ i .~r?:1 .~ .~F1~z~an~es~o* .  _Mi  t ~ o q e n  Deer .llvlat i . 0 ~ .  .i n ..I=t.l f c?rgl &.a 

SP -...SO1 ,, 
On a ~hronoiogical basis, many af t h ~  phvsiological and 

biochemicai parameters ztudied and discussed i n  the +ai lawinq 

c ,ec:t ians  S ~ B W  chat-fqe~ c ~ r - r e l a t i  t-rc; G e s t  wi t is ni t t -agen d e p l e t i o n  

r -egard iess  of  it5 s t a t - t i r t g  c s n c e n t r a t i a n s  i u p  to 1 0  m M ) .  The major 

di$-Feiei-rces i t - - i  the r ~ i i , t u i - e  rc.nditisi- i= sand y i e l d s  are r,umrnarized in 

Tabie f 1 .  Our.- p v e i  iminar-y  exper inser t t s  w i t t i  t h i s  alga indicated t ha t  

tfte ma55 ijielci t.titi.-; BEPI media is ni traqert  limited W~EI - I  t h e  i n i t i a l  

c ~ r i c e r i t ~ - - a k i a n  0$ r r i k r a t e  is ~ E ? ~ B W  1 0  rnM. For E:<perirnent I ,  which 

cor t i ; a i : .~ r ,  tile t - : i q i . r e s - k  i n i - L k a l  cuncentraticn a+ n i t r a t e  f 5 mM) , the 

level oS sulfate in k h e  m e d i u m  k s  a l s o  m o n i t o r e d -  T h i s  i a n  also 

became depl eked, b u t  rrut ~tnti l day 21 o-F the rul t u r e  I i  . e. I 4  days 

a S t e r  n i t r - a t e  has b e c o m e  d e p l e t e d ) .  A t  t h i s  t i m e  both mass a n d  l i p i d  

yield uf the  cu l ture  w e r e  n e a r l y  maximal (see F i g .  5 i n  L i p i d  

S.yntheskr and Y i e l d  5eckian). 

Effects  on G r o w t h  Parameters and M a s s  Y i e l d s .  I n  N-limited, 

batch cultures s+ Chigr-e-La, the cancentraticn of n i t r a t e  i n  the 

medium q ~ i r k l v  become dep le ted  [ F i e .  I ,  trace l i  following a periud 

0-f exponer? . t ia i  g r o w t h .  fi racid r a t e  of cell d i v i s i ~ n  w a s  maintained 

u n l y  pr. ior -to the d e p l e t i a r i  of n i t r a t e  ( F i g .  1, trace 2 ) .  Glthough, 

in t h i s  e x p e r i m e n t ,  the cells a l s u  continued to d i v i d e  slawls f o r  a 

t i m e  a-Fter., r t i t r a t ~  exhaaus ' r i~rr r  (see T a b l e  T I ,  cell density +or 

Exper-irneirtr 1 1 .  It s!tcrtcrld be paint uut t h a t ,  at the end of t t i t l  

ruitur-g p e r i o d ,  i a t a l  cell count dues not decline p e r c e p t i b l y .  I n  

a d d t i a n ,  the v i a b l e  ceI1 ca~tntc ;  a150 r e m a i n  coiiztant u u r i n q  t h i s  

p h a s e  of culture, I n  preliminary . e ? : p e r i m e r : t s  w e  have observed tha t  



t h e  o l e a g i n o u s  c e l l s  c a n  m a i n t a i n  t h e i r  v i a b i l i t y  f o r  m o r e  t h a n  s i x  

i!inn.ths i r - :  l o w  I i y h t  , l i q ~ ~ i d  c t r l t u r e s .  T h e r e f o r e ,  t h e  d e c l i n e  i n  

biuci-rernical arjd phyr , io l .oa ica l  p a r a m e t e r s  t o  b e  d e s c r i b e d  i n  later 

s e r t i u n s  is m a s t  l i k e l y  n o t  a r e l a t e d  t o  t h e  d e a t h  of a l g a l  cells.  

I n  cat-3tr-ast t o  cell  d i v i s i o n ,  a s t e a d y  i n c r e a s e  i n  t h e  total  

d r y  n t a s s  of  tile a l g a  w a s  m a i n t a i n e d  l o n g  a f t e r  t h e  c o m p l e t e  

e x h a u c t i o n  of n i t r a t e  ! F i g .  1, trace 3 ) .  I n  f a c t ,  n e a r l y  t w o  t h i r d s  

o+ t h e  t o t a l  a 1 g a l  m a s s  w e r e  p roduced  a f t e r  n i t r o g e n  d e p l e t i o n -  

Si m i  1 ar i ncr-eases  d u r i n g  n i t r o g e n  s t a r v a t i o n  h a v e  been  r e p o r t e d  f o r  

u t h e r  s t r a i n s  i 8 ,9 i .  Assuming t h a t  t h e  i n o r g a n i c  c e l l u l a r  

c o n s t i t u e n t s  r ema in  a t  a r e l a t i v e l y  f i x e d  f r a c t i o n  of  t h e  t o t a l  

a l g a l  mass,  t h i s  s t e a d y  i n c r e a s e  i n d i c a t e s  t h a t  p h o t o s y n t h e s i s  c a n  

c o n t i n u e  a t  ra tes  above  t h e  compensa t ion  p o i n t  f o r  a s i g n i f  i c a n t  

pet--iud of t i m e  a-Fter n i t r o g e n  r u n s  o u t .  The d u r a t i o n  of  t h i s  p o s t  

:ii.tr.agei-1-exhacstion pt.-oduction a p p e a r s  t o  b e  a s e n s i t i v e  f u n c t i o n  of  

boti? the i n i t i a l  l e v e l  n i t r o g e n  s u p p l y  and  l i g h t  i n t e n s i t y .  T h i s  is 

clear- l-.i. demo, j s t r a t ed  b v  t h e  r a t i o  of m a s s  v i e l d s  o b t a i n e d  a t  n i t r a t e  

d e p l e t i o n  t o  t h a t  o b t a i n e d  d u r i n g  t h e  p o s t - n i  t rate d e p l e t i o n  p e r i o d  

of tfisse t i i r - e e  e x p e r i m e n t s  ( T a b l e  11, r o w s  1 and  2 u n d e r  DRY MASS 

YIELD). I n t e r  r s t i n g l  y .  when d r y  m a s s  y i e l d s  of t h e s e  e x p e r i m e n t s  

w e r e  n o r m a l i z e d  w i t h  r e s p e c t  t o  amount of t o t a l  n i t r a t e  s u p p l i e d ,  

t h i s  d i f  f e r e n r e  i n  t h e  p re -dep i  eti on and  pos t -dep l  eti on 

p r o d u c i i v i t y  of t h e  c u l t u r e  becomes even  m o r e  a p p a r e n t  ( T a b l e  11, 

r a w s  4 and 5 unde r  DRY M A S S  YIELD) 

Fir121 1.9 i t  s h a ~ ~ l d  b e  ment ioned  t h a t  d u r i n g  t h e  p o s t  n i t r o g e n  

d e p l e t i o n ,  n o n r e p r o d u c t i v e  p h a s e  of t h e  c u l t u r e ,  t h e  cell  volume 

s t e a d i i  y i n c r e a s e s  r e f l e c t i n g  t h e  d i f f e r e n t i a l  rates of  m a s s  



acct~ntulattiart and cell d i v i s i o r i .  ff le ir-icrea5ed cell s i z e  af t h e  aqed 

n i  t rayen-starved c u l  tur-es c+ t h i  5 arqani srn is also  readi l y apparent 

under ttae microscape. The f iuctuation5 i n  cell valume prior to 

n i t r u q e n  d e p l e t i o n  { F i g ,  1 t race  4) are, probab ly ,  due to 

semi syrrcbirunotts praciuct i  an and r ~ i  ease o-f acrtclspores i n  thi s 

cul  t t t r - E .  



Table I I. Culture Conditions and Yields from Fermenter Experiments 
of Chlorella SP- So1 

Cultures were aaintained a t  3O0, under continuous il l u r i n a t i o n ,  bubbled w i th  4% 
C02 i n  a i r ,  and continued u n t i l  c e l l  rass  showed no measurable increase. 

CULTURE CONDITIONS 

I n i t i a l  N i t r a t e  (rN) 
L igh t  I n t e n s i t y  (W/r2) 
Cul ture  Durat ion (days) 

CELL DENSITY (10' c r l l l l ~  

At n i t r a t e  exhaustion 
F ina l  

PIGIIENT CONTENT ( r g l g  dry rra )  

Chlorophyl ls (peak) 
Chlorophyl ls ( f i n a l )  

Carotenoids (peak) 
Carotenoids ( f i n a l  

DRY HASS YIELD (g/L) 

At n i t r a t e  exhaustion 
Pos t -n i t r a te  exhaustion 
F ina l  

Dry H a s s l I n i t i a l  N i t r a t e  (g l rao l . )  
At n i t r a t e  exhaustion 0,26 0.32 0.35 
Pos t -n i t r a te  exhaustion 0,bO 0.27 0.13 
F ina l  0,86 0.59 0.48 

Total  Dry HassIPeak Chlorophyl ls (919) 126 143 15 i  

LIPID YIELD lg1L) 
At n i t r a t e  exhaustion 0,17 (0.06) (0,07) 
Post n i t r a t e  exhaustion 1.37 (0.30) (0.17) 
F ina l  1.54 0.36 0,24 
L i p i d  content ( X  of  dry mass) 36 36 34 



P i  gments j .  In t h i s  and all ather nitrogen depletian 

experiments conducted sc f a r ,  the content o# chlorophyll= i n  

Ch&areiia SO1 was abserved to decrease r a p i d l y  commencinq at  the 

t i m e  when nitrate i n  the m e d i u m  dropped below the l e v e l  of  detect ion  

(c-a. 100 uMi as illustrated b y  traces 1 and 2 af Figure 2 (also see 

Table II,raws 1 and 2 under FIGMENT CONTENT and F i q . 4 ,  traces 1 and 

3 i  - The i::ey ra3e played by t h e  chlor-~phyils i n  the pr-oductian of 

s l y a i  m a s s  is best i i lu . s t r -a ted  by t h e  d a t a  u+ Table 11. I n  spite of 

.the l a r g e  di f+erenres in the  level a? i n i t i a l  nitrate and the fight 

i r t - i r e r t s i t y  r e c e i v e d  b y  these c u l t ~ ! r e s ,  the -Final yield o+ total algal 

mass is i a i r i  y c c n s t a n t  i +  it is nor-mai ized with respect  to t h e  peak 

ai.nut_tr:ts ti-? ~ h f  or-apllyl ls erer,ertk i n  c ~ t l t u r e  (Table1 I , r o w  7 under 

Eass Y i e l d ) .  Tftese data cas be interpreted to indicate t h a t  the 

e - f  f l ~ ~ t i  VJE eataiytir liCe time o-f i n d i v i d t t a l  chlarcphyl1 malec~tles 

s t a y s  appruximatei y the same under the d i - f  f e r -en t  cuf tut-e condi t i a n s  

u.F these e x p e r i m e r r t c , ,  ] - I ~ w e v e r - ~  a ~ - 4 i l i  he discussed i n  the next 

rer t  k ar: IPhutasynthesis! , the observed changer, i n the ch1 orcsphyi I 

carttent a+ the algal  cell +ias accompanied by a l a r g e  alteration in 

the uveral l photosynthetic a c t i v i t y .  ThereSore, the mechani 5 m  via 

w h i c h  chPar-~phpl  i degradation occur5 in n i t r a g e n  deficient cu l tures  

was invez=,.kiqakat?J further, Table I I I s h a w c ,  the rersuf ts o-f an 84-hour 

d a r k  per i cltd i mpac,ed sh i3r i l  y a$ -ke r  n i  t r o q e n  starvation i i  n Experiment 

T I  T I  - 
- 2 : : .  lr 2s cf ear f r - a m  the d a t a  p r e s e n t e d  i n  calurnn 4 Cchl ,rng/rnl), the 

loss  uf- rlslor. opi-.rylls i r r  nitrogen starved ce l l s  occurs only i n  t h e  

presetlee uf 1 i t  The t d a i  preservation c r f  chlorophyll5 in the 

dar.k a l s u  i r r d i c s t e z  t h a t  a photochemical process is required for 

aropflyf i degradation i n  CQJ greJ-&s under n i  troqen starvation. 



In contrart, to the chlorophyl ls, the carotenoids show little 

change in in their relative amount regardless of the culture 

corjdi tion5 (Fig. 2. trace 3 and Table 1 1 ,  rows 3 and 4 under Figment 

Content). Carotenoid synthesis continues, keeping pace with the 

mass increase long a+ter ni troqen deprivation. The dif +erent 

r- espot3ser cf cat-otenoids and chlorophylls lead to a greatly enhanced 

ratio c+ carotenoids to chlorophylls [Fig. 2, trace 4)  and resulted 

in the br-ight orange appearance of aged cultures of this and other 

oleaginous alqae. Comparison of successive experiments shows that 

total carotenaid content in algal cells is not affected 

cignificantl y by light intensity or initial nitrate concentration. 

These retults (Table 1 1 )  difier from those of Iwamoto and Nagahashi 

1 who found that carotenoids declined along with chlorophylls in 

Ct>lor.gLL~ el 1 ipsoidea in the l ight. Although individual pigments 

have not yet been quantified, it is apparent from the appearance of 

chromatographic separations, such as those shown in Fig. 6, that 

cer-tain carotenoids appear and others disappear in response to 

ni troqen deprivation. 

Photosynthesis. Fratt and Johnson I l l )  have stated that 

"lipid accumulation in excess oi about 25% of total dry weight is 

indicative of waninq vigor- in cultures of Chf~oyeli,g. . . " The 

decline in photosynthesis commencing immediately upon nitrogen 

deprivation tends to support this diagnosis for Chl-or-_e-la sp. Sol. 

Fiqure 3 [trace 21 shows that the overall measured photosynthetic 

capacity per unit culture volume drops as chlorophyll is degraded in 

the light. Similar photosynthetic changes over a somewhat longer 

period of the time were seen in the reduced light conditions of 

Experiment 2 (data not showni. The drop in the culture pH in 



Exper-iment 3 i F i g . 3 ,  top t race)  and the other experiments occurs 

w i t h i r t  24 huur-5 a-fter nit rat^ d e p l e t i o n  a l s o  ruqqests a decline in 

photgsynthesi s. 

In Experiment 3 the specific rate of KOz fixation reached a 

peak of 120 umol COz - m q  rhX- l -  k-a. Twenty-f our hours later, during 

which time the nitrate suppiy w a s  exhausted. this rate was onlv 4C1 

umol C02 - m q  chl-l-h-l (Fig. 3 ,  t r a c e  3 i .  C l e a r l y  the changes in 

phot~svnthesis cannot be expla ined by the degradation o+ chlorophyll 

alone, f h i ~  change cauld reflect a real drop i n  t h e  efficiency of 

phatosvnthezis and lor- a n  increase in the  photozvnthetic q u a t i e n t .  

Vait  O ~ B E = , C ~ ~ U ~  (cited ir: 12) found a d r o p  i n  ttte quantum ef$irienry 

a.E ter nitrate deficiency i n  J=bj,oce._lg. However, Fagq 112) r e p o r t e d  a  

deci ine i n  the  p h ~ t o s - ? ~ n t h e k i c  rate fur rjo~gdgs o n l y  proportional to 

the lorrs of  cbIar-ophyPL after tv-ansfer o+ ceT15 t t o  nitrogen-free 

medium, He a b s e r v e d  na significant change in the phatasynthetic 

quoii e n t .  Measurements of the CQ2 + i x a t i  on f ol l o w x  nq the prolonged 

dark:: p e r i d  i T a b i e  1 1 1 ,  Past r~lumnl show that ,  like chiorophylls, 

photcsvnthetir  competence remain5 intact in the dark. T h e r e  may even 

b e  a part ia l  re5toraticr-i t o  the r a t e  observed b e f a r e  nitrogen 

depr i vat i an.  

N i t r a t e  Reductase Activity. A5 demonstrated i n  F i q u r e  4 

( t r a c e s  1 and 2), nearly 97% of the total nitrate reductase (NR)  

artivi ty detectable in nitrogen-suif icient cells a+ C h l ~ ~ g g ,  1.a sp. 

SO1 w a s  last within the f i r s t  6-hours af ter  nitrugen exhaustion. An 

equally r a p i d  decline o+ NH activity w a s  also  cbserved during an 

earlier experiment !Expar- iment  1, data not s h o w n )  responding to 

r - t i k r - o g e ~ t  cfeprivat-kan. It is rsot yet k n a w n  whether- this change in 

level of  NR activity is a refiectian a+ a r e v e r s i b l e  inactivatiun or 



s f  an  a c t u a l  d e q r a d a t i o n  of t h e  enzyme, i n  v i v o .  S i n c e  NR is t h e  

iit-st enzyme of t h e  n i t r a t e  u t i l i z a t i o n  pathway,  a b e t t e r  knowledge 

con:ernir!q t h e  b i o c h e m i c a l  c o n t r a l  of  its a c t i v i t y  and  t h e  

r ~ y ~ i l a t i o n  its b i o s y n t h e s i s  may improve o u r  u n d e r s t a n d i n g  on t h e  

l i n k  be tween  n i t r o g e n  me tabo l i sm and l i p i d  me tabo l i sm i n  t h i s  

s r q a n i  r m .  

L i p i d  S y n t h e s i s  and  Yie ld .  5 ment ioned  earlier i n  t h e  

i n t r o d u c t i o n  t h a t  c u l  t u r - e s  f  ChloreJ-lg sp .  SO1 u n d e r  n i  t o r g e n  

c i e p r ~ s ~ ~ a t l o n  e n t e r  i n t o  a n o n r e p r o d u c t i v e ,  o l e a g i n o u s  p h a s e  of  g rowth  

L~LU i n a  which s y n t h e s i s  and  a c c u m u l a t i o n  o-f s t o r a g e  l i p i d s  o c c u r s .  

Ai thouqh t h e  e x p e r i m e n t s  r e p o r t e d  h e r e  w e r e  c a r r i e d  o u t  u n d e r  

c a n t  i nuous  l i g h t  . i t  s h o u l d  b e  n o t e d  t h a t  c u l t i v a t i o n  of t h i s  

o rgan i sm i n  t h e  s i m i l a r  n i t r a g e n - l i m i t i n g  media u n d e r  a 16:8 

1 z g h t :  dark: i l l u m i n a t i o n  c y c l e  a l so  l e a d s  t o  t h e  s a m e  o l e a g i n o u s  

c o n d z t i o n  according t o  t h e  r e s u l t s  o b t a i n e d  i n  a n  earlier f e r m e n t e r  

e:: p e r  i rnen t . 
Spoehr  and Milnet- i a j  Sound t h a t  a n  e x t e r n a l  n i t r a t e  

c o n c e n t ~ ~ a t i o n  o-f less t h a n  1 m t l  w a s  r e q u i r e d  f o r  h i g h  l i p i d  c o n t e n t  

I n  Zi-1loreLla p y r e n ~ i d o s a .  R i c h a r d s o n  et_ al-. C13) found  no  i n c r e a s e d  

l i p i  d sx,mthezr 5 i n  c o n t i n u o u s  c u l t u r e s  of C, s o r o k i ~ l - a n d  and  

Oocys t i  s p o l  yrrtct-gtta s u p p l  l e d  w~ t h  n e a r 1  y  l i m i t i n g  l e v e l  of  n i t r o g e n .  

I n  o u r  experiments a c c u m u l a t i o n  of s t o r a g e  l i p i d s  d o e s  n o t  commence 

u n t i l  a f t e r  t h e  e x t e r n a l  n i t r a t e  d r o p s  below 100 uM. When c a l c u l a t e d  

on a t o t a l  d r y  m a s s  b a s i s .  t h e  l i p i d  c o n t e n t  of t h e  a l g a l  ce l ls  

rises s t e a d i l y  a f t e r  n i t r o g e n  d e p l e t i o n  ( F i g .  5, r a t i o  of trace 3 t o  

trace Zi. A s  s e e n  i n  T a b l e  11, ( r o w s  1 t o  3 unde r  L i p i d  Y i e l d ) ,  t h e  

b u l k  uf t o t a l  l i p i d  found  a t  t h e  end  of t h e  c u l t u r e  w e r e  of p o s t  



n i k r - a t e  e x ! . a a ~ ~ c , t i a r t  c r r i s i r - t .  In E x p e r - i m e n t  I ,  the ra te  o i  t o t a l  l i p i d  

svr i t t i es i  5 uaicull ated +or-- a 24-hour- period preceding n i t r a t e  

exhaust i an is approximatelv 8 pp - -  During this 

r ~ p r u d u c t i v e  p h a s e  05 growth the c u l t u r e  had already become light 

1 imi t e d ,  thereiore. t h e  potential l i p i d  synthesis rate is probably 

s i q g i S i c a i - . : t l y  higher .  This same rate o-f t a t a l  l i p i d  synthesis 

3 .- r z l c u l a t ~ d  for 2 set-ha~tt- per.-.iod s t a r t i n g  1 2  traurs after n i t r a t e  

depletion is 2 .8  p g - ~ e l i - ~ - d - l .  This rate i a l so  p r o b a b l y  

l i q k t - - l i m i t e d  since 5.0 pa.-cell-l-d-l of t a t a i  lipid are 

=.. ,gntResized . a+ ter n i  troqen de~rivation under t h e  b r i q h t e r  i i q h t  o+ 

Exper ix ient  3. 9l.ti-rougi-i i t  it, not p ~ t 5 5 i b 3 ~ 1  t~ determine the m a x i m u m  

~otenkiai rate a+ k g t a P  i i ~ i d  s y n t h e s i s  due to light limitation i n  

these e x p e r  i m e i t k s ,  ow- c t t r - r . e r . i t  data i I iust i -ate  that an i n c r e a s e d  

r - a t e  3 4  to ta l  l i p i d  b ius - ; ,+*nkhes i s  is i ? ~ t  a prerequisite for the 

=r-,--L:{T. i :  24- + ,,, ic.,,,,a= uf stat-aqe l ig ic i  i r ~  t h i s  ol~aqirrouz af qa- 

sual i tati vel  .-+, tk1ef-e i a m a r k e d  shift in t l i p i d  

ru r t t~az i  -ki an. Ska-ti F I ~  agprax i m a i t e i  v f 2 irocw-5 after the exhausti on 0 9  

- .  
,T3 -c r- St -ji triac.;41gl-;;cerol r c roq ress i ve l  y become the  dominant l i p i a  

- 7 . 1  riasz. I S S - < ~ =  r e a c h  a maximum at appraximateiy E30% of  t h e  total  

E i p i d i F i q .  5 ,  traces 4 a n d  5 ) -  A c~rnpar i san  a+ t h e  s f o p e  +or traces 

- .:,,and 4 c+ Figure 5 indicztes that triacylglycerof s alone can 

accc~ tn t  +c:- \.~i rf u a l  l v  aPI a# t h e  l i p i d  produced a-fter n i  troqen 

s t a r v a t r o r t ,  W e  have caicuiated t ha t ,  i u r  a 36-hour p e r i o d  s t a r t i n q  

a t  12th h o u r  a f t e r  r ~ i t t - a t e  depietiun, t h e  rate of total l i p i d  

svrakhesi i 5 2. 8 pq - ~~1 1-1 - d--1 in Experiment 1 .  D u r i n g  this same 

period the r a t e  cf t r - i a ~ ~ ~ ~ l g l v c e r a l s  production carresponds t o  2.7 

pq - r-ei 1-1 - d-1 - Thur;, ttnder nitruqen deprivation P&% of newly 

s w - : t h e s i r e d  i i p i b s  1s * r l a c = i l g i  yceral. Figure 6 s h o w s  a 



chromatoqraphic separation of the representative total lipids 

e:-: trac ted f r o  cells obtained at different time during the 

Experiment 1 (Figures 1, 2, and 5). Although other lipid classes 

have not been quantified, it is apparent that most of them decline 

in relation to the triacylglycerols. There is no apparent increase 

in the hydrocarbon fraction in this alga. 

The Ef#ect of Dark Period on Lipid and Mass  Yields of 

Nitrogen-starved Chlorella The results in Table ZII show the basic 

effect of an extended dark period on algal dry mass and its lipid 

content. Under nitroqen starvation the lipid content (column 4 under 

Lipid) increases slightly in the dark but this is more a reflection 

o i  respiratory consumption of nan-lipoidal material rather than any 

true increase in the actual amount of lipid icolumn B under Lipid). 

The simplest explanation for this result is that other cell 

materials are preferentially catabolized in the dark aerobic 

metabolism of the alga. In fact,under dark, nitrogen-limiting 

conditions the amount of lipid per unit volume of culture is so well 

conserved that there appears to be neither an active degradation nor 

a siqnificant synthesis of lipids (from other cellular 

constituentsj. These observations agree with those o# Spoehr and 

M i l n e r  is! who Found that lipid yield is proportional to the time in 

the l iqht for cul kures of C,.-pyr-goi dosa. 



Table I1 1, G r o w t h  of Ch&urg&-la sp. SO1 in Nitrogen-depleted M e d i u m  

The algal cells used in this experiaent Has obtained from fernenter Experiment 3 (see 
table I I  for details), Culture was grown in t h e  light (70 #.r-21 until 12 hours past 
nitroqen starvation != starting) m II port ion was then transferred to darknesti and the 
reraining culture #as naintained under illurination. Both Here terminated for analysis 
after an additional 04 hours. 

_!!r u_!ai? ---...---..---.. LIeiddd-dddddd-ddC!!! !h!!!!~~ih!ii!-.. 
( A )  (B) 

Content Anount !!!l-C!laf i!!!$ 
qlg  lass g/L rq chl- h 

START I N6 0.71 0.21 Om 15 4.4 38 

AFTER 84 HOURS 

t ight  Om 71 0.34 Om 24 0,7 34 

Dark 0.55 Om24 Om 13 4m 5 50 

Concl usi ons 

1. The data on the physiological responses af ChLarella induced by 

n i  tragen depr-ivatian underscore the fact that storage 

triacylglycerol synthesis i n  t h i s  qreen alga is a s t  r e s p o n s e  

2. The + i n a l  mass yield can be affected by i n i t i a l  nitrate l e v e l  and 

by light intensity, However, these conditions do not a++ect the 

p e r c e n t a g e  o f  l i p i d  i o r m e d -  Dn t h e  other hand, they can a f f e c t  the 

durat ion a+ post-nitrcgen lipid productian and thereby a f fec t ing  the 

amaunt o$ lipid produced by a g i v e n  volume o-f culture, 

3 .  The ra te  o+ total Zipid s y n t h e s i s  on a unit mass or per cell 

95 



basis does not increase upon nitrogen exhaustion. Thus it is likely 

that the observed increase in the lipid content of this oleaginous 

alga is a result of a substantial decf ine in the rate of other 

anabol ic functions. 

4. Independent of the initial nitrate concentration (up to 5 mM), 

the rate of photosynthetic carbon fixation begins to decline 

immediate1 y upon nitrate depletion. 

C 
J T h e  liqht requirement for lipid synthesis along with the 

declininq photusynthetic rate in the light after nitrogen depletion 

m e a n s  that there is a limited time window during which it is 

possible to mairitain a substantial rate of lipid synthesis. 

6 .  greater understanding of the regulation of triacylgIycero1 

-\, =,.nthec.is and tile nature of the concomitant changes in 

photarvnthesic will be required before it will be known if storage 

tr-iatylqlvcerol synthesis is fundamentally linked to a suboptimal 

photos:~nthetic rate in green algae. 

E:~~the~.~_Ien~n%.raL_.~~c_~2meIi~hrnents~~-EV~Zz~5L.~. 

1 Observed an increase in the lipid content of Chlorella when the 

cells are subjected to a high salinity stress in nitrogen sufficient 

media. Frel iminary results indicating that high salinity also leads 

to a quick reduction of the nitrate reductase activity. 

21. Developed a sensi t i v  microquantif ication method for the 

analysis of total lipids and neutral lipids from small samples (i-e. 

2-5 ing total dry mass! of microalgae 

5 ' 
. > I  Observed an increased extent a+ "Post-i l l umination Oxygen Gulp" 

under nitrogen deprivation. 



I Future Research Plan. (FYl985-FYl986) 

1. Photosynthesis, A 5  menti aned under resul ts and d i  srussi on, f i ght 

is required -For l i p i d  s y n t h e s i s  in algae. But under nitrogen 

depri v a t i a n ,  f i q h i  ai su leads to the destruction of  chlarmphsl l s and 

d e g r a d a t i  or - t  of the pf lo t r rsynthe t i  c capatrifiv. These observations 

underscore the qreat n e e d  to conduct a detaifeb characterization of 

the structur-a1 and .f ~ t n c t i  ana l  aspects a+ the photosynthetic 

appar-atus a d  the algae under nitroqen deprivation and other 

s t r ~ = s S , u l  c o n d i t i c r n s  i n  order- to  ascertain the  n a t u r e  of the 

; ight-dependent degradation o.5 photcrsynthesi 5, Experiments wi P l be 

conducted w i t h  I algal  cells subjected to transitions +ram 

n i  trciqen-1 i mi t e b  and n i  tra~en-su-ff  icient media, The competence a+ 

t h s  photcsynkhetic apparatus w i t h  respect to light harvesting and 

electron t ransport  w i  1 1  b e  examined by carrelating such parameters  

as the ratas-tber- c f f  rr.eac.tion centers,  the  kinetics o i  chlorophyll a 

fluorescence, and w a r - i  ou5 p a r t i  a i  reaction5 of the ef ectron 

ir-ar.sc-p~1rfi r tm the  arita~tnt E chlorophyll is- present. Changes in the 

p!-cciirasyt-rthe.ti c carbon m e t a b 0 1  i 5 m  i - i  l l be examined by photosynthetic 

s~tu-k .i et--r -t measur7-ernen t s and by i4C02-f i x a t i  on p r o d u c t  a n a l y s i s  

exper-iinrerlt~;, A s  the nature and the m e c h a n i s m  0-6 the degradation a+ 

photusvntheti c capaci t y  b e r c m e  u n d e r s t a o d ,  addi tionai experiments 

wiil b e  conducted ta determine the degree to which t h i s  undesirable 

e-Ffect u+ rtitragen deprivatian can b e  retarded and ar reversed, 

Parallel experirnenls cancerning the abave mentioned characterization 

the photasynth~tic parameters will also b e  c o n d u c t e d  using 

d2 atoms subjected to si l icon deficiency iqhi ch has also been reported 

to induce active lipid synthesis. 



2. Enzymology of Storage Lipid Biosynthesis, The modulation of the 

activities o-F the key enzymes in fatty acid synthesis, 

triacylal ycerol synthesis,and lipid utilization enzymes by the 

nutritional stresses will be studied at the ievel of protein 

synthesis and modifications as well as at the level of metabolite 

feedback control. Key enzymes involved in the synthesis of 

carbohydrate in these aiqae will also be studied to see whether the 

level of ertzynres or the mode o+ modulation of their catalytic 

activity =how5 any complementary relation with those of the lipid 

synthecis pathway. 

3. Interaction between Nitrate metabolism and Lipid Metabolism. 

ii pi d hi ~r:~~nthesi 5 and nitrates assimi l ation represent two of the 

major cortsumir:g reaction for the photosynthetic reductant. 

Experiments will be conducted to evaiuate the deqree of competition 

fo r  the avai lab1 e photosynthetic reductant between these two 

aathways under stressful and nonstressed conditions. The possibility 

that this competition +or for a limiting quantity of reductant is 

one of the short term controlling factor in the regulation of the 

partitioning o+ the photosynthetically +ixed carbon between the 

lipid cynthesis and nonlipid pathways will be explored. On a longer 

term basis, the effect of substituting nitrate with ammonia on the 

lipid metabolism will be studied. The relation between nitrate 

assimi lation and lipid synthesis will also be examined at enzymic 

level. Nitrate t-eductase activity o+ alqae has been shown to be 

tender-- the currtrol of 'iario~ts chemical and physical parameters. The 

effect uf lipid-promotinq stress conditions on the level and 

activity ui nitrate reductac,e will be examined. 



4. The E f f e c t  of Lipid-promoting Stresses an "Past-illumination 

Oxygen Gulp" and Photorespi rati on. Frei i mi nary results in o u r  

laborator-y rhawed that oieaginaus Ch&qre i la  under n i  troqen 

deprivation e x f ? i b i t s  a m u c h  mare prarructnceb "post-iI Iuminatian 

a:-: yger.1 gulp!' .  1-lte nairur-e of tfii s ph~11amenart and i t r  relationship to 

pho.tor-espiratian in .the oleaginous algae wi Z I be i r i v e s t i q a t e d .  1 n 

addltiun, the impact uf the "pust-illumination o x v q e n  gulp" on the 

e n e r g y  e + + i c i e n c y  of the  algal  m a s s  and l i p i d  production w i l l  be 

e.i.aaf teat ed . 

5.  Isolation of Additional Oleaginous Strains and Mutants of 

Oleaginous Algae, filgal = t r a i n 5  with the $01 lowing phenotype wi l l 

be sottght: 

a! , Wi id t y p e  and mutant s tra i  n s  w i t h  uni m p a i r ~ d  phatasyntheti c 

c a p a c i t y  under Lipid-inducing stres5es. 

1 .  ? k i t a n t s  w i t h  inpaired l i p i d  synthesis (useful for 

d e l  i neati an a+ t!?e b i  orynthesis pathway and regul atcry mechani s m j  . 
c ) .  S ~ ~ n t a n e o u 5  and induced mutant strains with enhanced l e v e l  

total lipid ~ v a d u ~ i r t q  capacity w i l l  be i s o l a t e d  through a 

p u s i t i i * s e  se lert ian scheme taking t h e  advantage of the h i g h e r  

buoyrrcy  resul king + t - a m  high l i p i  d cantent a? the d e s i r e d  mutants .  
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fig. 1. C e l l  growth paramete rs  of  C h l o r e l l a  sp. SO1 d u r i n g  t h e  complete t i m e  

c o u r s e  of exper iment  1. Trace  1: N is  n i t r a t e  c o n c e n t r a t i o n  (100 = 

5.0 mM). Trace 2: # is c e l l  number i n  r e l a t i v e  s c a l e  (100 = 2.2 x . 

10'' c e l l S / L ) .  Trace  3: M is dry  mass i n  t h e  u n i t s  of t h e  r i g h t  

o r d i n a t e .  Trace 4: V is average  i n d i v i d u a l  ce l l  volume i n  r e l a t i v e  

s c a l e  (100 = 500 f l ) .  
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Pig. 2. Pigment con t en t  d u r i n g  experiment 1. Trace 1: N is n i t r a t e  

concentration in relative scale (100 = 5.0 mM). Trace 2: * is 

chlorophyll c o n t e n t  (100 = 22 rng per g dry mass). Trace 3: C is 

total carotenoid ( 1  00 = 2.5 rng per g dry mass). Trace 4: R is the 

mass r a t io  of carotenoid: chlorophyll ( 1  00 = 0.66 g/g) . 
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Fig. 3. Photosyn thes i s  and c u l t u r e  pH d u r i n g  exper iment  3. The t o p  p l o t  ( * )  

i s  t h e  change i n  t h e  pH of the c u l t u r e  which was bubbled throughout  

with 4% C02 i n  a i r  a t  150 m l  p e r  min. In t h e  bottom graph, Trace  

1 : N is n i t r a t e  c o n c e n t r a t i o n  (100 = 1.5 m ~ ) .  Trace 2: P is 

f i x a t i o n  of samples d i r e c t l y  from fe rmentor  (100 = 0.46 

mmol* L-' mh'l). Trace 3: S is  a p l o t  of t h e  same d a t a  as 



Days 

fig, 4, Nitrate reductase and chlorophyll content &rig experiment 2. Trace 

1 : N is the nitrate concentration (100 = . 5  mM). Trace 2: E is the 

enzyme a c t i v i t y  of crude extracts in the units of the right 

ordinate. Trace 3: * is the chlorophyll content (100 = 12 rng per g 

dry mass). 



Rig. 5. Mass and l i p i d  product ion during e q e r i m e n t  1. Trace 1: N is 

I00 

n i t r a t e  concent ra t ion  (100 = 5.0 mM). Trace 2: M is dry mass i n  

g / L  Trace 3:  L is t o t a l  l i p i d  i n  g / L  Trace 4: T  i s  

t r i a c y l g l y c e r o l  i n  g / L  Trace 5: * i s  t h e  r a t i o  of 

t r i a c y l g l y c e r o l / t o t a 1  l i p i d  ( 1  00 = 1.0 g/g) .  
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fig, 6. TLC separation of total l i p i d s  from exper iment  1. Separation on 

silica gel G is with hexane:  ether: formic acid (75: 2 5 :  1 ,  v:v:v) .  

Visualization is by charring. Forty ug of t o t a l  lipid from se lec ted  

~amples  are separated i n  lanes 1-4. h e  numbers i n  pare~theses are 

the approximate t i m e  (in hours )  before - or after (-el n i t r o g e n  

depletion. Iane 5 is 2 5  pg o f  t r i o l e i n .  I ane  6 is the separation of 

l i p i d  standards ( 2 5  pg each). From top t o  bottom they a r e  a C18-C24 

alkane mix, stearic acid, chloesterol  and p h o s p h a t i d y l  choline 

dioleoyl.  
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INTRODUCTION 

H i s t o r i c a l  Backaround 

Microalgae a re  a t t r a c t i v e  as biomass producers because they gene ra l l y  e x h i b i t  
h igher  y i e l d s  and photosynthe t ic  e f f i c i e n c i e s  than t e r r e s t r i a l  p l an ts .  I n  
add i t i on ,  many species o f  microalgae produce h igh  concentrat ions o f  
i n t r a c e l l u l a r  o i l s  as energy storage compounds. Microalgae a re  p ro jec ted  
from labo ra to ry  scale experiments t o  be capable of producing over  100 b a r r e l s  
of l i q u i d  f u e l  per  acre-year. Most p i l o t - s c a l e  mass c u l t u r e  systems, 
operated a t  depths o f  g rea ter  t an 20 cm, have shown peak average y i e l d s  o f  
around 15 d ry  ash f r e e  grams m-pd-l. This  p r o j e c t  i s  based on the  premise 
t h a t  opera t ion  a t  l e s s  than 15 cm depth w i l l  r e s u l t  i n  s i g n i f i c a n t l y  h igher  
p r o d u c t i v i t i e s .  

Research on t h i s  problem began a t  t he  U n i v e r s i t y  o f  Hawaii under SERI 
subcontract  on February 15, 1980 under the  t i t l e  "Research, Development, and 
Demonstration o f  A1 gal  Product ion Raceway (APR) Systems f o r  t he  Product ion 
o f  Hydrocarbon Resources." Work dur ing  the  f i r s t  two and one-hal f  years 
r e s u l t e d  i n  t he  c o l l e c t i o n  o f  a a rea t  deal o f  l abo ra to ry  data on t h e  
performance o f  Phaeodactylum t r icornutum; t he  design, G n s t r u c t i o n ,  and 
opera t ion  o f  one 48mz continuous f l  umeTthe devel opment o f  p redator  con t ro l  
techniques and base1 i n e  p rformance c h a r a c t e r i s t i c s  f o r  the-  f l  ume; and the  5 cons t ruc t i on  o f  f o u r  9.2m experimental flumes. During the  nex t  year  these 
f o u r  flumes were operated i n  a f a c t o r i a l  design experiment t o  determine t h e  
maximum sus ta inab le  biomass y i e l d s  achievable w i t h  P. t r i co rnu tum c u l t u r e d  i n  
shal low f lume systems. The r e s u l t s  o f  t he  ac o r i a l  experiment showed t h a t  
product ion o f  about 25 g ash-free d ry  w t  m- sd-f cou ld  be achieved i n  the  
flumes. This  p roduc t ion  corresponded t o  a photosynthet ic  e f f i c i e n c y  of %5%. 
These f i g u r e s  are  50-100% b e t t e r  than the  produc t ion  r a t e s  achieved i n  e a r l i e r  
P. t r i cornu tum c u l t u r e s  us ing  convent ional c u l t u r e  techniques. - 

An obvious problem w i t h  the  use o f  P. t r i cornu tum f o r  energy produc t ion  was 
the  requirement t o  cool t he  c u l  ture-flumes dur ing  most seasons o f  t h e  year  
under t he  cond i t ions  p r e v a i l i n g  i n  Hawaii. P. t r i cornu tum grows poo r l y  i f  a t  
a l l  when mean temperatures exceed 25"C, and & r i n g  the  summer i n  Hawaii f lume 
temperatures were found t o  be no lower than about 24"C, even a t  n i g h t .  The 
emphasis o f  research du r i ng  the  present con t rac t  year  has been t o  i d e n t i f y  
mic roa lga l  species which can grow s a t i s f a c t o r i l y  i n  t he  outdoor f lumes w i thou t  
supplemental coo l ing ,  and t o  analyze the  p o t e n t i a l  o f  these c u l t u r e s  f o r  
energy product ion.  These goals are t o  be achieved through work on the  
f o l l o w i n g  th ree  tasks:  



I Screening of candidate species in laboratory cultures 
I I  Yield optimization of promising species i n  outdoor flumes 
I I I  Analysis of promising culture management s t rategies  

Theoretical Backsround 

I t  has been known for  a number of years that  the efficiency of l igh t  
ut i l izat ion by phytoplankton can be markedly increased by exposing the ce l l s  
to  alternating periods of l igh t  and dark [l-71. More recently, a number of 
investigators have explored th is  phenomenon both experimentally and 
theoretically [8-151. Although early work [2-41 indicated that flash periods 
as short as 10 p s  were needed to  take maximum advantage of the flashing l igh t  
e f fec t ,  i t  i s  now clear that  flash periods as long as 10-70 ms my s t i l l  
resul t  in significant enhancements of photosynthetic efficiencies [14,16], 
and Marra [13] has reported increases up  to  87% in photosynthesis by simply 
modulating the irradiance on algal ce l l s  on a time scale ranging from minutes 
t o  hours. I t  seems reasonable to  postulate that  the physiological mechanisms 
responsi bl e for  these observed photosynthetic enhancements d i f fe r  
substantially over the vast range of time scales involved. However, 
regardless of the physiological mechanisms involved, i t  i s  clear tha t  
photosynthetic efficiencies may be enhanced by a factor  of two or more by 
modulating or flashing the incident l igh t  on an appropriate time scale. For 
the case of flashing l i g h t ,  i t  i s  apparent that  the maximum duration of the 
l ight  pulse which produces the highest photosynthetic efficiency will be 
negatively correlated with l ight  intensity a t  l igh t  intensi t ies  greater than 
or equal t o  IK, the l igh t  intensity above which photosynthetic efficiency 
begins to decrease under constant illumination [17], and that  the duration of 
the dark period must 1 i e  somewhere in the approximate range 0.1-10s [18]. 

A c r i t i ca l  question in algal mass culture work i s  whether a physical mechanism 
exis ts  for taking advantage of the flashing l ight  effect  in a practical way. 
As noted by Phil1 ips and Myers [14], "Any attempt to  grow algae in sun1 ight 
will experience some gain by turbulence. The feasabi l i ty  of increasing the 
turbulence will depend upon the extent of the gain in growth as  compared to  
the increased power requirements of s t i r r ing  or pumping the suspension." 
Unfortunately, i t  does not appear that  merely producing random turbulence i s  
suff ic ient  to  take advantage of the flashing l ight  effect  t o  any significant 
degree i n  a mass culture system. Powel 1 , Chaddock, and Dixon [15] reached 
th is  conclusion based on theoretical calculations, and Miller e t  a1 . [19] 
commented tha t ,  "Utilization of the flashing l ight  effect  for improvement of 
photosynthetic efficiency of dense algal cultures requires a nonrandom mixing 
pattern - one in which ce l l s  are exposed to  regular sequences of l i gh t  and 
darkness.. ." 
In the past two types of experimental systems have been studied as possible 
means of ut i l iz ing the flashing l ight  effect .  A so-called Couette device was 
used by Miller e t  a1 . [19], Davis e t  a1 . [20], and Howel 1 ,  Fredrickson, and 
Tsuchiya [21]. The Couette device consists of two concentric, circular 
cylinders, the inner of which can be rotated a t  a selected speed. The system 
i s  illuminated ei ther  from the outside o r  inside,  and the culture i s  grown in 
the gap between the cylinders. The flow pattern in the culture medium i s  



complex, b u t  suff ic ient ly  nonrandom that  a systematic flashing l ight  effect  i s  
achieved. Howel 1 , Fredrickson, and Tsuchiya [21] estimated the period of the 
light-dark cycles in the i r  system to  be about 40 msec. More recently, Oswald 
e t  a1 . [22] and She1 ef , Sabanas , and Oswal d [23] have described a chemostat- 
type system called an algatron, which consists of a drum that  i s  rotated about 
i t s  vertical axis.  The algal culture i s  contained within the drum as a film a 
few centimeters thick on the inside wall of the drum, and i s  retained against 
the wall by centrifugal force. A l igh t  source i s  mounted inside the drum, and 
a row of steel s t r ip s  extending to  within 0.5-1.0mm of the inside wall 
produces highly turbulent wakes, which extend i n  spiral  s  around the cul ture. 
The photosynthetic efficiencies which can be achieved with the Couette device 
and algatron are on the order of 10% [17]. 

I t  seems unlikely that  e i ther  the Couette device or the a1 gatron will prove to 
be a practical means of ut i l iz ing the flashing l ight  effect .  Both devices are  
mechanically complex, and the power requirements for  operating them may well 
of fse t  any increase in production, both from a financial and a energetic 
standpoint. As noted by Fredrickson and Tsuchiya [17], "Clearly some device 
that i s  mechanically more simple than the foregoing devices i s  required." The 
mechanism we have devised to  produce systematic vertical  mixing in our flume 
i s  i l lus t ra ted  in Figures 1 and 2.  The device consists of a ser ies  of f o i l s  
similar i n  design to  airplane wings placed across the flume. As water flows 
over and under these f o i l s ,  a pressure difference i s  created as i l lus t ra ted  in 
Figure 1. A t  the t i p s  of the f o i l ,  the flow of water from the high pressure 
region below the fo i l  to the low pressure region above the fo i l  creates a 
vortex off each t i p  of the f o i l .  If the f o i l s  are properly spaced along a 
suitable supporting structure (Figure 2 ) ,  the vortices on adjacent f o i l s  
rotate in opposite directions and thus reinforce each other. The width of 
each foi l  and the gap between f o i l s  are equal to  the depth of the culture,  so 
that  circular vortices created by the f o i l s  effectively mix the culture from 
top to  bottom (Figure 2). The system of vortices with rotational axes 
parallel to  the direction of flow produces the sor t  of systematic mixing 
necessary to  produce the flashing l ight  effect .  

MATERIALS AND METHODS 

The Cul ture System 
2 The flume util ized in our studies consisted of one 48m continuous flume and 3 four 9.2m continuous flum s .  The 48m2 flume i s  i l lus t ra ted  in Figure 3 ,  and 5 specifications for  the 48m flume appear in Table 1. The flume i s  of a 

modular construction. The base channel module i s  a 1.2x2.4 molded fiberglass 
trough with 10 cm sides. The sides are raised an additional 23 cm with a 
plywood extension, coated with acrylic resin. All seams are covered with 
fiberglass cloth and resin. The channel modules are reinforced with s p l i t  7 .5  
cm diameter polyvinyl chloride (PvC) pipe, and are mounted on 5x10 cm wooden 
rai  1 s  supported by concrete blocks. 

In addition to  the channel modules, there are  two end-box modules and a 



Four Small (9.2-m2) Raceways Used to Run Factorial Design Experiments 



Poll Array Used to Effect Systematic Vertical Mixing in the Culture 



TABLE 1. FLUME SPECIFICATIONS. 

Construction Modular: 1 l if tbox module 
1 turning box/heat exchanger 
1 drainbow 
14 channel modules 
3 recirculation pipes/airl i f t s  

Center1 i  ne channel 1 ength 37.2 rn 
Area 48. 39m2 
Depth  range 5-28 cm 
Operati ng depth 7.75 cm (standard deviation 0.74 cm, 91 

measurements), with upper 1 eve1 electrode se t  
a t  7.6 cm. 

Volume a t  operating depth 4150 L 
Flow rate  30 cm/s ( c i r cu i t  time 120 s )  
Sl ope 0.16 cm/m 

Module Specificiations 

Liftbox 
Construction 2-cm plywood painted with fiberglas resin 
Area 1.49 m2 
Vol ume a t  operating depth 115 L 

Turning box/heat exchanger 
Construction 2-cm plywood painted with f i  berglas resin 

3.2 tubular titanium 
PVC f i t t i ngs  

Area 3.73 m2 
Volume a t  operating depth 290 L 

Dra inbox 
Construction 2-cnY plywood painted with epoxy resin 
Area 1.49 m 2  
Volume a t  operating depth 220 L 

Channel modules 
Construction , Spray-mol ded f i berglas 

PVC reinforcements 
2-crn plywood painted with fiberglas resin 

Area 2.98 m2 each module, 41.67 m2 total  
Volume a t  operating depth 230 L each module, 3225 L total  

Recirculation 
Construction 

Vol ume : 
Airl i f t  pumping rate:  
A i r l i f t  l i f t  height: 

Airl i f t  a i r  consumption rate:  

15 cm i . d .  PVC pipe 
PVC f i t t i n g s  
epoxy resin 
sil icone glue 
(three separate pipes, nested, with separate 
a i r l i f t s )  
300 L 
690 l i t e r  min-' each l i f t ,  2070 l i t e r  min-I t o t a  
163 cm ( a i r  out let  t o  water surface a t  
operating depth 
550 l i t e r s  min' 1 



turning box module. One end-box serves as a drain box, the  other a s  a l i f t  
box, and they a re  connected by three reci rcula t ion pipes w i t h  a i r1  i f t s .  The 
drain box includes a small 15-cm deep sump to  provide f o r  even flow. The 
a i r l i f t s  discharge d i rec t ly  onto the level surface of the  flume in  the  l i f t  
box. The reci rcula t ion pipes a re  15 cm outside diameter PVC pipe turned i n  a 
U-shape using 45" PVC elbows t o  reduce flow res is tance over t ha t  which would 
be introduced by 90" elbows. Each of the two inner reci rcula t ion pipes has a 
small drain port a t  the bottom of the U; there i s  a 15-cm valve and drain l i n e  
located in the outermost reci rcula t ion pipe which allows the cul ture  to  be 
transfered t o  the cul ture  storage tank (Figure 4 ) .  The a i r l i f t s  a r e  fed by 
2.4 cm PVC pipes which discharge 1.4 m below the water surface. Oil-free a i r  
i s  supplied by an a i r  blower driven by a 7.5 horsepower motor. 

A seawater system (Figure 4 )  provides capab i l i t i e s  f o r  adding seawater to  the 
flume, obtaining seawater f o r  laboratory use, pa r t i a l l y  o r  completely 
draining the flume, and storing the cul ture  or  seawater. Seawater i s  drawn 
from a 45m-deep well. The seawater i s  f i l t e r e d  through coral rubble, and i s  
therefore very low in par t icula te  organic matter. Levels of major inorganic 
nutr ients  a re  typical ly  50 pM ammonium and 0.8 vM phosphate. The i n l e t  t o  
the seawater pump i s  from the  saltwater well o r  from the  storage tanks. The 
ou t l e t  i s  t o  the flume, t o  the u t i l i t y  o u t l e t ,  or  t o  waste. The flume can be 
drained in to  the cul ture  storage tank through the 15-cm PVC pipe using a 
manual valve, and pumped from tha t  tank t o  any of the ou t l e t  por t s ,  or  
discarded by gravity through the waste port .  Wastewater i s  discharged into  
an underground sump excavated in the coral rubble. 

The flume incorporates a computer-based system tha t  monitors and controls the 
physical and chemical environment of the cul ture .  The system control ler  i s  a 
Hewlett-Packard model 9845B computer, which acquires data from the  sensors 
and manipulates the control devices based on the information received. The 
seawater pump i s  controlled on the basis of the operator input and the output 
of the level detector.  Carbon dioxide gas addition i s  controlled on the 
basis of pH. Draining i s  controlled on a time-of-day basis. 

2 2 The four 9.2m flumes a re  s imilar  in design to  the 48m flume, b u t  consis t  of 
two channel s 7.6m long by 0.6m wide by 0.15m deep. The channels a r e  
connected by 20 cm recirculat ion pipes; one of the two recirculat ion pipes of 
each cul ture  contains an a i r l i f t  pump which drives cul ture  c i rcula t ion.  Each 
9.2m2 flume i s  equipped with a CO supply l i ne .  pH sensors in the cul tures  
supply data to  the Hewlett-Packar 9845B computer, which in turns controls 
the C02 supply solenoids. 

5 

Analytical Data 

Production in the flume was calculated from dai ly  changes i n  par t icula te  
carbon ( P C )  concentrations corrected fo r  d i lu t ion due t o  drainage and 
introduction of f resh medium. Samples f o r  PC analyses were collected on glass-  
f i be r  (GF/C) f i l t e r s  and analyzed on a Hewlett-Packard model 185B CHN analyzer 
following procedures recommended by Sharp [24]. These carbon production 



numbers were converted to  ash-free dry weight production by multiplying by 
the ra t io  of ash-free dry weight:PC. This ra t io  averages about 2.0h0.1 for  
marine microalgae [25]. Lipid contents were measured by a modified Bl igh- 
Dyer extraction. Culture NH4 concentrations were determined by the phenol- 
hypochlorite method. Urea concentrations were determined by the same method 
a f t e r  the samples were digested w i t h  urease fo r  15 min. 

Solar  irradiance was measured w i t h  a Lambda model LI-1905B quantum sensor, 
which has a nearly f l a t  response to  l igh t  in the wavelength range 400-700 nm. 
Visible quantum fluxes were converted to energy fluxes using the spectral 
distribution of sunlight [26]. The conversion r a t io  was 19.5 ~ E i n s t  per 
calorie.  The caloric content of the product algae was calculated assuming an 
energy content of 8 kcal per gram carbon 1271, and solar  energy conversion 
efficiencies were calculated based on th i s  caloric content and the incident 
energy flux of visible l igh t .  

RESULTS 

Task I :  Screening of Candidate Species in Laboratory Cultures 

Objective 0 To determine which microalgal species are most 1 ikely 
to grow well a t  elevated temperatures i n  culture 
systems, anda to  select  three or more species for  
outdoor yield studies 

Purpose a To reduce the number of species which must be studied 
in the outdoor flume factor ial  experiments 

Candidate species have been screened based on the i r  ab i l i t y  t o  grow in the 
temperature range 30-35OC and on the i r  a b i l i t y  to  produce high concentrations 
of ce l l s .  Figure 5 shows the resul ts  of some of the laboratory studies 
carried o t a t  34OC. The irradiance in a l l  cases was approximately 150 !! ~ E i n s t  m- s-I from a bank of cool wh i te  fluorescent lamps, and was provided 
on a 12:12 t : D  cycle. Growth rates were estimated from regressions to  the 
l inear  portion of the log-linear plots in Fig. 5. Based on these studies 
and similar resul t s  obtained a t  other temperatures, we tentative1.y sel ected 
three species for  further study, ~latymonas sp. , ~ s o c h r ~ s i s ,  sp. ( i a h i t i a n ) ,  
and Chaetoceros sraci l  i s .  ~ t u d i e f i f  th i s  sor t  continue to  be performed on 
promising m i c r o a ~ c i e s .  However, the f ac t  that a given species grows 
well i n  the laboratory i s  no guarantee tha t  i t  will perform well in an 
outdoor culture system. Determination of performance characteristics fo r  
promising species- in the outdoor flumes was therefore c r i t i ca l  to  our 
screening process. 

Task 11: Yield Optimization of Promising Species in Shallow Flumes 

Objectives a To determine how much a lga l  production can be 
expected from shallow outdoor flumes without 
temperature control 



View of the 50-m2 Plume with Foils in Place 



View of the Airlift Bnd (left) and Return End (right) of the Large 5 m 2  Flume 



e To determine the  s e n s i t i v i t y  o f  t h e  produc t ion  f u n c t i o n  
t o  changes i n  design c h a r a c t e r i s t i c s  

Purpose e To determine whether t he  produc t ion  o f  shal low outdoor 
f lumes can be maintained o r  even enhanced by fo rego ing  
temperature c o n t r o l  and by growing thermophi l  i c 
microalgae du r i ng  the  warm summer months 

The species chosen f o r  the  i n i t i a l  experimental  study was Platymonas sp. We 
performed a two-way f a c t o r i a l  o p t i m i z a t i o n  w i t h  Platymonas, i n  which d i l u t i o n  
r a t e  and CO7 c u t - i n  DH were var ied .  These two parameters were chosen because 
they appeared t o  be t h e  most impor tan t  va r i ab les  a f f e c t i n g  produc t ion  i n  our  
e a r l i e r  work w i t h  Phaeodactylum. Table 2 summarizes t h e  experimental  r e s u l t s .  

TABLE 2. PRODUCTION IN g~ -d-' IN  EXPERIMENTAL FLUMES 
RUN AT A DEPTH OF 10 cm. 

Cop  c u t - i n  pH 

Note t h a t  these d i l u t i o n  r a t e s  r e f e r  t o  once-a-day d i l u t i o n s ,  n o t  t o  
continuous d i l u t i o n  ra tes .  For example, our  50% d i l u t i o n  r a t e  ( r e q u i r i n g  a 
doubl ing per  day t o  ma in ta in  steady s t a t e  c e l l  numbers) would correspond t o  
a continuous d i l u t i o n  r a t e  o f  69.3% per day, and our  h ighes t  d i l u t i o n  r a t e  
o f  70% per  day ( r e q u i r i n g  a 3.3- fo ld increase i n  popu la t ion  numbers per  day 
a t  steady s t a t e )  would correspond t o  a continuous d i l u t i o n  r a t e  o f  120% per  
day. 

We f i t  parabolas t o  t he  produc t ion  data a t  each pH and obta ined the  optimum 
d i l u t i o n  r a t e s  shown i n  Table 3. The r e s u l t s  i n d i c a t e  t h a t  t h e  product ion 

TABLE 3. OPTIMUM DILUTION RATES AT EACH pH. 

P H opt im m 11 product ion a t  maximum 
(d-Y) ( g ~  a m m 2  *d-1) 

7.0 48.2 11.8 
7.5 51.7 10.7 
8.0 53.7 10.6 



maximum i s  f a i r l y  i n s e n s i t i v e  t o  pH i n  t h e  range 7-8, and s ince  pH = 7.0 
corresponds t o  hav ing t h e  C02 bubb l i ng  a l l  t h e  t ime du r i ng  t h e  photoper iod,  
t he re  was no reason t o  exp lo re  lower  CO c u t - i n  pH ' s .  Carbon accounts f o r  f about 47% o f  t he  ash- f ree  d r y  weight  ( A  DW) o f  Platymonas [25], and t h e  peak 
product  'on es t imated  a t  pH = 7 t h e r e f o r e  corresponds t o  11 8/0.47 = 25.1 g  
AFDW m-$dml. The observed peak p roduc t i on  o f  12.34 g C m-2d-1 corresponds t o  
26.3 g AFDW rn-2d-l. Th is  r a t e  o f  p roduc t i on  i s  s l i g h t l y  b e t t e r  than what we 
were a b l e  t o  achieve w i t h  Phaeodactylum, b u t  was achieved w i t h o u t  t h e  b e n e f i t  
o f  temperature c o n t r o l .  Removal o f  t he  temperature c o n t r o l  c o n s t r a i n t  has 
been a  b i g  s tep  towards making t he  ope ra t i on  ene rge t i  ca l  l y  favorab le .  

We ran  two experiments t o  check on t h e  reproducab i l  i ty o f  f l  ume performance. 
The r e s u l t s  a re  shown i n  Table 4. These r e s u l t s  i n d i c a t e  t h a t  t h e  standard 

TABLE 4. REPRODUCABILITY OF FLUME PRODUCTION RESULTS. 

f 1  ume 1 
f lume 2 
f lume 3  
f l  ume 4 

mean + SD 10.17 + 0.97 11.68 r?r 0.55 

dev ia t i ons  a r e  5-10% o f  t he  means. As a  f u r t h e r  check we repeated c e r t a i n  
cond i t i ons  i n  i n d i v i d u a l  f lumes on d i f f e r e n t  weeks, and obta ined very  
s i m i l a r  r s u l t s ,  i . e .  a t  pH = 7 ,  = 40%, p roduc t ion  = 10.29 and 10.64 
g C m - ~ d - ~ ;  a t  pH = 7.5, u = 50%, p roduc t ion  = 11.32 and 11.68 g C m-2d-1. 
Thus r e s u l t s  were reasonably r ep roduc ib l e  f rom week t o  week and f rom f lume 
t o  flume. 

2 A f t e r  complet ing these experiments, we i nocu la ted  t h e  48m f lume w i t h  
Platymonas, and began an exper iment t o  determine t h e  r a t e  o f  p roduc t ion  t h a t  
cou ld  be sus ta ined  on a  long- term bas is .  A t  t h e  same t ime, we decided t o  
s y s t e m a t i c a l l y  a l t e r  t he  depth o f  t h e  c u l t u r e  ( t h e  smal l  f lumes had been 
operated a t  a depth o f  10 cm) t o  determine t he  optimum c u l t u r e  depth t o  
g rea te r  accuracy. The c u l t u r e  depth was v a r i e d  i n  2.5 cm increments between 
7.5 cm and 15.0 cm. The f lume was operated a t  each depth f o r  one week. The 
r e s u l t s  i n d i c a t e d  t h a t  t h e  bes t  p roduc t i on  r a t e s  would be obta ined a t  a  depth 
o f  about 12 cm, and f o l l o w i n g  complet ion o f  t h e  depth v a r i a t i o n  experiments 
t h e  c u l t u r e  has been operated a t  t h a t  depth f o r  t h e  pas t  severa l  weeks. 

Product ion r a t e s  ob ta ined  i n  t h e  l a r g e  f lume du r i ng  t h e  f i r s t  two months o f  
1984 a r e  shown i n  F ig .  6. The general upward t r e n d  i n  t h e  data undoubtedly 
r e f l e c t s  i n  p a r t  a  gradual inc rease  i n  i n s o l a t i o n ,  b u t  probably  a l s o  r e f l e c t s  
gradual o p t i m i z a t i o n  o f  f lume ope ra t i ng  cond i t i ons  ( i  .e. c u l t u r e  depth) .  The 
h ighes t  p roduc t i on  t h a t  has been achieved on an extended bas i s  n n a l g a l  
c u l t u r e  growing s o l e l y  on i no rgan i c  n u t r i e n t s  i s  23 g dry w t  m-'d-! 1291. 



That production f igure  was achieved with a freshwater cul ture  of 
Scenedesmus over a 62-day period. If we assume t h a t  about 10% of the  dry 
weight of the  Scenedesmus ce l l  s  consisted of ash [25], then our average 
production r a t e  of 23.1 g AFDW m-2d-1 i s  10% be t t e r  than the  previous best 
long-term resu l t .  However, during January and February insolation i n  Hawaii 
i s  a t  a  seasonal low. The average insolation during the  course of the  year i s  
about 30% h i  her than the  Jan-Feb mean [30]. The production r a t e  of 23.1 
g AFDW m-'d-' t r ans la tes  in to  a photosynthetic efficiency of about 7.4%. If 
t h i s  efficiency can be maintained over he course of the  year ,  the average 8 production should be about 30 g AFDW m- d - l ,  about a 45% improvement over the 
previous best long-term production figure.  

Because Platymonas appeared t o  be a good producer and was easy t o  cu l tu re ,  we 
s e t  up  an experiment i n  the four small flumes t o  determine the e f f ec t s  of 
nutr ient  l imi ta t ion on ce l l u l a r  composition. Flume 1 was r u n  in  a nutr ient-  
saturated mode, flume 2 was P l imi ted,  flume 3 was N l imi ted,  and flume 4 was 
both N and P limited. Table 5 shows the  carbon/nitrogen (C/N) r a t i o s  in the 

TABLE 5. C/N RATIOS BY WEIGHT IN THE FOUR SMALL FLUMES 

Flume 1 Flume 2 Flume 3 Flume 4 
Date (Nutrient saturated) ( P  l imited) ( N  l imi ted)  ( N  & P 1 imited) 

algae over the period from 11/3/83 t o  11/16/83. The C/N r a t i o s  i n  the 
nutrient-saturated and P 1 imited flumes changed very l i t t l e  over t h i s  two- 
week period. Hence there was no evidence of storage product accumulation 
i n  these flumes. The N-limited flume showed about a 30% increase in C/N 
r a t i o ,  and the N and P limited flume showed about a doubling in C/N r a t i o .  
These resu l t s  are  indicative of storage product accumulation. Evidently 
simultaneous N and P 1 imitation was f a r  more e f fec t ive  in t r igger ing the 
manufacture of storage products t h a n  N 1 imitat ion alone. 

The flumes were examined f o r  l i p i d  content on four separate dates.  Most 



analyses were performed i n  dup l i ca te .  The r e s u l t s  a re  shown i n  Table 6. 

TABLE 6. L IPID ANALYSES ON THE FOUR SMALL FLUMES 

Flume 1 Flume 2 Flume 3 Flume 4 
Date ( N u t r i e n t  sa tu ra ted)  (P  l i m i t e d )  ( N  l i m i t e d )  ( N  & P l i m i t e d )  

% Neut ra l  11/7 21.5 
L i p i d s  11/14 25.0 

11/21 25.0 

There was no change i n  t h e  percentage o f  l i p i d s  i n  f lumes 1 and 2, and t he re  
was a decrease i n  t h e  percentage o f  l i p i d s  i n  f lumes 3 and 4. We conclude 
f rom these r e s u l t s  t h a t  t he  inc rease  i n  C/N r a t i o s  i n  f lumes 3 and 4 
r e f l e c t e d  carbohydrate s torage r a t h e r  than 1 i p i d  s torage.  The inc rease  i n  
carbohydrate con ten t  presumably r e s u l  t ed  i n  a decrease i n  percentage 1 i p i d .  
The l i p i d s  can be c rude l y  broken down i n t o  a n e u t r a l  and p o l a r  f r a c t i o n ;  
our  r e s u l t s  i n d i c a t e  no s i g n i f i c a n t  change i n  t h e  r e l a t i v e  amounts o f  these 
two f r a c t i o n s .  

We a re  c u r r e n t l y  i n  t h e  m ids t  o f  per forming a f a c t o r i a l  design exper iment 
w i t h  I soch rys i s  x. ( T a h i t i a n )  us i ng  t h e  f o u r  smal l  f lumes. ~e chose t h i s  
species as our  second t e s t  organism because, u n l i k e  diatoms, i t  has no l a r g e  - 
requirement f o r  s i l i c a t e ,  because Chrysophyceae a r e  known t o  be l i p i d  
s t o r e r s  [28], and because o thers  have repo r ted  good success i n  growing t h i s  
p a r t i c u l a r  s t r a i n  i n  outdoor cu1 t u res .  A t  t h i s  t ime we a re  n o t  i n  a 
p o s i t i o n  t o  say what l e v e l  o f  p roduc t i on  may be achieved w i t h  I soch rys i s .  
The cu l  t u r e  appears t o  be more sens i  t i  ve t o  h i gh  temperature than Platymonas , 
b u t  a t  t h e  moment i s  growing we71 i n  t h e  f lumes. 

Task 11 I. Analys is  of Promising Cul t u r e  Management S t ra teg ies  

Ob jec t i ve  a To prepare an eva lua t i on  o f  system i n p u t s  which 
q u a n t i f i e s  ope ra t i ona l  parameters and determines 
the cos ts  and b e n e f i t s  o f  ope ra t i ng  t h e  shal low 
outdoor f lumes w i t h  and w i t h o u t  temperature 
c o n t r o l s ,  i n  t h e  l a t t e r  case by s u b s t i t u t i n g  
thermophi l  i c  m i c roa l  gae f o r  - P.- t r i co rnu tum du r i ng  
t h e  warm months o f  t he  year .  



Purpose m To provide the data required t o  guide t h i s  emerging 
technology toward e f fec t ive  application 

We will  not be i n  a  position t o  provide a complete analysis  of cul ture  
management s t ra teg ies  unt i l  we have completed a more thorough screening 
procedure, but i t  does seem possible to  reach several t en ta t ive  conclusions a t  
t h i s  time. F i r s t ,  without temperature control i t  i s  probqbl possible t o  
achieve annual production r a t e s  averaging 25-30 g AFDW m-Ld-y with Platymonas, 
and present indications a re  t ha t  the  average will  be c loser  t o  30 than t o  25. 
Thus we do not feel  t ha t  temperature control wil l  be necessary f o r  the  success 
of the cul ture  operation. Second, the cost  of cooling the flumes accounts f o r  
about 15% of the operating costs  of the present f a c i l i t y .  However, over half 
the operating costs  of the present f a c i l i t y  go to  s a l a r i e s .  The cost  of 
s a l a r i e s  would presumably decline appreciably in  an actual production system, 
because re la t ive ly  l i t t l e  s c i e n t i f i c  research would be carried out in  a 
commercial f a c i l i t y .  A t en ta t ive  analysis  indicates t ha t  removal of the  
requirement f o r  cooling could reduce the operating costs of a commercial 
production f a c i l i t y  by a t  l e a s t  30%. Third, the energy balance in  a f a c i l i t y  
requiring cooling would almost ce r ta in ly  be unfavorable. From the standpoint 
of energy production, i t  therefore seems imperative t h a t  the flumes be 
operated without cooling. O u r  r esu l t s  indicate tha t  high ra tes  of production 
can be achi eved w i  thout temperature control . 

SUMMARY 

The r e su l t s  obtained t o  date during the curre t contract  year show tha t  - B production ra tes  i n  the range 25-30 g AFDW m d-I can be achieved i n  a  
shallow outdoor algal  mass cu l tu r  s  stem without temperature control .  
Production averaging 23 g AFDW m'qd-r was obtained during the f i r s t  two 
months of 1984. Insolation during these months i s  generally lower than during 
any other months of the year i n  Hawaii. If comparable photosynthetic 
e f f i c ienc ies  (7.4%) can be achieved throughout the  year then average 

2 '1 production ra tes  should be very close t o  30 g AFDW m- d- . Elimination of 
the  need f o r  temperature control wil l  great ly  improve the economics and energy 
balance of the algal  cul ture  system. 
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CULTIVATION OF MICROALGAE FOR LIQUID FUELS 

J. C. Weissman 
Microbial Products, Inc. 
Fairfield, California 

ABSTRACT 

Three species of algae have been cultivated in an outdoor pond 
system at Vacaville, CA in 1983. Two of these organisms, an 
hkistrodesmus sp. and a Scenedesmus sp. (S02a) were 
recommended as good lipid producers. Another Scenedesmus sp. 
(tentatively identified as S. quadricauda) invaded a pond and was 
thereafter cultivated. Under nitrogen-sufficient growth condi- 
tions the strains contained, respectively, about 27%, 20% and 20% 
lipid. None of the organisms produced more lipid under nitrogen- 
deficient conditions. Both Scenedesmus strains doubled in carbo- 
hydrate content and decreased about 25%' in lipid content. The 
Ankistrodesmus grew poorly when N-limited and, after readdition 
xnitrogen, did not fully regreen. The results of growth out- 
doors, after depletion of nitrogen from the growth medium, indi- 
cate that after about two (2) days productivity declines precipi- 
tously. Thus the induction of lipid (or carbohydrate) must be 
nearly completed by this time. 

Growth of the Ankistrodesmus was studied indoors in 1 L bottles 
and 1.4 m2 intensely illuminated tanks. The results indicate 
that (1) EDTA is probably not required, or at least not for iron 
availability at moderate rates of production; (2) trace metals 
available in most water resources are adequate; (3) nitrate or 
urea are adeauate sources of nitrogen added incrementally or all 
at once; (4) &salinity must be greater than 5-6 ppt but g?owth is 
unchanged at 12 ppt; (5) increasing B (0.5 to 5 ppm) or F (1 to 5 
ppm) has no effect; (6) reducing alkalinity from 20 mM to 5 mM 
has no short term effect; (7) productivity is similar at pH 7 or 
cycled between 6.5-9.5, constant pH=8.7 reduces productivity; (8 )  
media recycling (10 batch cycles, 98% media return) has positive 
effect on species dominance and no effect on productivity; and 
(9) prolonged semi-batch growth led to a deterioration of the 
culture, a decline in average and maximum productivity per 
batch, and reduced resistance to contamination. 

Salinity tolerance was investigated for several strains with 
particular emphasis on Isochrgses galbana (UTEX 987). Under low 
(30 ~m-2) continuous illumination, growth and productivity were 
similar at TDS=28 ppt and 21 ppt. Productivity was reduced 35% at 
TDS=7 ppt. Under a twelve hour diurnal cycle at 100-150 urn-2, I, 
galbana grew poorly even at seawater salinity. Productivity was 



only marginally greater at the higher light intensity. Excretion 
products (organic acids plus total carbohydrates) of ten equaled 40% 
br the particulate biomass. Lipid content was 30-40% of nitrogen- 
sufficient biomass and 40960% of nitrogen-deficient biomass. 

Sedimentation rates of algal biomass grown in the outdoor ponds 
were measured in the laboratory. The naturally occurring 
Scenedesmus strain spontaneously formed large clumps in 6atch 
culture. The rate of sedimentation was thus high (100-300 cm/hr) 
for over 70X of the biomass. Dispersed cultures of algae did not 
sediment quickly (<I5 cm/hr). Nitrogen-starved dispersed 
cultures settled more readily than non-starved cultuGes, but not 
nearly as quickly as clumped- cultures. Ankistrodesmus iiiomass 
settled rapidly when cells were aggregated. 

SUMMARY OF OUTDOOR CULTIVATION 

A summary of the average productivities from the outdoor work is 
shown in Table 1. The continuous cultures were more productive 
than the batch cultures on a sustained basis. ~oweveg standing 
densities in the conti-nntlous ponds were 120-180 rng~-l. Generally 
highest productivity during batch growth occurred below 250 r n g ~ - f  
but there was a notable exception. The batch grown S. native 
was highly flocculant (floc size ranged from .1-3.0 mm within any 
cul~ure) and grew, at higher productivity, to densities between 
300-500 mg~-l. 

A 200 m2 pond was operated with continuous dilution during the day- 
time, using S. quadricauda,from June through September 1983. Max/ 
min temperatures, insolation, and daily productivities were 
measured. The highest productivities (and lowest standing 
densities) were obtained at detention times of 1.7-1.9 days. It 
may be that higher productivities could have been attained at 
shorter detention times. At the beginning of September the 
detention time was lengthened to avoid possible washout of the 
culture as daylength and insolation decreased. The culture density 
increased slowly in response to the change in detention 
time, resulting- in low productivity for a week. When a 
steady higher density was achieved- productivity leveled off also, 
at above 15 gm/m2/day. The culture contained a stable mixture of 
at least two  forms of a pleiomorphic colonial Scenedesmus. The 
dominant form resembled mature coenobia of S. quadricauda. It 
comprised about 80% of the populations and occurred in a large 
(5x13 p )  and small (3xlOb) body size, both in two, four and eight 
cells per colony. Four-celled colonies predominated. The other 
form resembled reproducing S. quadricauda and also occurred in 
large (5x7 p) and small (4xTpJ cell sizes and in four and eight - -  - celled colonies. 

The Pyramid Lake Ankistrodesmus was cultivated in the laboratory 
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and inoculated outdoors in late July. Until late September the 
cultivation was characterized by a browning of the cultures after 
the first batch growth. It was determined (via bioassay) that 
insufficient potassium was the cause. Potassium deficient cultures 
when brought indoors and potassium added, greened quickly. Outdoor 
brown cultures, after supplementation with potassium, greened very 
slowly and incompletely. The same problem with regreening occurred 
after nitrogen starvation. 

The growth of this organism, when healthy, is characterized by a 
deep green color, the appearance of swirls, and a complete dispersing 
of cells. As any one of a number of nutrient deficiencies set it, 
the cells clump (with scores of cells to a clump) and the swirls 
disappear. The cells themselves may be almost straight or sickle- 
shaped, with sizes varying between 12-40 p in length and 2-4 p in 
width. 

The recommended medium for this organism (W.Thomas, personal commun- 
ication) contains supplementation with vitamins: B12, biotin, and 
thiamine. After 9/28/83 no vitamins have been added to outdoor 
cultures. The cultures have remained unialgal and appear healthy. 
Although productivities dropped off in October and November, photo- 
synthetic efficiencies increased. The Ankistrodesmus was more 
productive than the Scenedesmus in November (and December-January) 
when insolation and temperature decreased greatly. 

TABLE 1. PRODUCTIVITY SUMMARY (gm/m2/day, average) 

Month 

April(l/3) 
May 
June 
July 
August 
September 
October 
November 

Lgly/Day 
Total 

335 
615 
6 3 0  
655 
580 
4 8 0  
380 
170 

S. native 
7 

(auadricauda) 
Batch Cont. 

Ankistro- 
desmus 
Batch 

Numbers in ( ) indicate average of maximum daily production from 
each batch. Asterisk indicates data from a 12 m2 pond receiving 
70% of insolation. 

CULTURE REQUIREMENTS FOR ANKISTRODESMUS 

The Ankistrodesmus strain was grown in 1.4 m2 tanks to determine 
the requirements for adequate growth and thus the cost - producti- 
vity trade-offs for media constituents. The data obtained does 
indicate that expensive media inclusions, such as trace metals, 



EDTA, and alkalinity need not be added in large amounts. Indeed, 
trace requirements can probably, in most cases, be supplied by the 
water resource, EDTA is necessary in only small amounts ( <I0 juM) 
or not at all, and alkalinity tolerance is broad (at least 5-20 mM). 
Two problems were encountered in attempting to study long-term 
growth of this organism: as semi-batch cultivation endured the 
culture degenerated, losing its productivity and competitiveness 
and as light intensity was raised to 40Z solar, this deterioration 
accelerated. 

The deterioration of the strain was characterized by increasing 
aggregation of cells into clumps, with more and more "debris" 
becoming evident in the clumps. Progression of this clumping 
to a point where 90-100% of the cells became aggregated, was 
soon followed bv an increase in the contamination by various 
Chlorophytes (~hlam~domonas 2. , Scenedesmus x. ) until over 50% 
of the biomass was contaminated. Initial healthy cultures of 
Ankistrodesmus were totally dispersed. It took o;er four months 
of intensive, semi-batch cultivation for the deterioration to 
begin. However, once started it progressed rapidly under high 
light intensity and frequent dilution. Outdoor cultures, growing 
more slowly under more intense illumination, deteriorated 
very slowly. Thus as time progressed, the source of inoculum 
for the 1.4 m2 pond experiments was switched from 1 L low-light 
cultures to the outdoor pond cultures. The results to be dis- 
cussed will have frequent reference to the "condition" of the 
cultures, in terms of per cent clumped, as it was found that this, 
rather than media-changes, was most responsible for changes in 
productivity. 

The first series of experiments compared growth at several light 
intensities and pH regimes. This was done to establish a good 
set of conditions for control. (Unfortunately the culture degen- 
eration which later occurred interfered with this.) Table 2 shows 
productivity data vs. light input and pH for healthy, dispersed 
cultures. From the table it is evident that cultivation at pH 7 
resulted in the highest productivity. However cycling pH between 
6.5-9.5 was nearly as satisfactory. Productivity was lower at pH 
8.7. Figure 1 illustrates productivity vs. light input for 
healthy, dispersed cultures at optimal pH and at temperatures equal 
to 2 6 f 2 O C .  The average productivities (averaged over the entire 
batch cycle) show the saturation that would be expected in a 
turbulent, but not intensely mixed system (mixing speed approxi- 
mately 45 cm/sec, 1.5 f p s ) .  Plaximal productivities (averages of 
the maximal production of each batch) show this to a lesser extent 
with basically a steeper linear increase at low light vs. high 
light. This leveling of productivity vs. light input became very 
pronounced for both average and maximum productivity as the 
irradiance was increased above 200 ~ m - 2 .  In addition, clumped 
Ankidstrodesrnus cells competed very poorly with contaminants at 
the higher light intensity (250 ~ m - 2 ,  data not shown). 



TABLE 2. LIGHT INTENSITY -pH 

Langl eys 
1 day 

80 
80 
120 
120 
120 
125 
175 
225 

Avg . 
Prod. 

12(10) 
8(7) 
16(14) 
19 (16) 
14 (12) 
15 
20 
20 

Avg . 
Eff. 

8.2 
5.5 
7.3 
8.7 
6.4 
6.6 
5.5 
4.9 

Max. 
Prod. pH 

14(12) 6.5-9.5 
14 (12) 8.7 
23(20) 6.5-9.5 
23(20) 7.0 
19(16) 8.7 
20 7.0 
30 7.0 
25 7.0 

Media 

Basal 
Basal 
Basal 
Basal 
Basal 
Basal+ 
Basal 
Basal+ 

Cond . 
D 
D 
D 
D 
D 

80% D 
D 
D 

See Table 3 for media used. D = dispersed. 
Values in ( ) were normalized from L:D cycle of 14:10 to 12:12. 

Table 3 shows productivity data as a function of media composition. 
Lowering EDTA to 13 uM (.2 mole EDTA: 1 mole Fe) from 130 uM (2 mole 
EDTA:lmole Fe) had little effect. It might not be expected that 
such a short-term lowering (1 sequential batch) would have much 
effect on availability of trace metals, but even over the long- 
term (5 sequential batches) lowering the EDTA did not lower 
productivity in comparison to a long-term control (Table 3, Figure 
2). Since iron was near yield limiting levels in the medium 
(4 ppm as Fe for 1500 ppm biomass), even short-term reduction in 
EDTA, if important, should have had an effect. 

Elevating boron and floride levels (to levels in Pyramid Lake 
from which the Ankistrodesmus was isolated) also showed no differ- 
ence from the control. Bioassays also indicated that low levels 
of these elements were not responsible for culture deterioration. 
Adding urea incrementally (1-2 mM per day) was no better or worse 
than adding it all at once (10 rnM urea-N initially). Nitrate 
could be substituted for urea. Doubling the levels of NaCl, K C 1 ,  
CaC12 and MgCl had no short-term effect. Growth of cells which 
were obtained gram the outdoor ponds and thus grown for a pro- 
longed period of time on trace metals available in the water supply 
only (10-50% of lab levels) was as good as controls. Reduction 
of alkalinitv levels from 20 mH to 5 ml.I did not change productivity , - - 
In the short term Ankistrodesmus grew equally well over a range 
of salinity, alkalinity, trace metal concentration, and chelator 

< .  

concentration In addition, growth in outdoor ponds and at low 
light (30 ~ m - 2 ,  continuous) with and without vitamin supplementa- 
tion indicated that vitamins are not required for productivity up 
to 20 gm/m2/day. 

As culture degeneration appeared to be a serious problem, data 
was obtained to document it and bioassays were performed (under 
low lights in 1 L bottles) to determine whether it was reversible. 
Figure 2 shows data from three long series of semi-batch growth. 



Small (1.4-ma) Indoor Tanks Used for Definition of Media Requirements and Studies 

of Media Recycle 



35. 
FI G n E  1. ANKISTRODESMUS PRODUCTIVITY VS. LIGHT INPUT 
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TA3LE 3 .  MEDIUM COMPOSITION EXPERIMENTS 

Lang leys  Avg. Avg. Max. 
/day Prod. Eff. Prod. C u l t u r e  

n ( ~ a r - 2 )  - a d " 1  X v i s .  gm m-2d-1 Medium Condition 

1 175 20 6.2 30 B a s a l  D i s p e r s e d  

1 175  20 6.2 28 1 3  uM Na2EDTA D i s p e r s e d  

5 1 75 14 .2  4 . 4  20.8 Basal 752 Clumped 

5 175 13.6  4 . 3  1 7 . 4  1 3 p M  Na2EDTA 75% Clumped 

1 175  16 5 .0  20 B a s a l  + 25% Clumped 

1 175  1 5  4 . 7  21 Basa l  + ,dosed  u r e a  25% Clumped 

1 175  1 2  3.8 22 B a s a l  + , d o s e d N 0 3  25IClumped 

2  175  15 4 . 7  20 B a s a l  + 90% Clumped 

1 175 1 5  4 . 7  21 Basa l+  ,2x s a l t s  90% Clumped 

1 175  12 3.8 22 B a s a l  t , 2 x  salts,N03 90% Clumped 

2  125  - 1 5  6 .6  20 Basa l  + Dispersed 

2 125  1 5 . 6  6 .8  21 B a s a l  +, 5mM Alk.  Dispersed 

2 125 1 4 . 3  6 . 3  1 9  B a s a l  +, 10X Trace D i s p e r s e d  

1 125  11 4.8 1 9  B a s a l t  90% Clumped 

1 125 1 0  4.4 1 9  B a s a l  +,50Z Trace 90X Clumped 
502 EDTA 

n  r e f e r s  t o  number of s e q u e n t i a l  b a t c h e s  

B a s a l :  i n  d e - i o n i z e d  w a t e r  20 dl N a H C 0 3 ,  56 .4  d l  NaCl , 0 .25  mM CaC12, 

3 .3  mM KC1, 2 .5  mM MgC12.6H20, 1 . 5  mM Na2S04,70 uM FeS04.7H20, 125 uM 

Na2EDTA, 1 . 0  mM PO4 buff(pH 7 ) .  Trace m e t a l s ,  0 . 5  ug /L  B i o t i n ,  B-12 

0 . 1  mg/L t h i a m i n e ,  10-20 mM Urea-N. 

B a s a l  +: Above p l u s  24 uM Na2B4 07-HzO(1.0 ppm B) and 0.26  d l  NaF(5 ppm F) 

2x S a l t s :  Above b u t  113 mM NaC1, 6 . 6  mM K C 1 ,  5 . 0  mM MgC1ze6H20, 0.5 

mM CaC12 

Trace Metals: 0.5 ppm Mn, 0.1 ppm KO, 0.05 ppm Zn, 0 . 0 2  ppm Cu, 0 .5  ppm B ,  

0 . 0 1  ppm V ,  C o ,  Ni, Cr. 



Decreases i n  product iv i ty  were a s soc ia ted  i n  every ins tance  with 
c e l l  aggregation i n t o  clumps. As ind ica ted  i n  Table 3 ,  a s  clumping 
increased ,  p r o d u c t i v i t i e s  of con t ro l  c u l t u r e s  decreased. Eventually 
t h e  c u l t u r e s  f a i l e d ,  i . e . ,  p roduc t iv i ty  decl ined p rec ip i tous ly  
and contaminants grew. These events became t y p i c a l .  No s i g n i f i -  
cant  l e v e l s  of e x t r a c e l l u l a r  products were measured. Af te r  t en  
batch cycles  wi th  98% media recycl ing  d isso lved  l e v e l s  of organic  
a c i d s ,  carbohydrates and p ro te ins  were 24 ppm, 1 4  ppm and 1 4  ppm 
respec t ive ly .  Over 8000 ppm of p a r t i c u l a t e  biomass was grown and 
harvested during t h e  t e n  cycles .  

A new c u l t u r e  of t h e  Ankistrodesmus was obtained (from D r .  W .  Thomas) 
and grown. It was, a s  b e t o r e ,  i n i t i a l l y  mostly d ispersed .  When 
grown a t  25 ~ m - 2  continuous i l lumina t ion ,  t h e  c u l t u r e s  became about 
20- 30% clumped. However, when grown a t  150-250 Wm-2 wi th  a  1 2  h r .  
l i g h t  cycle; t h e  c e l l s  slowly became more clumped a s  the  number 
of sequen t i a l  batches increased.  The same medium was used i n  
both cases .  Thus, i t  appears t h a t  high l i g h t  i n t e n s i t y  may be 
respons ib le  f o r  d e t e r i o r a t i o n  of t h e  c u l t u r e .  One low l i g h t  
c u l t u r e  was grown with 0 .1  mP1 P04.  I t  clumped 30% a s  we l l .  

I n  order  t o  determine i f  a  n u t r i e n t  def ic iency was involved i n  
t h e  c u l t u r e  d e t e r i o r a t i o n ,  bioassays were performed. The bioassays 
cons is ted  of (1) growing hea l thy  (d ispersed)  c e l l s  i n  basa l  labora-  
to ry  medium, outdoor pond water ,  and c l a r i f i e d  l i q u i d  from an 
unhealthy pond; ( 2 )  growing unhealthy (clumped) c e l l s  i n  the  same 
media; (3)  sp ik ing  the  d e t e r i o r a t i n g  c u l t u r e  l i q u i d  with severa l  
d i f f e r e n t  n u t r i e n t s ;  and ( 4 )  spiking a  hea l thy  outdoor c u l t u r e  
l iquor  wi th  t h e  same s e t  of n u t r i e n t s .  Detai led r e s u l t s  of t h e  
bioassays can be found i n  our In ter im Report t o  SERI. To summarize 
t h e  following conclusions were drawn (1) i r o n  was not  growth-rate 
l i m i t i n g  i n  unhealthy indoor pond media, but i t  was t h e  n u t r i e n t  
t h a t  f i r s t  l imi ted  y i e l d ;  ( 2 )  t h e  hea l thy  c e l l s  increased them- 
se lves  4-10 f o l d  a t  s i m i l a r  r a t e s  i n  a l l  media and remained 80% 
dispersed;  (3)  t h e  unhealthy c e l l s  grew a s  wel l  i n  a l l  media 
t e s t e d ,  but remained aggregated; ( 4 )  no n u t r i e n t  def iciency was 
evident from the  nu t r i en t - sp ik ing  experiments; (5 )  i n i t i a l l y  
dispersed c e l l s  d id  form clumps during t h e  n u t r i e n t  b ioassays ,  
with more clumping evident (90% of t h e  biomass) with added CaC12, 
but increased clumping (50%) under a l l  t rea tments .  Thus, under 
low l i g h t  during shor t  term assays ( 7  d a y s ) ,  both dispersed 
and clumped c u l t u r e s  grew t h e  same on a l l  media. Furthermore 
clumping was not  found t o  be r e v e r s i b l e  by adding any p a r t i c u l a r  
n u t r i e n t .  (Basal medium contained 0.25 mM Ca, 1 mlq P ,  20 mM 
a l k a l i n i t y ,  and pH was 7 .2-7 .8 . )  

Several  f a c t o r s  may con t r ibu te  t o  c u l t u r e  d e t e r i o r a t i o n ,  including 
changes i n  s a l t  balance espec ia l ly  with r e l a t i o n  t o  KC1, NaCl, and 
CaC12,and photo inhib i t ion .  The development of clumps, whether 
induced by a  chemical f l o c c u l a t i o n  or  photo inhib i t ion  o r  an excre t ion  
product,  may i t s e l f  be se l f -pe rpe tua t ing  once s t a r t e d ,  changing 
t h e  chemical balance i n  the  media. Chemical measurements made on 



the media from the indoor pond after 8 cycles of growth showed no 
decrease in alkalinity but a substantial decrease in TDS (15% 
beyond dilution, 30% overall). Addition of NaCl and KC1 did 
stimulate growth somewhat temporarily (Figure 2). It .was  also 
observed that Ankistrodesmus contaminating ponds with more saline 
media (and 1 0  &I Ca) grew entirely dispersed, regardless of 
light intensity. Productivities were not as high, however. 

Reversible control over c e l l  aggregation would be highly desirable 
since the clumped cultures sediment rapidly and the dispersed 
cultures grow well. At present such control has not been achieved. 

CULTIVATION OF ISOCHRYSES GALBANA 

albana (987 ) was grown indoors to study productivity in k%i- rac 1s water (-7 ppt TDS) vs. seawater (28 ppt TDS). The alga 
was grown in 1 L Roux flasks under continuous illumination (25 
and 40 ~ m - 2 )  and in 1.4 m2 tanks under a 12:12 dirunal cycle (125 
\dm-2) . 

Successive batches (diluted to 200 pprn every 5-10 days from 2000- 
7000 ppm) were grown using aspeptic technique in the 1L flasks 
for a six month period at 28, 21 and 7 ppt TDS. Average producti- 
vity was 0.45 gm/L/day ( 7 . 0  gm/m2/day) and 0 . 6 3  p/L/day (9.8 gm/ 
rn2/day) at 25 and 40 ~ m - 2  at the two higher salinities. At TDS=7 
ppt (NaC1 reduced.75%, Mg reduced 75%) production was about 35% 
lower at both light levels, 4.6 and 6.2 grn/m2/day respectively. 
The cultures were often grown past the N-sufficient growth 
potential of about 4 0 0 0  ppm biomass. Lipid content varied between 
30-40% of the biomass regardless of alinity. Cultures which 
became N-deficient at high density (4000 ppm) contained about 40% 
lipids and maintained productivities similar to N-sufficient 
cultures. '&en N-deficiency occurred at low density (400-800 ppm) 
lipid content increased to over 60% but due to the long period of 
induction required, productivity was only 1 gn/rn2/day. Even 
under low light conditions lags upon dilution were frequent and 
prolonged (1 to 2 days), lowering productivities. 

Inoculations of the 1.4 m2 pond with I. galbana were attempted 
at the low salinity. However, the cuEure became contaminated 
quickly by the ~nkistrodesmus which was being grown at a similar 
salinity in another pond. Doubling the salinity resulted in 
coexistence of the two organisms, Lut at a low overall producti- 
vity and with a 4:l ratio of Ankistrodesmus to Isochr ses. Sub- + at sequently, inoculation of a 1.4 mL tank was achleve 
TDS=28 ppt. A lag of two days occurred before substantial 
growth ensued. Productivity was low, 5-10 gn/m2/day and ceased 
when cell d e n s i t y  reached 600 ppm. Data was taken to measure 
loss of biomass during the twelve hour dark period, and excretion 
of products into the medium. Table 4 shows data from an - I. galbana 



c u l t u r e  (28 ppt TDS, 125 ~ m - 2  i l l u m i n a t i o n ) ,  and a  hea l thy  
Ankistrodesrnus c u l t u r e  f o r  comparison. Both night t ime r e s p i r a t i o n  
and excre t ion  of metabolic products were much g r e a t e r  i n  .the I .  
albana c u l t u r e .  Both c u l t u r e s  were grown under N - s u f f i c i e n t c o n d i -  

:ions. When p a r t i c u l a t e  biomass ( a sh - f ree )  of I albana reached 
400 ppm, the  dissolved l e v e l s  of p r o t e i n ,  CHO an TI--- TOA ( t o t a l  organic 
ac ids )  a l l  together  were more than 40% of t h a t .  During t h i s  t ime,  
along wi th  production of 100 pprn of p a r t i c u l a t e  biomass, almost 60  
pprn of carbohydrate and organic  ac ids  were excreted i n t o  t h e  medium. 
As shown i n  Table 4 ,  no measurable p r o t e i n  was excreted by e i t h e r  
organism. Although e x t r a c e l l u l a r  l e v e l s  of carbohydrate,  produced 
by I .  galbana cons tant ly  inc reased ,  organic  ac id  l e v e l s  increased 
and decreased with time. Another 1 . 4  m2 pond was inoculated with 

albana but  a t  TDS=7 p p t .  P roduc t iv i ty  averaged 8  gm/mz/day 
a  maximum of 10 gm/m2/day, when dens i ty  was kept between 

100 and 500 ppm. Product iv i ty  was the  same i n  a  cont ro l  pond 
a t  seawater s a l i n i t y .  

TABLE 4 .  LOSSES FROM 1 . 4  m2 TANK CULTURES 

Ankistrodesmus 
(125 Wm-2) 

Production during l i g h t  period 
Loss during dark period* 
Net 2 4  h r  production* 
Biomass d e n s i t y ,  VSS pprn 
Dissolved p r o t e i n ,  pprn 
Dissolved C H O ,  pprn 
Dissolved organic a c i d s ,  pprn 

ATOAI A Biomass 
a CHO/ A Biomass 
APro t /  A Biomass 

NITROGEN-STARVED GROWTH 

Outdoor c u l t u r e s  were grown pas t  t h e i r  n i t r o g e n - s u f f i c i e n t  growth 
p o t e n t i a l .  E f f luen t s  from continuously operated ponds of both 
S .  quadricauda and S .  S02a were d i l u t e d  with n i t rogen f r e e  medium 
and allowed t o  "induce" i n  ba tch .  Batch c u l t u r e s  of both 
Scenedesmus s t r a i n s  and the  Ankistrodesmus were grown on y i e l d -  
l i m i t i n g  n i t rogen l e v e l s .  I n  general  none of the  organisms t e s t e d  
increased i n  l i p i d  content  a f t e r  n i t rogen-s tarved  growth. To ta l  
carbohydrate content did inc rease .  The $.  quadricauda s t r a i n  was 
productive a f t e r  n i t rogen deple t ion  and a t t e r  r eadd i t ion  of n i t r o -  
gen. The S. S02a grew a f t e r  n i t rogen deple t ion  but product iv i ty  
decl ined compared t o  N-suf f i c i en t  growth. The Ankistrodesmus grew 
poorly when N-starved and d id  not  recover;  i t  did not  resynthes ize  
pigment and eventual ly  d i e d ,  a f t e r  r eadd i t ion  of urea-ni t rogen.  



Induction' of Continuous Pond Effluents 

Effluents from continuously grown cultures of S . ~ladricalida were 
used for growth, in batch, on N-deficient media. Table 5 shows 
total, lipid, and carbohydrate productivities of those effluents 
t h a t  a c tua l l y  became nitrogen d e p l e t e d .  The e f f l uen t s  were 
diluted with nitrogen-free medium to lower initial nitrogen levels. 

In general, productivities of nitrogen-starved cultures were as 
high as non-starved batch cultures operated at the same time. 
This was especially true if starvation did not proceed past 2-3 
days. Severe drop o f f s  in productivity occurred t h e r e a f t e r .  T h e r e  
often was a day of lowered productivity as nitrogen depletion set 
in, although variable insolation make this uncertain. Carbohydrate 
content doubled and lipid content dropped 25%.  

TABLE 5. BATCH INDUCTION OF CONTINUOUS POND EFFLUENTS 
Lgly 

% Lipid % CHO Total /day 
Date Day Lipid Prod. CHO Prod. Prod. Total Density 

S. quadricauda 

9 / 1 1  0 2 6 . 6  3 . 5  25 3 . 5  1 4 . 0  530  107-126  
9 / 1 2  4 1  - - - - 7 . 4  514 126-213 
9 / 1 3  2 1 6 . 3  - 4  4 2  ( 6 . 6 )  l O ( 8 . 7 )  531 213-263 
9 / 1 4  3 14.7 - . 3  47 4.3 3.4 522 263-280 
9 / 1 5  4  1 4 . 0  - . 5  5 5  4 . 0  0 514 280-275 

'~nitial values at beginning of batch growth. 
( ) Indicate an average value. 
-+ Indicate depletion of N from medium. 

Batch Growth and Batch Induction 

Batch cultures of three strains were started with minimal levels 
of urea to result in depletion of nitrogen from the medium. The  
induced cultures of S.  quadrica~ldq were as productive as uninduced 



cu l tu res  (Table 6 ) .  Again, l i p i d  content  dropped 25%. Carbohy- 
d r a t e  content  was no t  r o u t i n e l y  measured i n  these  experiments. 
The c e l l s  used i n  runs 9-11 were N-deficient  before add i t ion  of 
10 ppm urea-N a t  the  s t a r t  of each run.  A s  w e l l ,  during Run $10 
100 ppm of urea-N was added a f t e r  day 4 .  The c u l t u r e  increased 
i n  product iv i ty  ( t o  16 gm/m2/day) over t h e  next  day and a h a l f .  
These r e s u l t s  i n d i c a t e  t h a t  t h i s  s t r a i n  recovers quickly from 
N-starvat ion.  

The n i t rogen-s tarved  c u l t u r e s  of S .  S02a increased from 25% t o  
60% carbohydrate con ten t ,  but  p roduc t iv i ty  was lowered. The 
Ankistrodesmus - grew poorly a f t e r  dep le t ion  of N from the  medium 
( 7  gm/mz/day) and carbohydrate content  only increased t o  32%. 

TABLE 6 .  S . QUADRICAUDA BATCH I N D U C T I O N  

Prod. Before Prod. Af ter  
N-de l e t i o n  N-de l e t i o n  
grn/mS / day gm/m 5 /day 

Run I/ Max. Avg . (Days) Max. Avg. (Days) Avg . (Days) 

Tes ts  f o r  s torage  product induct ion were performed i n  the  lab  with 
I .  galbana, Ankistrodesmus , and S. quadricauda, t o  determine the  
p o t e n t i a l  f o r  increases  i n  f u e l  precursors  under more e a s i l y  con- 
t r o l l e d  condi t ions .  Batch c u l t u r e s  were grown i n  1 L  Roux f l a s k s ,  
under continuous i l luminat ion  of 25 ~ m - 2  a t  pH 7.5f . 5  and T=28f2"C. 
The r e s u l t s  a r e  shown i n  Table 7 ,  along with some data  previously 
taken by t h e  author f o r  comparison. 

TABLE 7 .  I N D U C T I O N  OF STORAGE PRODUCTS BY ALGAE 



SEDIMENTATION RATES 

Samples from the outdoor ponds were taken to the laboratory to measure 
biomass sedimentation rates. The rates of clarification were based 
on turbidometric assays. The tests performed were not aided by 
chemically induced flocculation. Flocculants can lead to greatly 
increased rates of clarification, but must be evaluated in terms of 
cost per unit biomass concentrated. Also, the effects of residual 
flocculants in the media, which must be recycled many times, are 
unknown. 

The data from sedimentation tests are summarized in Table 8. It is - -  -- 
clear that the naturally flocculant culture, S. quadricauda, grown 
in batch, sedimented much more quickly and completely than any other 
culture. Nitrogen starvation of this clumped culture did not have 
much effect on clarification rates. When this organism was grown 
in continuous culture, it did not aggregate. The sedimentation rates 
reflect this with only 40-60% of the biomass settling faster than 
15 cm/sec. Effluents from continuous ponds "induced" in batch of 
S. quadricauda settled somewhat faster than uninduced biomass with 
65-75% sedimenting faster than I 5  cm/sec. Sedimentation of 
Ankistrodesmus and S. S02a cells was also not very rapid. Again, 
induction (nitrogen starvation) increased the rates somewhat. 

TABLE 8. SEDIMENTATION RATES 
% of Biomass Sedimenting at Rates > V  cm/hr 

! V  
cm/ h r  

300  

1 5 0  

1 0 0  

60  

4 5  

30 

15  

S . quadricauda 
(clumped) 
mind 1 Induc 

II I1 I ll 

S . quad 
Lstage 
Induc . 

I I 

, 

9 - 1  

40 

70 

70 

85 

- - 
I 

1 9 0  
- - 

9 - 2 5  

-- 
- - 

- - 

1 0  

- - 

3 0  

6 5  

9 - 8  
r 

4 0 

65 

7 0  
I 

80 

.m. - 
I 

90  

- - 

S . quad 
Cont. 
Unind 

9 - 2 5  

- - 

- - 

- - 

0 

- - 

10 

4 0  

Ankist 
Batch 
Unind. 

S.SO2a Batch 

10-7 

- - 
- - 

5 

1 5  

25 

4 5  

- - 

Unind 

10-3 

- - 

- - 

0 

- - 

5 

10 

- - 

Induc 

1 0 - 7  

- - 
- - 

1 0  

25 

30 

35 

- - 



Slurry density is another sedimentation parameter that was 
measured in certain instances. Table 9 lists culture, sedimenta- 
tion slurry and supernatent densities measured during some of the 
sedimentation tests. Concentration factors were 50-100 fold, 
indicating that compaction of the biomass was good. 

TABLE 9. SEDIMENTED SLURRY BIOMASS DENSITIES 

Super- 
Cult. Slur. natent 

V Dens. Dens. Dens. 
cm/sec gm/L p / L  p / L  

S. quadricauda batch 
Uninduced 9-1 60 0.275 25.2 .023 

9-14 60 0.680 38.5 -103 
2-13 60 0.405 25.0 .lo0 

Induced 9-8 60 0.515 29.6 .070 

S. quadricauda continuous 
9-8 15 0.140 24.5 -080 
9-25 15 0.178 15.0 .073 
9-30 30 0.174 13.0 ,105 

S. quadricauda continuous effluent 
9-15 15 0.325 22.5 .055 
9-25 15 0.398 14.0 -140 

Ankistrodesmus 9-30 30 0.145 11.0 .05 
10-7 30 0.210 25.0 .09 

CONCLUSIONS 

Of the three species of algae that were cultivated in outdoor ponds 
(an Ankistrodesmus s , a Scenedesmus sp. (S02a), and an indigenous 
Scenedesmus quadricau % a) none accumulated lipid in the short-term 
under nitrogen deiicient conditions. The Scenedesmus strains 
doubled in carbohydrate content. In addition, the induction of 
storage products must be nearly completed after 2-3 days of N- 
deficient growth in order to avoid a large decrease in productivity. 
Although the conditions were probably not optimal in the experi- 
ments reported above, better productivities and larger increases 
in storage products will not increase this time frame. Unless 
a means can be found to promote increased lipid content in these 
strains, they are not good candidates for oil production. Any 
method developed for inducing lipid must be practical in the 
field where (1) high light intensities impose severe conditions 
on light sensitive strains, e.g. the Ankistrodesmus, and (2) the 
time frame for increasing lipid content is 2-3 days before pro- 
ductivity is depressed. Testing of strains for lipid production, 
in the laboratory under high intensity illumination, is more 
prognostic than testing under low light intensity. 



The outdoor studies, combined with the high light intensity in- 
door tank experiments, indicate that some "saturation" phenomenon 
is limiting the productivities achieved. There may be several 
mechanisms involved including light inhibition, classical msec 
saturation, and longer time scale saturation. The last, and 
possibly the first, are amenable to solution by improving pond 
hydraulics. Strain screening could provide organisms that are not 
sensitive to high light intensity (many are) and strains with the 
highest lk (saturating light intensity). But this, again, requires 
screening strains under high intensity experimental apparatus. 
All of the strains grew equally well under low light intensity 
(10% noon solar) in the lab. The highest productivities obtained, 
outdoors, during this work (20-30 gm/m2/day) may be increased and 
sustained using organisms adapted for the high light environment. 
Since most organisms induce storage product accumulation (lipid 
or carbohydrate) , under nitrogen limitation, some fuel precursor 
would be produced. 

Laboratory studies were initiated to optimize the medium for 
Ankistrodesmus growth both from the biological and economical 
standpoints. So far no means has been discovered to increase 
productivity under high light intensity. A progressive deteriora- 
tion of the cultures occurred. Interestingly, this did not occur 
under higher light intensity, in the outdoor ponds. This under- 
scores the necessity of testing screened strains in the outdoor 
system. Indoors, under 40% noon solar intensity, the Ankistrodesmus 
grew well over a.large range of salinities, pH (when cycled), with 
EDTA reduced 9 0 % ,  lowered trace and alkalinity, or with recycling 
of the medium for ten batch growth cycles. The problems that 
need to be addressed are light sensitivity, lipid induction, 
harvesting, and long term species dominance. Up to now the 
Ankistrodesmus has maintained itself unialgal outdoors. However, 
it has been grown only half of a growth season. 

The native Scenedesmus strain was more productive than the 
Ankis trodesmus, averaging 15 -20 gn/rn2/day during the summer months 
with no attempts to optimize the growth medium. It is not photo- 
sensitive. Its tendency to clump during batch growth makes 
harvesting relatively simple and inexpensive. However, it 
accumulates carbohydrate when nitrogen-starved, not lipid. 
Further work with this strain is needed to determine whether 
overall productivities can be improved and carbohydrate content 
increased to 70% of the ash-free biomass. 

An analysis of the cost of algae biomass production in the experi- 
mental system showed that efficiency of C02 utilization is the 
most critical operational issue. C02 loss at high alkalinity and 
low pH is substantial. Thus, screening criteria should include 
good growth at high pH. 
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INTRODUCTION 

The SERI M ic roa lga l  Technology Research Group (MTG) was organized i n  1983 as 
p a r t  o f  t h e  Biotechnology Research Branch, So la r  Fuels  D i v i s i on ,  t o  support  
t h e  DOE Aquatic Species Program (ASP) and i t s  e f f o r t s  t o  enhance t h e  
e f f i c i e n c y  o f  t h e  development o f  m ic roa lga l  techno log ies  f o r  t h e  produc t ion  
of f ue l s .  The MTG w i l l  r o v i d e  a  c e n t r a l i z e d  t e c h n i c a l  resource which w i l l  P he lp  t o  b r i n g  a  number o  research o rgan i za t i ons  toward t h e  common long-term 
ob jec t i ves  o f  t h e  ASP. The research c a p a b i l i t i e s  o f  t h e  MTG w i l l  be 
a v a i l a b l e  f o r  t h e  r a p i d  r e s o l u t i o n  o f  t e c h n i c a l  quest ions o f  general  
programmatic i n t e r e s t .  Members o f  t h e  MTG w i  11 a l so  be i nvo l ved  i n  research 
and se rv i ce  a c t i v i t i e s  which w i l l  suggest and f a c i l i t a t e  research w i t h i n  t h e  
ASP. 

The researc h  o f  t h e  MTG i n  FY 1983-1984 has concentrated on t h r e e  major areas: 

a Technical  1  i t e r a t u r e  reviews 
a The SERI m ic roa lga l  c u l t u r e  c o l l e c t i o n  
a Experimental  research on key t e c h n i c a l  issues o f  i n t e r e s t  t o  t h e  ASP 

Four l i t e r a t u r e  reviews have been w r i t t e n ,  and these documents are 
undergoing i n t e r n a l  SERI review. They w i l l  t hen  be reviewed e x t e r n a l l y  and 
publ ished. The f o u r  reviews cove r  t h e  f o l l o w i n g  sub jec t  areas: 

An Engineering H i s t o r y  o f  Outdoor M ic roa lga l  Product ion Systems 
summarizes t h e  development o f  m ic roa lga l  systems beginning i n  t he  
1940's. The e v o l u t i o n  o f  these systems i s  - t r a c e d  f o r  pond c u l t u r e  
systems, deep channeled systems, and shal low c i r c u l a t i n g  systems. Indoor 
systems which have been t e s t e d  i n  concept, b u t  no t  app l ied  t o  outdoor 
p roduc t ion  are a l so  described. 

Technic a1 Considerat ions o f  t h e  Outdoor Product ion of Microalgae 
addresses t h e  reauirements o f  microalqae i n  c u l t u r e  and t h e  environmental  - 
c o n s t r a i n t s  on t h e i r  product ion. Topics discussed i nc lude  1  i g h t  
u t i l i z a t i o n  and c u l t u r e  mixing, carbon d i o x i d e  supply and c u l t u r e  pH 
c o n t r o l ,  n u t r i e n t s  and n u t r i e n t  sources, temperature responses, c u l t u r e  
contaminat ion, and t h e  man ipu la t ion  o f  c e l l  chemis t ry  through t h e  
man ipu la t ion  o f  t h e  c e l l  environment. 



C h a r a c t e r i s t i c s  and P r o p e r t i e s  o f  I n 1  and Sal  ine-Adapted Chrysophyta 
addresses t h e  r e s e a n h  repo r ted  t o  da te  on these algae and suggests 
f u t u r e  research t h a t  c o u l d  be b e n e f i c i a l  i n  eva lua t i ng  and developing t h e  
p o t e n t i  a1 o f  these microalgae f o r  biomass product ion.  

L i p i d  B iosyn thes i  s  and Accumulation i n  Microalgae:  Considerat ions of 
Pathways and Regu l a t  on addresses t h e  c u r r e n t  s t a t e  o t  knowledge o t  7ip1d 
b iosyn thes i  s, f ocus ing  p a r t i c u l a r l y  on aspects o f  enzymology and 
metabol ic  r e g u l a t i o n  t h a t  may be assoc ia ted  w i t h  t r i g g e r s  o f  1 i p i d  
sys thes i  s. Topics discussed i n c l u d e  t h e  1  i p i d  composi t ion o f  microalgae, 
impor tan t  pathways o f  carbon metabol ism and t h e i r  r e l a t i o n s h i p s  t o  1  i p i d  
b iosynthes is ,  genera l  aspects o f  metabol ic  r egu la t i on ,  metabol ic  pathways 
o f  l i p i d  b iosyn thes i s  i n  microalgae, and r e l a t i o n s h i p s  between carbon 
f 1 ow and s to rage metabol i tes. 

The S E R I  M i c r o a l g a l  C u l t u r e  C o l l e c t i o n  w i l l  serve as a  r e s p o s i t o r y  f o r  t h e  
most promi s i  ng spec i e s  developed by the va r i ous  m ic roa lga l  p r o j e c t s  w i t h i n  
t h e  ASP, and f o r  c e n t r a l i z e d  documentation o f  those species. These species, 
along w i t h  t h e  a v i a l a b l e  documentation, w i l l  be made a v a i l a b l e  t o  researchers 
bo th  w i t h i n  and o u t s i d e  o f  t h e  ASP, w i t h  t h e  i n t e n t  o f  s t i m u l a t i n g  research 
on organisms o f  p a r t i c u l a r  i n t e r e s t  t o  t h e  program. The c u l t u r e  c o l l e c t i o n  
i s  descr ibed i n  g r e a t e r  d e t a i l  i n  t h e  f o l l o w i n g  sect ion.  

Experimental  research d u r i  ng FY 1983-1984 i s  d i r e c t e d  toward t h e  r e s o l u t i o n  
o f  severa l  t e c h n i c a l  issues which a re  o f  immediate i n t e r e s t  t o  t h e  ASP. 

0 As a  p a r t  o f  t h e  o v e r a l l  species screening a c t i v i t y  o f  t h e  ASP, 
m ic roa lga l  s t r a i n s  a re  being c o l l e c t e d  f rom t h e  s a l i n e  waters 
found i n  a r i d  reg ions  o f  t h e  Rocky Mountain S ta tes  and screened 
f o r  t h e i r  p o t e n t i a l  as  producers o f  f u e l s  i n  outdoor  c u l t u r e s .  

0 The photosynthes is  and growth o f  microalgae i n  modulated l i g h t  
environments i s  be ing i nves t i ga ted ,  t o  pe rm i t  an assessment o f  
the " f l a s h i n g  l i g h t "  e f f e c t .  

e The enzymology o f  m ic roa lga l  l i p i d  p roduc t i on  i s  be ing i n v e s t i g a t e d  
t o  determine t h e  enzymologic bas i s  o f  1  i p i d  t r i g g e r  mechanisms, 
and t o  p rov ide  t h e  i n f o r m a t i o n  necessary f o r  t h e  phys io log i ca l ,  
chemic a l ,  o r  genet ic  man ipu la t ion  o f  these mechanisms. 

e Mon i to r i ng  and c o n t r o l  components a re  be ing  developed f o r  automated 
l a b o r a t o r y  c u l t u r e  u n i t s .  These u n i t s  w i l l  be used f o r  MTG 
experimentat ion, b u t  t h e  components and r o u t i n e s  which are developed 
w i l l  be a v a i l a b l e  f o r  use i n  exper imenta l  systems which a re  being 
operated elsewhere w i t h i n  t h e  ASP. 

These experimental  programs a re  discussed i n  g rea te r  d e t a i  1  i n  t h e  f o u r  
sec t ions  which f o l l ow .  
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INTRODUCTION 

One of t h e  p r ima ry  goa l s  o f  t h e  M i c r o a l g a l  Technology Group (MTG) a t  SERI i s  
t o  e s t a b l i s h  a  c u l t u r e  c o l l e c t i o n  o f  1  i p i d / o i l  p roduc ing  mic roa lgae  t o  f o s t e r  
research  and development o f  these  spec ies  by SERI researchers  and o t h e r  
i n v e s t i g a t o r s  th roughou t  t h e  wor ld.  Candidates f o r  t h e  c o l l e c t i o n  a r e  t o  be 
se lec ted  f r o m  spec ies t h a t  have been c o l l e c t e d  and screened by  SERI 
c o n t r a c t o r s  and by  t h e  SERI MTG. 

To compl iment t h i s  c o l l e c t i o n  and sc reen ing  process, MTG c o l l e c t i o n  e f f o r t s  
w i l l  f o cus  on c o l l e c t i n g  spec ies f r o m  s a l i n e  aqua t i c  h a b i t a t s  i n  Colorado, 
New Mexico and Utah. A r i d  reg ion,  s a l i n e  aqua t i c  environments a re  e x c e l l e n t  
s i t e s  f o r  t h e  c o l l e c t i o n  o f  spec ies which may be cand ida tes  f o r  biomass 
p roduc t ion .  These s i t e s  a re  ve r y  d i v e r s e  i n  terms o f  t h e i r  env i ronmenta l  
c h a r a c t e r i s t i c s  (wa te r  chemis t ry ,  temperatures,  e t c .  ) They a l s o  t e n d  t o  be 
i s o l a t e d  and i s l a n d - l i k e  i n  t h e i r  d i s t r i b u t i o n  a l l o w i n g  f o r  t h e  p o t e n t i a l  
development o f  s t r a i n s  o f  spec ies w i t h  a  wide range o f  env i ronmenta l  
to le rances .  Species adapted t o  t h e  env i ronmenta l  c o n d i t i o n s  i n  t hese  a r i d  
r eg ions  may p rove  t o  be t h e  e a s i e s t  t o  develop f o r  biomass p r o d u c t i o n  
systems. A r i d  r e g i o n s  o f  t h e  western U n i t e d  S ta tes  have o f t e n  been proposed 
as s i t e s  f o r  a l g a l  c u l t i v a t i o n  systems. They a r e  c h a r a c t e r i z e d  by  l a r g e  
areas of undeveloped land, h i g h  amounts o f  s o l a r  i n s o l a t i o n ,  and abundant 
groundwater resources which a r e  n o t  i n  demand f o r  o t h e r  uses because o f  t h e i r  
s a l  i n i  ty. 

A l g a l  p o p u l a t i o n s  i n  a r i d  r e g i o n  s a l i n e  h a b i t a t s  a r e  g e n e r a l l y  dominated by  
members o f  t h e  Cyanophyt a  and Chrysophyt a  [6, 71. The Cyanophyta (b lue-g reen  
a lgae)  have r e c e i v e d  a  g r e a t  amount o f  r esea rch  a t t e n t i o n  because o f  t h e i r  
a b i l i t y  t o  f i x  n i t r o g e n  and w i t h s t a n d  r e l a t i v e l y  h i g h  temperatures [3]. Th i s  
group of a lgae  however a r e  n o t  known t o  be l i p i d  accumulators. 

The m a j o r i t y  o f  research  on t h e  Chrysophyta t o  d a t e  has focused on those  
species o c c u r r i n g  i n  mar ine  environments, where t h e y  a r e  u s u a l l y  t h e  dominant 
element o f  t h e  phy top lank ton  i n  e s t u a r i e s  and oceans [I]. Although t h e r e  i s  
some c o n t r o v e r s y  su r round ing  t h e  sub jec t ,  most Chrysophyta o c c u r r i n g  i n  
i n 1  and s a l i n e  envionments a re  cons ide red  t o  have evo lved  f r om f r eshwa te r  
ancestors  [Z ] .  T h i s  suggests t h a t  t h e r e  may be c o n s i d e r a b l e  d i f f e r e n c e s  i n  
t h e i r  e,nvironmental t o l e rances ,  metabo l i c  processes and o t h e r  c h a r a c t e r i s t i c s  
r e 1  ated t o  t h e i r  p o t e n t i a l  f o r  c u l t i v a t i o n .  A1 so, because t h e  Chrysophyta 
a re  one o f  t h e  major  groups o f  a lgae known t o  produce o i l  as a  f o o d  s to rage  
p roduc t  [4], t h e y  appear t o  be e x c e l l e n t  cand ida tes  f o r  e v a l u a t i o n  i n  biomass 
p r o d u c t i o n  systems f o r  t h e  purposes o f  p roduc ing  o i l s .  



The major a l g a l  c u l t u r e  c o l l e c t i o n s  i n  t h e  Un i ted  S ta tes  a re  a t  t h e  
U n i v e r s i t y  o f  Texas, Aust in ,  and Bigelow Marine Labora to r ies  i n  Maine. The 
Texas c o l l e c t i o n  c o n t a i n s  mar ine and f reshwater  species w h i l e  t h e  Bigelow 
c o l l e c t i o n  c o n t a i n s  o n l y  mar ine species. Development o f  an i n l a n d  s a l i n e  
species c o l l e c t i o n  by S E R I  w i l l  serve as an impor tan t  s t imu lus  f o r  research 
and development o f  these species f o r  biomass p roduc t i on  systems. 

Purpose and Ob jec t i ves  

The species c o l l e c t i o n  and screening e f f o r t  has f ou r  main ob jec t i ves .  They 
are : 

a Assemble and ma in ta in  a  s e t  o f  v i a b l e  mono-speci f ic a l g a l  c u l t u r e s  s t o r e d  
under c o n d i t i o n s  bes t  s u i t e d  t o  t h e  maintenance o f  t h e i r  o r i g i n a l  
p h y s i o l o g i c a l  and biochemical  c h a r a c t e r i s t i c s .  

e Develop s to rage techniques which w i l l  he lp  ma in ta in  t h e  genet ic  
v a r i a b i l i t y  and p h y s i o l o g i c a l  a d a p t a b i l i t y  o f  t h e  species. 

r C o l l e c t  s i n g l e  species c u l t u r e s  o f  microalgae f r om t h e  a r i d  reg ions  o f  
Colorado, Utah, and New Mexico f o r  p roduc t  and performance screening, and 
t o  develop media which a re  s u i t a b l e  f o r  t h e i r  growth. 

- 

r Evaluate each o f  t h e  c o l l e c t e d  species f o r  t h e i r  temperature and s a l i n i t y  
to lerances,  and q u a n t i f y  growth r a t e s  and prox imate chemical  compos i t ion  
f o r  each speci,es over  t h e  range o f  t o l e r a t e d  cond i t i ons .  

Resu l ts  and Methods 

a Cu l tu re  C o l l e c t i o n  

The f i r s t  meet ing o f  t h e  Species C o l l e c t i o n  S tee r i ng  Committee w i l l  be h e l d  
A p r i l  4, 1984. A t  t h a t  t ime, t h e  committee w i l l  s e l e c t  t h e  i n i t i a l  s e t  of 
species t o  be mainta ined i n  t h e  c o l l e c t i o n .  Candidate species w i l l  be 
se lec ted  f r om among those c o l l e c t e d  and screened by SERI c o n t r a c t o r s  and the  
SER I Mic r o a l  g  ae Tec hnol ogy Researc h  Group (MTG) . Growth c hambers and 
r e f r i g e r a t o r s  have been ordered t o  m a i n t a i n  t h e  c o l l e c t i o n  and should i n  
p lace  s h o r t l y  a f t e r  t h e  A p r i l  meeting. V iab le  c u l t u r e  samples a re  t o  be made 
avai 1  abl  e  t o  SERI researchers and o t h e r  i n v e s t i g a t i o n s  throughout t h e  wor ld  
t o  promote and encourage i n v e s t i g a t i o n s  o f  l i p i d - p r o d u c i n g  species. 

I n  a d d i t i o n a l  suppor t  o f  t h i s  e f f o r t ,  a  ca ta logue  l i s t i n g  a l l  species i n  t h e  
c u l t u r e  c o l l e c t i o n  and summary i n f o r m a t i o n  f o r  each species ( i n f o r m a t i o n  
c u l t u r e  media, environmental  t o 1  erance, growth p o t e n t i a l ,  1  i p i d  content ,  
e tc . )  w i l l  be pub l i shed i n  September 1984. 

The i n i t i a l  s to rage approach employed w i l l  be t o  ma in ta in  t h e  c u l t u r e s  a t  
5-15OC i n  low l i g h t  as recommended by Gal lagher  [ 5 ] .  An a d d i t i o n a l  
experiment w i l l  be conducted t o  determine t h e  e f f e c t  o f  s torage under 
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f 1  uc tua t  i n g  env i ronmenta l  c o n d i t i o n s .  Cu l t u res  ma in ta ined  under b o t h  s e t s  o f  
c o n d i t i o n s  w i l l  be mon i to red  p e r i o d i c a l l y  f o r  seve ra l  se lec ted  p h y s i o l o g i c a l  
and growth r e l a t e d  parameters t o  determine i f  any changes have occur red  
d u r i n g  s to rage  under t h e  two t ypes  o f  c o n d i t i o n s .  Based on these  f i n d i n g s  
s to rage  environments f o r  t h e  c o l l e c t i o n  w i l l  be recommended. 

e Species C o l l e c t i o n  and Cha rac te r i za t i on  

Two c o l l e c t i n g  t r i p s  were completed b e f o r e  t h e  onset  o f  w i n t e r  snows. 
C o l l e c t i o n  e f f o r t s  focused on t h e  s a l i n e  h o t  sp r i ngs  o f  western Colorado. 
Dur ing an i n i t i a l  survey o f  a  s e r i e s  o f  these  spr ings,  f i v e  sp r i ngs  were 
se lec ted  f o r  c o l l e c t i o n  e f f o r t s  based on t h e i r  abundant d ia tom popu la t i ons  
and d i f f e r e n t  i o n i c  composi t ions.  Algae were c o l l e c t e d  and p laced  i n  tubes 
o f  enr i ched  (NH4/N03 + P04) f i l t e r e d  s p r i n g  wate r  and t r anspo r ted  back 
t o  t h e  l a b o r a t o r y .  Water samples were a l s o  c o l l e c t e d  a t  each s i t e  and 
preserved f o r  l a t e r  a n a l y s i s  o f  t h e i r  i o n i c  composi t ion.  N i t r a t e l n i t r a t e ,  
phosphate, s u l f a t e  and ammonium i o n  c o n c e n t r a t i o n s  were q u a n t i f i e d  w i t h i n  24 
hours o f  c o l l e c t i o n .  Temperature and c o n d u c t i v i t y  measurements were a1 so 
made a t  severa l  l o c a t i o n s  a t  each s i t e .  Water samples were sen t  t o  t h e  
U n i v e r s i t y  o f  Colorado, Denver f o r  a n a l y s i s  on t h e i r  I n d u c t i v e l y  Coupled 
Plasma u n i t .  A b r i e f  summary o f  t h e  env i ronmenta l  c h a r a c t e r i s t i c s  a t  each 
c o l l e c t i o n  s i t e  i s  presented i n  Table 1. The c o n d u c t i v i t y  o f  seawater i s  
genera l  l y  around 30,000 ~ h o s l c m ~  w i t h  a  monova len t /d iva len t  i o n  r a t i o  o f  
about 4. The h o t  s p r i n g  c o l l e c t i o n  s i t e s  represen t  environments w i t h  
s a l i n i t i e s  and i o n  r a t i o s  above and below those  found i n  mar ine 
environments. The temperatures a t  t h e  h o t  s p r i n g  c o l l e c t i o n  s i t e s  however 
are much more s i m i l a r  t o  those  expected i n  a r i d  r e g i o n  biomass p r o d u c t i o n  
systems. 

I n  t h e  l a b o r a t o r y  severa l  methods were eva lua ted  f o r  separa t ing  t h e  diatoms 
f r om t h e  blue-green a lgae and o t h e r  organisms occu r i ng  i n  t h e  s p r i n g  water. 
Agar p l a t i n g  techniques proved t o  be t h e  e a s i e s t  and most e f f i c i e n t  process. 
Approx imate ly  125 s t r a i n s  were c o l l e c t e d  and processed i n  t h i s  manner t o  
y i e l d  u n i a l g a l  c u l t u r e s .  I n i t i a l  i d e n t i f i c a t i o n  o f  t h e  c o l l e c t e d  diatoms 
i n d i c a t e d  t h a t  t h e  s t r a i n s  were from 12 main genera (Tab le  2). A p r e l i m i n a r y  
survey of 25 o f  t h e  s t r a i n s  under n i t r o g e n  l i m i t i n g  c o n d i t i o n s  i n d i c a t e  t h a t  
members o f  t h e  genera Amphora and Cyrnbella r e a d i l y  f o rm  l i p i d  d r o p l e t s  i n  t h e  
c e l l s  which can  be observed under a  microscope. Blue-green a lgae have proved 
t o  be a  p e r s i s t e n t  contaminent  i n  a  few o f  t h e  c u l t u r e s  b u t  t rea tments  w i t h  
a n t i b i o t i c s  i s  underway t o  c l e a n  up these  s t r a i n s .  

A  one meter square tempera tu re / l  i g h t  g r a d i e n t  tab1  e  was cons t ruc ted  t o  
p rov ide  a  method f o r  e v a l u a t i n g  t h e  growth r a t e s  and environmental  t o l e r a n c e  
of each c o l l e c t e d  s t r a i n .  The apparatus was designed t o  p rov ide  a  
temperature g r a d i e n t  o f  1  0-4Z°C and 1  i g h t  g r a d i e n t  o f  0-200 ~ / m - ~ / s - ~ .  
S a l i n i t y  and/or i o n i c  g r a d i e n t s  c a n  a l s o  be e s t a b l i s h e d  i n  t h e  apparatus 
pe rpend i cu la r  t o  t h e  temperature g rad ien t .  P r e l i m i n a r y  t e s t i n g  of t h e  
g r a d i e n t  t a b l e  has been completed and des ign changes have been made t o  f i x  
severa l  ope ra t i ona l  problems t h a t  were i d e n t i f i e d  inc 1uding uneven l i g h t  
d i s t r i b u t i o n  and d i f f i c u l t i e s  w i t h  procedures f o r  mon i t o r i ng  growth 



TABLE 1. ENVIRONMENTAL CHARACTERISTICS OF THE COLLECTION SITES 

Monovalent E l  evated 
Conduc t i  v i t y  d i  va len t  Temp i o n  

Redox 
Po ten t i  a1 

S i t e  ( ~hos/cm')- i o n  r a t i o  o c  Concentrat ions (mv) 

Glen-10 Spr ing  41,000 11.9 46 Cu -1 77 
Hobo Spr ing 34,500 8.3 36 - 60 
Redstone Spr ing  21,300 8.6 26 Mn -214 
Piceance Spr ing 85,000 57.3 13 Ba,F -275 
S a l t  Creek Vernal Pond 3,500 0.4 11 Fe,S04 + I74  
South Canyon Spr ing  1,850 33.4 41 - 12 

TABLE 2. MAJOR GENERA OF DIATOMS COLLECTED FROM THE HOT SPRINGS HABITATS 

Ac hnanthes 
Amphora 
Cal onei s 
Camphylodi scus 
Cymbell a 
Entomoneis 

Gyros i gma 
Me los i ra  
Navic u l  a 
Ni  t zc  h i  a 
Pleurosigma 
S u r i  r e1  1 a 

performance. Growth and environmental  t o l e rance  t e s t i n g  o f  t h e  a l g a l  s t r a i n s  
c o l l e c t e d  f r om t h e  h o t  spr ings  i s  j u s t  commencing and a summary o f  t h e  da ta  
w i l l  be presented a t  t h e  annual rev iew meet ing i n  A p r i l .  

Chrysophyta, because t h e y  are a group o f  o i l  producing algae and are  abundant 
i n  a r i d  reg ions,  have been i d e n t i f i e d  by S E R I  as an impor tan t  group o f  algae 
t o  eva lua te  f o r  biomass product ion.  Towards t h i s  e f f o r t ,  a 1 i t e r a t u r e  survey 
o f  a l l  pub l i shed papers on a r i d  reg ion  Chrysophyta was conducted and a 
summary rev iew paper prepared e n t  i t 1 ed : ''Charac t e r i  s t i c  s and P rope r t i es  o f  
I n1  and, Sal i n e  Adapted Chrysophyta". The r e s u l t s  o f  t h e  rev iew i n d i c a t e  t h a t  
o n l y  f l o r i s t i c  (species 1 i s t )  types o f  s tud ies  have been conducted on these 
i n l a n d  s a l i n e  species. I n  most cases l i t t l e  o r  no environmental  da ta  was 
c o l l e c t e d  du r i ng  these s tud ies  and o n l y  one p h y s i o l o g i c a l  s tudy has been 
conducted t o  da te  on t h i s  e n t i r e  group o f  algae. The paper suggested f u t u r e  
areas o f  research t h a t  c o u l d  be b e n e f i c i a l  f o r  eva lua t i ng  and developing t h e  
p o t e n t i a l  o f  these algae f o r  biomass product ion.  



Plans f o r  Cont inu ing  and Fu tu re  Researx h 

I n  o r d e r  t o  enhance t h e  a v a i l a b i l i t y  o f  t h e  SERI m i c r o a l g a l  c u l t u r e  
c o l l e c t i o n ,  a  ca ta l ogue  w i l l  be publ ished,  l i s t i n g  a l l  species i n  t h e  c u l t u r e  
c o l l e c t i o n ,  i n c l u d i n g  summary i n f o r m a t i o n  f o r  each spec ies ( p r e f e r r e d  c u l t u r e  
medi a, env i ronmenta l  to le rances ,  growth p o t e n t i  a1 , 1 i p i  d  con ten t ,  e tc  . ) . The 
~ h y s i o l o g i c a l  and growth performance d a t a  w i  11 be compi led  f r o m  t h e  
e v a l u a t i o n  and sc reen ing  research  performed by va r i ous  SERI researchers and 
con t rac to r s .  The f i r s t  e d i t i o n  o f  t h e  ca ta l ogue  w i l l  be pub l i shed  i n  
September, 1984. 

I n  t h e  spr ing ,  c o l l e c t i o n  e f f o r t s  w i l l  resume s t r e s s i n g  o t h e r  t ypes  o f  i n l a n d  
s a l i n e  h a b i t a t s  i n c l u d i n g  ephemeral ponds, p layas  and lakes.  When l a b o r a t o r y  
t e s t i n g  o f  a  s u f f i c i e n t  number o f  c o l l e c t e d  s t r a i n s  i s  complete, 
env i ronmenta l  da ta  f r om each c o l l e c t i o n  s i t e  w i l l  be combined w i t h  t h e  da ta  
on a s t r a i n  growth p o t e n t i a l  and env i ronmenta l  t o l e r a n c e  and analyzed us ing  
mu1 t i v a r i a t e  s t a t i s t i c  a1 procedures. The purpose o f  these  analyses w i  1  l be 
t o  develop a t h e o r e t i c a l  bas i s  f o r  f u t u r e  c o l l e c t i o n  e f f o r t s ,  b o t h  i n  
i d e n t i f y i n g  t h e  most impo r tan t  env i ronmenta l  da ta  t o  c o l l e c t  a t  each s i t e ,  
and t o  c h a r a c t e r i z e  t h e  bes t  s i t e s  a t  which t o  focus  f u t u r e  c o l l e c t i o n  
e f f o r t s .  Th i s  c o u l d  h e l p  t o  g r e a t l y  decrease t h e  amount o f  da ta  needed t o  be 
c o l l e c t e d  i n  t h e  f i e l d  and improve t h e  e f f i c i e n c y  o f  S E R I  c o l l e c t i o n  and 
screening e f f o r t s .  

To compl iment t h e  env i ronmenta l  t o l e r a n c e  and growth p e r f  ormance e v a l u a t i o n  
of c o l l e c t e d  spec ies ,  exper iments a re  planned t o  develop techniques f o r  
r a p i d l y  screening t h e i r  1  i p i d  p roduc t i on  p o t e n t i a l .  I n i t i a l  exper iments w i l l  
eva lua te  severa l  o f  t h e  new f l uo rescen t  dyes developed f o r  s t a i n i n g  l i p i d s ,  
e s p e c i a l l y  those  which change t h e i r  f l uo rescence  c h a r a c t e r i s t i c s  as 1 i p i d  
c h a i n  l e n g t h  increases. 
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INTRODUCTION 

Many e f f o r t s  a t  m i c r o a l g a l  mass c u l t u r e  have at tempted t o  t a k e  advantage o f  
t h e  " f l a s h i n g  l i g h t  e f f e c t "  t o  enhance t h e  p r o d u c t i v i t y  o f  c u l t u r e  systems. 
A l g a l  c e l l s  which a re  exposed t o  h i g h  i n t e n s i t y  l i g h t  on an i n t e r m i t t e n t  
bas i s  c a n  u t i l i z e  t h e  l i g h t  more e f f i c i e n t l y  than  c e l l s  which r e c e i v e  t h e  
same i n t e n s i t y  on a c o n t i n u a l  bas i s  (see Background, below). I n  a l g a l  mass 
c u l t u r e s ,  t h e  achievement o f  such an e f f e c t  has been p red i ca ted  on t h e  r a p i d  
v e r t i c a l  m ix ing  of ve ry  dense c u l t u r e s ,  caus ing  t h e  t h e  c e l l s  t o  be 
c i r c u l a t e d  f r om a l i g h t e d  zone a t  t h e  su r f ace  o f  t h e  c u l t u r e  t o  a darkened 
zone a t  depth. The e f f i c a c y  o f  such a regime f o r  t h e  enhancement of 
p r o d u c t i o n  IS n o t  w e l l  documented, a l though recen t  r e s u l t s  w i t h  an outdoor  
system suggest t h a t  some such enhancement i s  p o s s i b l e  [7], and s i m i l a r  
r e s u l t s  have been ob ta ined  w i t h  i ndoo r  systems [ Z ,  4, 8, 91. 

Purpose and Object  i ves 

The o b j e c t i v e  of MTG research  i n t o  modulated l i g h t  e f f e c t s  i s  t o  eva lua te  t h e  
p o t e n t i a l  f o r  enhanced pho tosyn the t i c  e f f  i c  i ency  through v e r t i c a l  m ix ing  of 
outdoor  c u l t u r e s  and t o  p r o v i d e  q u a n t i t a t i v e  es t imates  o f  t h e  amount and 
na tu re  o f  t h e  m ix i ng  which i s  r e q u i r e d  t o  achieve t h i s  enhancement. 
Var iab les  which a re  expected t o  a f f e c t  enhancement i n c l u d e  t h e  d u r a t i o n  of 
t h e  " f l ash " ,  t h e  d u r a t i o n  o f  t h e  dark  per iod ,  t h e  waveform o f  t h e  l i g h t  
modulat ion, t h e  i n t e n s i t y  o f  t h e  i n c i d e n t  l i g h t ,  and t h e  temperature of t h e  
s o l u t i o n .  The f i r s t  t h r e e  o f  these v a r i a b l e s  w i l l  be determined by t h e  
c u l t u r e  d e n s i t y  and t h e  r a t e  o f  mix ing.  A q u a n t i t a t i v e  understanding of t h e  
e f f e c t s  o f  these v a r i a b l e s  on p roduc t i on  r a t e  i s  a necessary p r e r e q u i s i t e  t o  
t h e  engineer ing o f  m i x i ng  regimes i n  a l g a l  systems. 

Bac karound 

The 1 i g h t  environment exper ienced by c e l l  s i n  dense, v e r t i c a l l y  mixed 
c u l t u r e s  i s  cons ide rab l y  d i f f e r e n t  f r om t h e  f l a s h i n g  l i g h t  environment 
norma l l y  used i n  1 abora to ry  experiments. I n  l a b o r a t o r y  experiments, 
sec t o red -d i  sc 1 i g h t  chopping dev ices p r o v i d e  approx imate ly  square-wave 1 i ght  
modulat ions, w h i l e  t h e  1 i g h t  environment exper ienced by c e l l s  mixed 
v e r t i c a l l y  i n  a dense c u l t u r e  i s  a smooth wave f u n c t i o n  o f  t ime  ( F i g u r e  1) .  
These smooth-wave l i g h t  environments have n o t  been i n v e s t i g a t e d  
q u a n t i t a t i v e l y .  For  t h e  purposes o f  t h i s  d iscuss ion,  t h e  t e rm  " f l a s h i n g  
l i g h t "  w i  11 be used t o  r e f e r  t o  squarewave modulat ions, w h i l e  "modulated 



Figure  1. IRRADIANCE AS A FUNCTION OF T I M E  FOR A LABORATORY 
FLASHING LIGHT EXPERIMENT U S I N G  A SECTORED D I S C  (ABOVE) AND FOR A CELL 

FOLLOWING A CIRCULAR PATH I N  A DENSE ALGAL CULTURE (BELOW). 



l i g h t "  w i l l  r e f e r  t o  t h e  more general  case o f  f l u c t u a t i o n s  i n  i n t e n s i t y  over 
time. 

I n  dense outdoor a l g a l  cu l t u res ,  l i g h t  i s  a t tenuated w i t h  depth very  
r a p i d l y .  I r r ad iance  may f a l l  t o  l e s s  than 1% o f  t h e  sur face  i r r a d i a n c e  
w i t h i n  a  few cent imeters.  However, t h e  m a j o r i t y  o f  t h e  quanta which f a l l  on 
t h e  c u l t u r e  are absorbed i n  t h e  upper l a y e r s  o f  t h e  c u l t u r e ,  where t h e  
i n t e n s i t y  i s  h igh  and t h e  photosynthe t ic  e f f i c i e n c y  i s  low. Thus, t h e  
average u t i  1  i z a t i o n  e f f  i c  iency  remains low. 

When algae are exposed t o  h igh  l i g h t  i n t e n s i t i e s  i n t e r m i t t e n t l y  r a t h e r  than 
cont inuously ,  t h e  photosynthe t ic  e f f i c i e n c y  i s  improved [3, 5, 6, 8, 10, 11, 
151. The preponderance o f  evidence suggests t h a t  an a lga  exposed t o  h igh  
l i g h t  i n t e n s i t y  on an i n t e r m i t t e n t  bas is  can achieve, under an optimum 
i n t e r m i t t e n c y  regime, a  photosynthe t ic  e f f i c i e n c y  s i m i l a r  t o  t h a t  a t t a i n e d  
under cons tan t  l i g h t  o f  t h e  same average i n t e n s i t y  [6, 12, 13, 151. Thus, 
w i t h i n  c e r t a i n  l i m i t s ,  algae can i n t e g r a t e  l i g h t  i n t e n s i t y  when l i g h t  i s  
rece ived on an i n t e r m i t t e n t  basis,  and respond o n l y  t o  t h e  long-term average 
of t h e  photon f l u x .  

Studies of photosynthesis  i n  f l a s h i n g  l i g h t  began w i t h  t h e  work o f  Brown and 
Escombe [I], who attempted t o  use a  sectored, r o t a t i n g  d i s k  as a  neu t ra l  
dens i t y  f i l t e r  f o r  photosynthe t ic  s tudies.  Warburg [ I 4 1  performed s imi  1  a r  
experiments w i t h  C h l o r e l l  a. I n  bo th  cases t h e  i n t e r m i t t e n t  a p p l i c a t i o n  of 
h igh  i n t e n s i t y  l i g h t  was as e f f e c t i v e  a t  promoting photosynthesis  as 
cont inuous app l i ca t ion ,  w i t h i n  c e r t a i n  l i m i t a t i o n s  on t h e  r a t e  o f  f l ash ing .  

Wel ler  and Franck [ I 5 1  expressed photosynthe t ic  r a t e  as a  f u n c t i o n  of t h e  
average l i g h t  i n t e n s i t y  rece ived by t h e  c e l l s ,  and found t h a t  r a t e s  i n  
i n t e r m i t t e n t  l i g h t  d i d  n o t  s i g n i f i c a n t l y  exceed those i n  cons tan t  l i g h t  of 
t h e  same average i n t e n s i t y .  There was a  s i g n i f i c a n t  increase i n  t he  
photosynthet ic  e f f i c i e n c y ,  s ince  t h e  1  i g h t  was u t i  1  i z e d  a t  t h e  e f f i c i e n c y  
c h a r a c t e r i s t i c  o f  lower i n t e n s i t i e s .  Recent ly  [13], t h e  conc lus ions  of 
Wel ler  and Franck [15] have been conf i rmed by reana l ys i s  o f  t h e  da ta  
c o l l e c t e d  by many o t h e r  i nves t i ga to rs .  

Work performed subsequent t o  t h a t  o f  Wel le r  and Franck [15] embodied a  
growing understanding t h a t  t h e  response t o  f l a s h i n g  l i g h t  was dependent on a  
number of var iab les,  i n c l u d i n g  (1 )  f l a s h  length,  (2 )  dark p e r i o d  length,  (3 )  
f l a s h  i n t e n s i t y ,  ( 4 )  temperature, and (5 )  t h e  p recond i t i on ing  h i s t o r y  of t he  
c u l t u r e .  Kok [5, 61, s tud ied  t h e  e f f e c t s  o f  f l a s h  period, dark per iod,  f l a s h  
i n t e n s i t y  and temperature on t h e  r a t e  o f  oxygen e v o l u t i o n  by C h l o r e l l a  
c e l l s .  Coverage o f  these va r i ab les  was l i m i t e d ,  however, and much of t h e  
da ta  c o l l e c t e d  apparent ly  was never pub1 ished. The p recond i t i on ing  h i  s t o r y  
of t h e  algae does no t  seem t o  have been un i fo rm between experiments, and thus 
1  i t t l e  understanding can  be gained regard ing  m u l t i v a r i a t e  responses. 

BY f a r  t h e  most use fu l  i n fo rma t i on  on t h e  response o f  algae t o  f l a s h i n g  l i g h t  
was gathered by P h i l l i p s  and Myers [ lo ,  111. These authors observed t h e  
long-term (48  h)  growth o f  C h l o r e l l a  i n  var ious  f l a s h i n g  l i g h t  environments. 
As t h e  authors p o i n t  out, observat ions of growth r a t e  are much more valuable 



than  observat ions o f  pho tosyn the t i c  r a te ,  s ince  these observat ions i n c l u d e  
t h e  ada t i v e  response o f  t h e  algae t o  t h e  f l a s h i n g  l i g h t  environment. 'i Comparab e  shor t - te rm r e s u l t s  a re  n o t  ava i l ab le ,  so no assessment o f  t h e  
magnitude o f  t h e  adapt ive  component o f  t h e  response c a n  be made. 

The da ta  o f  P h i l l i p s  and Myers [Ill can be reanalyzed t o  e x p l i c i t l y  q u a n t i f y  
t h e  p r o d u c t i v i t y  enhancement which these da ta  p r e d i c t .  Consider an a l g a l  
c u l t u r e  r e c e i v i n g  l i g h t  f rom a source o f  i n t e n s i t y  I w i t h  t h e  beam broken by 
a  sectored d i s k  i n t o  a  f l a s h  p e r i o d  o f  d u r a t i o n  tf and a  dark p e r i o d  o f  
d u r a t i o n  td. Rather than  being wasted, t h e  l i g h t  f a l l i n g  on t h e  sectored 
d i s k  du r i ng  t h e  dark p e r i o d  c o u l d  be used t o  i l l u m i n a t e  one o r  more 
a d d i t i o n a l  c u l t u r e s .  The number o f  c u l t u r e s  which c o u l d  be grown us ing  t h e  
s i n g l e  l i g h t  source, N, can  be c a l c u l a t e d  as 

and t h e  t o t a l  p r o d u c t i v i t y  p o s s i b l e  w i t h  t h e  l i g h t  source i s  

where P f ( I )  i s  t h e  n e t  p r o d u c t i v i t y  o f  t h e  s i n g l e  experimental  c u l t u r e  
exposed t o  f l a s h i n g  l i g h t  o f  a  f l a s h  i n t e n s i t y  I. The improvement i n  
photosynthet ic  e f f i c i e n c y  over  t h a t  which would be obta ined by a s i n g l e  
c u l t u r e  r e c e i v i n g  t h e  same i n t e n s i t y  on a  con t inuous  bas i s  can be expressed 
as a f a c t o r  

where P(1) i s  t h e  p r o d u c t i v i t y  o f  t h e  s i n g l e  experimental  c u l t u r e  i n  l i g h t  o f  
cons tan t  i n t e n s i t y  I. A value o f  F o f  2, f o r  example, imp l i es  t h a t  
pho tosyn the t i c  e f f i c i e n c y  can  be doubled by employing t h e  p a r t i c u l a r  f l a s h i n g  
l i g h t  regime f o r  which t h e  F va lue was obtained. 

The da ta  o f  P h i l l i p s  and Myers 110, 111 pe rm i t  t h e  c a l c u l a t i o n  o f  F as a 
f u n c t i o n  o f  tf and t d  f o r  C h l o r e l l a  ( F i g u r e  2). Only a l i m i t e d  p o r t i o n  
of t h e  range o f  i n t e r e s t  was covered by these measurements, b u t  i t  i s  
apparent t h a t  s i g n i f i c a n t  increases i n  p r o d u c t i v i t y  are a t t a i n a b l e  i n  t h i s  
manner. 

METHODS AND RESULTS 

I n i t i a l  experimental  a c t i v i t y  by t h e  MTG w i l l  concent ra te  on r e l a t i v e l y  r a p i d  
da ta  acqu i s i t i on ,  i n v e s t i g a t i n g  t h e  shor t - te rm photosynthet ic  response t o  
f l a s h i n g  and o the r  modulated l i g h t  environments. Whi le growth measurements 
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F i g u r e  2. THE PHOTOSYNTHETIC ENHANCEMENT FACTOR F AS A FUNCTION OF FLASH 
TIME (tf) AND DARK TIME (t ) FOR THE GROWTH OF CHLORELLA PYRENOIDOSA 
I N  A FLASHING LIGHT ENVIRON d ENT. DATA FROM P H I L L I P S  & MYERS (1954b) .  



are o f  cons ide rab l y  g rea te r  i n t e r e s t  than photosynthes is  measurements, 
photosynthes is  measurements can  be obta ined much more r a p i d l y ,  and w i l l  a i d  
i n  t h e  s e l e c t i o n  o f  t h e  c o n d i t i o n s  under which growth experiments w i l l  be 
run. I f  t h e  r e l a t i o n s h i p  between photosyn the t i c  and growth responses can  be 
understood, then i n d i v i d u a l  species can  be cha rac te r i zed  more r a p i d l y  on t h e  
bas i s  o f  t h e  pho tosyn the t i c  response. 

The resea lzh  p l a n  which w i l l  be f o l l owed  can be rough l y  d i v i d e d  i n t o  f o u r  
steps. 

1. Photosynthesis measurements i n  f l a s h i n g  l i g h t  w i l l  be made w i t h  t h e  
apparatus descr ibed below. A p r e l i m i n a r y  q u a n t i f i c a t i o n  o f  t h e  
m u l t i v a r i a t e  response t o  l i g h t  modulat ions w i l l  be obtained. The 
most thorough coverage o f  t h e  independent va r i ab les  w i l l  be a v a i l -  
ab le a t  t h i s  stage, due t o  r e l a t i v e l y  r a p i d  da ta  acqu i s i t i on .  Data 
obta ined du r i ng  t h i s  s tep w i l l  be use fu l  i n  s e l e c t i n g  values o f  t h e  
v a r i a b l e s  t o  be employed i n  l a t e r ,  more t ime  consuming experiments. 

2. Photosynthesis measurements i n  smooth-wave modulated l i g h t  w i l l  be 
made by mechan ica l l y  moving smal l  enclosed samples o f  a l g a l  c e l l s  
i n  c i r c u l a r  paths through den e suspensions o f  algae. Photosynthet ic  
r a t e s  w i  1 1 be determined by ''C f i x a t i o n  measurements. 

3. Growth r a t e s  w i l l  be determined i n  modulated l i g h t  environments 
generated by ex te rna l  m o d i f i c a t i o n  o f  t h e  i n c i d e n t  l i g h t  ( r a t h e r  
than by c u l t u r e  mix ing) .  The na tu re  o f  t h e  adapt ive  component o f  
t h e  modulated l i g h t  response w i l l  be evaluated i n  t h i s  way, and 
t h e  q u a n t i t a t i v e  model developed i n  steps 1 and 2 w i l l  be mod i f i ed  
t o  r e f l e c t  t h i s  adaptat ion. 

4. Growth r a t e s  w i l l  be determined i n  l a b o r a t o r y  c u l t u r e s  sub jec ted  t o  
vor tex  m ix ing  and i l l u m i n a t e d  f rom one sur face  t o  eva lua te  p r e d i c t i o n s  
based on 1-3 above. 

Methods 

C h l o r e l l  a pyrenoidosa and Phaeodact lum t r i c o r n u t u m  were grown i n  n u t r i e n t  
*growth chambers a t  d i l u t i o n  r a t e s  o f  s u f f i c i e n t  cont inuous c u l t u r e s  ~n 

0.3-0.5 day-'. The c u l t u r e s  were coo led  by  20C water c i r c u l a t e d  through 
t h e  o u t e r  j a c k e t  o f  t h e  double-wal l e d  growth chamber. Ill urninat ion was 
p rov ided  by a bank o f  s i x  40 W c o o l  wh i t e  f l u o r e s c e n t  lamps, which p rov ided  a 
quantum f l u x  o f  approx imate ly  250 uE ins t  m-2 s - l  t o  t h e  sur face  o f  t h e  
c u l t u r e  f a c i n g  t h e  l amps. These c u l t u r e s  p rov ided  u n i f o r m l y  p recond i t ioned 
c e l l s  f o r  use i n  t h e  photosynthes is  experiments. 

Photosynthet ic  r a t e s  were determi  ned by  oxygen e v o l u t i o n  measurements made 
w i t h  a Rank Bro thers  (Cambridge, England) oxygen e lec t rode  system. The 
e lec t rode  chamber was coo led  by water f rom t h e  same cons tan t  temperature 
c i n u l a t o r  which coo led  t h e  growth chambers. A l g a l  samples o f  1.2 mL i n  t h e  
e lec t rode  chamber were i l l u m i n a t e d  f r o m  above through a c l e a r  g lass  plunger.  



For t h e  p r e l i m i n a r y  experiments presented here, t h e  l i g h t  source was the  
tungsten lamp o f  a  Kodak Carousel s l i d e  p r o j e c t o r .  The l i g h t  was i n t e r r u p t e d  
by a  sectored d isc d r i v e n  by a  speed-control led DC gearmotor. 

For each determinat ion  a  f r e s h  sample was removed f rom t h e  cont inuous c u l t u r e  
and added t o  t h e  e lec t rode  chamber. It was necessary t o  d i l u t e  t h e  samples 
by a  f a c t o r  o f  two t o  t h r e e  w i t h  unpopulated medium i n  o rder  t o  prevent  
se l f -shading e f f e c t s  w i t h i n  t h e  e lec t rode  chamber. Samples were kept  i n  t he  
chamber i n  t h e  dark f o r  t h ree  minutes t o  es t imate  t h e  popu la t i on  r e s p i r a t i o n  
ra te ,  then i l l u m i n a t i o n  was begun under t h e  des i red  i l l u m i n a t i o n  regime. 
Three t o  f i v e  minutes were requ i red  t o  determine t h e  photosynthet ic  ra te .  
Photosynthesis and r e s p i r a t i o n  r a t e s  were co r rec ted  f o r  oxygen consumption by 
t h e  e lect rode,  which was determined w i t h  samples o f  unpopulated medium. 
Cont ro l led  var iab les  were t h e  r a t i o  o f  l i g h t  t o  dark determined by the 
con f i gu ra t i on  o f  t h e  sectored disc, and t h e  frequency and i n t e n s i t y  o f  t h e  
f l ash .  

Knowlege of t h e  P versus I r e l a t i o n s h i p  permi ts  t h e  c a l c u l a t i o n  o f  t h e  
expected extremes o f  t h e  f l a s h i n g  l i g h t  response. If no f l a s h i n g  l i g h t  
response i s  achieved, photosynthesis w i l l  take  p lace dur ing  t h e  f l a s h  a t  t h e  
r a t e  observed i n  cons tant  l i g h t  o f  t he  same i n t e n s i t y  and w i l l  cease between 
f 1  ashes : 

w i t h  t h e  terms defined as above. A t  t h e  o ther  extreme, i f  complete 
i n t e g r a t i o n  i s  achieved, t h e  photosynthet ic  r a t e  w i l l  be 

The ex ten t  t o  which a  g iven modulated l i g h t  regime leads t o  i n t e g r a t i o n  o f  
t he  l i g h t  i n t e n s i t y  can be expressed as 

% i n t e g r a t i o n  = (Pf - Pmin) ( P i n t  - ~ , in ) - ' *100*  

Percent i n t e g r a t i o n  should vary between 0  and 100, and t h i s  p red i c ted  r e s u l t  
was observed i n  t h e  p re l im ina ry  experiments which were performed (F igure  3). 
The data presented i n  F igu re  3  show % i n t e g r a t i o n  as a  f u n c t i o n  of t he  f l ash  
frequency and t h e  p ropo r t i on  o f  t h e  t o t a l  t ime t h e  c u l t u r e  was i l l u m i n a t e d  
( N ' ~ ) .  Percent i n t e g r a t i o n  was a  s a t u r a t i n g  f u n c t i o n  o f  t h e  f l a s h  
frequency; t h a t  i s ,  more r a p i d  f l a s h i n g  l e d  t o  g reater  i n t  g ra t ion .  The P shape o f  t h e  s a t u r a t i o n  f u n c t i o n  changed as a  f u n c t i o n  o f  N' . Pr 'mar i l y ,  

'l t h e  sharpness o f  cu rva tu re  increased w i t h  decreasing values o f  N' . The 
asymptote of t h e  curve  a lso  d i f f e r e d  between these d i f f e r e n t  f l a s h  regimes, 
b u t  i n  no cons i s ten t  manner. It seems l i k e l y  t h a t  these d i f f e rences  can be 
expla ined by e r r o r s  i n  es t ima t ing  P i n t  f o r  these p re l im ina ry  data. 

For N-1=0.5, i n t e  r a t i o n  data were c o l l e c t e d  a t  two i r radiances,  270 and 9 630 uEinst  m-2 s- . Percent i n t e g r a t i o n  as a  f u n c t i o n  o f  f l a s h  frequency 
d i d  no t  no t i ceab ly  vary between these cases. If t h i s  f u n c t i o n  proves t o  be 
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F i g u r e  3. PERCENT INTEGRATION O F  LIGHT INTENSITY AS A FUNCTION O F  FLASH 
FREQUENCY FOR FOUR DIFFERENT PERCENTAGES OF THE TOTAL CYCLE TIME SPENT I N  THE 
LIGHT. A. 50%. B m  25% C m  10%. D. 3%. I N  A, OPEN CIRCLES REPRESENT DATA 
TAKEN AT 270 u E i n s t  rn-) so' WHILE FILLED CIRCLES REPRESENT DATA TAKEN AT 
630  uEi n s t  rn-2 so l .  ALL O T H E ~  DATA WERE TAKEN AT THE LATTER INTENSITY. 



independent o f  i r rad iance,  ana lys is  o f  t h e  t o t a l  da ta  s e t  w i l l  be 
cons ide rab l y  s i m p l i f i e d .  

Discussion 

The da ta  presented by Laws -- e t  a1.[7] on t h e  achievement o f  v e r t i c a l  m ix ing  i n  
outdoor c u l t u r e s  through t h e  use o f  vor tex  m ix ing  suggest t h a t  c y c l e  per iods  
i n  t h e  range o f  0.5 - 1  Hz can be achieved. Unless c u l t u r e s  can be made 
cons iderab ly  shal lower,  i t  seems u n l i k e l y  t h a t  much more r a p i d  c y c l e  t imes 
w i l l  be achieved w i thou t  i n o r d i n a t e  energy costs .  It i s  important  t o  
determine, then, whether s i g n i f i c a n t  enhancement o f  photosynthet ic  e f f i c i e n c y  
can be achieved w i t h  f l a s h e s  o f  t h i s  frequency. The da ta  o f  P h i l l i p s  and 
Myers [ lo ,  111 do no t  cover  t o t a l  c y c l e  per iods  o f  t h i s  length, bu t  v i sua l  
e x t r a p o l a t i o n  o f  t h e  curves  shown i n  F igu re  2 suggests t h a t  enhancement might 
be a v a i l a b l e  through t h e  use o f  sho r t  f l a s h  per iods  and long dark periods, 
i - e . ,  i n  t h e  lower r i g h t  hand p o r t i o n  o f  t h e  f i g u r e .  The p r e l i m i n a r y  da ta  
are c o n s i t e n t  w i t h  t h i s  conclus ion.  They suggest t h a t  i n t e g r a t i o n  can be 
achieved a t  f l a s h  f requencies as low as 0.5 Hz, and t h a t  t h e  g rea tes t  
i n t e g r a t i o n  can be achieved a t  these f requenc i es when t h e  r e 1  a t i  ve p r o p o r t i  on 
of t h e  c y c l e  f o r  which t h e  c e l l s  are l i g h t e d  i s  smal l .  

I n  outdoor cu l t u res ,  c e l l s  spend t h e  smal les t  p r o p o r t i o n  o f  t h e i r  t ime  i n  t h e  
l i g h t e d  zone when t h e  c u l t u r e  i s  very  dense, so h i g h  c u l t u r e  d e n s i t i e s  would 
be requ i red  t o  achieve maximum i n t e g r a t i o n .  Thus, smal l  values of N-I can 
o n l y  be achieved a t  t h e  expense o f  increased r e s p i r a t o r y  losses t o  t h e  
non-i  11umi nated p o r t i o n s  o f  t h e  c u l t u r e .  The t r a d e o f f  between increased 
gross photosynthe t ic  e f f i c i e n c y  and t h e  increased popu'l a t i o n  r e s p i r a t i o n  
which i s  requ i red  t o  achieve t h i s  e f f i c i e n c y  must be taken i n t o  cons ide ra t i on  
i n  choosing t h e  optimum c u l t u r e  dens i t y  f o r  a  g iven  tu rnover  ra te .  

Plans f o r  Cont inu ing and Future  Research 

The study o f  square wave modulat ions w i  11 be completed i n  t h e  next  two months 
(May 1984). The r e s u l t s  obta ined i n  t h i s  phase o f  t h e  study w i l l  p rov ide  an 
i n i t i a l  i n d i c a t i o n  o f  t h e  range o f  i n t e r e s t  o f  t h e  independent var iab les,  and 
w i l l  d i r e c t  t h e  cho i ce  o f  c o n d i t i o n s  f o r  more t imeconsuming experiments i n  
subsequent experimental  phases. An apparatus f o r  t h e  s tudy o f  smooth-wave 
modulat ions w i  11 then be constructed,  and t h e  r e 1  a t i onsh ip  between 
square-wave e f f e c t s  and smooth wave e f f e c t s  w i l l  be explored. Growth 
experiments i n  modulated l i g h t  w i l l  a l so  commence p r i o r  t o  t h e  nex t  
c o n t r a c t o r s  ' review. 
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INTRODUCTION 

Successful development o f  mic roa lga l  technologies f o r  p roduct ion  o f  
l ip id -based f u e l s  w i l l  r e q u i r e  a thorough understanding o f  species physio logy 
and l i p i d  metabolism i n  o rder  t o  promote maximum product  y i e l d  wh i l e  
ma in ta in i  ng optimum growth cond i t i ons .  Theore t i ca l l y ,  t h i s  cou ld  be 
accomplished by s e l e c t i n g  species which grow r a p i d l y ,  d i v i d e  r a p i d l y ,  and 
channel a l a r g e  percentage o f  reduced carbon towards t h e  synthesis  of 
l i p i d s .  Unfor tunate ly ,  a  general inverse  r e l a t i o n s h i p  appears t o  e x i s t  
between r a t e  o f  growth and r a t e  o f  l i p i d  accumulation. That i s ,  species 
which ass im i l a te  l a r g e  p ropo r t i ons  o f  carbon as 1 i p i d  tend t o  be slow growers. 

Th is  has l e d  some workers t o  suggest a two-stage growth process f o r  the  
maximum product ion  o f  l i p i d  by microalgae. I n  t h e  f i r s t  stage, an i d e a l  
species would be grown under c o n d i t i o n s  which s t imu la te  t h e  r a t e  o f  c e l l  
d l v i s l o n .  A t  some po in t ,  growth c o n d i t i o n s  would then be a l te red ,  i n i t i a t i n g  
a second stage i n  which c e l l  d i v i s i o n  becomes l i m i t e d  wh i l e  synthesis  o f  
storage l i p i d  i s  s t imulated.  I n  t h i s  way, r a t e s  o f  bo th  growth and l i p i d  
p roduct ion  cou ld  conce ivab ly  be optimized, s a t i s f y i n g  a major c r i t e r i o n  f o r  
successful  mass c u l t i v a t i o n  o f  microalgae f o r  f u e l  product ion. 

A l t e r a t i o n  i n  growth c o n d i t i o n s  t o  promote l i p i d  accumulation might  be 
accomplished by several  d i f f e r e n t  methods. These i nc lude  changes i n  n u t r i e n t  
balance, l i g h t  i n t e n s i t y ,  c e l l  densi ty ,  c e l l  age, c u l t u r e  pH, temperature, o r  
i n t r o d u c t i o n  o f  a s p e c i f i c  chemical agent intended t o  a l t e r  c e l l u l a r  
metabolism. An environmental o r  chemic a1 a l t e r a t i o n  which serves t o  
s t imu la te  l i p i d  p roduct ion  ( u s u a l l y  a t  t h e  expense o f  r a p i d  c e l l  d i v i s i o n )  
may be termed a l i p i d  t r i g g e r .  

Present ly,  t h i s  term i s  o f  l i m i t e d  usefulness, serv ing  o n l y  t o  descr ibe a 
phenomenon associated w i t h  t h e  phys io log i ca l  response o f  a c e l l  towards i t s  
environment. In format ion i s  c u r r e n t l y  1 i m i  t e d  concerning t h e  metabol ic 
r e g u l a t i o n  o f  t h i s  process. There i s  a l so  a general l ack  o f  i n fo rma t ion  as 
t o  why, f o r  instance, n i t r o g e n  s t a r v a t i o n  might  lead t o  l i p i d  accumulation i n  
one species, polysacchar ide accumulation i n  a second, and accumulation of 
n e i t h e r  storage ma te r ia l  i n  a t h i r d .  I n  add i t ion ,  i t  can  be assumed t h a t  no t  
a1 1 environmental o r  chemical a l t e r a t i o n s  which serve t o  l i m i t  c e l l  d i v i s i o n  
i n  a g iven a l g a l  species, w i l l  b r i n g  about s t imu la ted  product ion  o f  storage 
metabol i tes.  Clearly,  there  i s  a g rea t  need t o  understand the  metabol ic 
r e g u l a t i o n  associated w i t h  t h e  use o f  l i p i d  t r i g g e r s .  



Purpose and Ob jec t i ves  

The biochemical  i n v e s t i g a t i  ons o f  t h e  MTG a re  c u r r e n t l y  d i r e c t e d  towards 
ga in ing  an understanding o f  t h e  metabol i c  process associated w i t h  ope ra t i on  
of recognized l i p i d  t r i g g e r s .  T h i s  i n f o r m a t i o n  c o u l d  then  be used i n  e f f o r t s  
t o  develop new t r i g g e r s ,  which a re  bo th  e f f e c t i v e  and r a p i d  i n  mass-cu l ture 
app l i ca t i ons .  T h i s  w i  11 be accomplished th rough s tud ies  o f  carbon pathways 
associated w i t h  l i p i d  syn thes is  i n  se lec ted  a l g a l  species du r i ng  r a p i d  and 
l i m i t e d  growth s ta tes .  Emphasis w i l l  be p laced on t h e  f o l l o w i n g :  

1) Ana lys is  o f  f a c t o r s  r e g u l a t i n g  carbon f l o w  towards t h e  syn thes is  o f  
l i p i d  precursors,  f ocus ing  on enzymes o f  ace ta te  metabolism 

2) L o c a l i z i n g  t h e  pathways f o r  ace ta te  f o rma t i on  w i t h i n  t h e  c e l l  

3) Determina t ion  o f  whether changes i n  t h e  pathway o f  carbon f l o w  occur as 
a  r e s u l t .  o f  t r a n s i t i o n  f rom s t a t e s  o f  r a p i d  growth t o  r a p i d  l i p i d  
ace umu 1  a t  i on 

4) Determine i f  s p e c i f i c  enzyme l e v e l s  can  be used as accurate d iagnos t i c  
t o o l s  f o r  assessing t h e  l i p i d  p roduc t i on  p o t e n t i a l  o f  a  g i ven  a l g a l  
species du r i ng  screening a c t i v i t i e s .  

L i t e r a t u r e  Review and Doc urnentation 

An ex tens ive  rev iew o f  t h e  1  i t e r a t u r e  p e r t a i n i n g  t o  1  i p i d  b iosyn thes i s  and 
r e g u l a t i o n  i n  microalgae was performed t o  a i d  i n  f o r m u l a t i n g  an e f f e c t i v e  
exper imenta l  p l a n  f o r  ana lyz ing  l i p i d  tr i ger  mechanisms. Th i s  m a t e r i a l  has R s ince  been organized as a  w r i t t e n  t e c  n i c a l  rev iew which i s  c u r r e n t l y  
undergoing an i n t e r n a l  peer rev iew cyc le .  The s a l i e n t  f e a t u r e s  and 
conc lus ions  o f  t h i s  r e p o r t  c a n  be summarized as f o l l o w s :  

1) To a  g r e a t  ex ten t ,  an understanding o f  1  i p i d  metabolism i n  microalgae 
must r e l y  on an examinat ion o f  comparat ive biochemistry,  due t o  a 
spec i f i c  l ack  o f  such i n f o r m a t i o n  i n  t h e  m ic roa lga l  l i t e r a t u r e .  

2) L i p i d  syn thes is  i s  g e n e r a l l y  sub jec t  t o  m u l t i p l e  r e g u l a t o r y c o n s t r a i n t s ,  
inc l ud ing  carbon precursor  a v a i l a b i l i t y ,  a l l o s t e r i c  r e g u l a t i o n  of enzyme 
a c t i v i t y ,  genet ic  r e g u l a t i o n  o f  enzyme expression, r e g u l a t i o n  by l i g h t  
and dark e f f e c t s ,  and metabol i c  c  ompartmentation. 

3) The metabol ic  c o n t r o l s  associated w i t h  l i p i d  t r i g g e r s  i n  microalgae have 
never been s tud ied  i n  d e t a i l ,  p a r t i c u l a r 1  i n  r e l a t i o n  t o  t h e  r e g u l a t i o n  a' o f  carbon p recu rso r  avai  l a b l i l t y  f o r  1 i p i  synthesis.  

4) An organized e f f o r t  t o  d e f i n e  t h e  spectrum o f  e f f e c t i v e  l i p i d  t r i g g e r s  
has n o t  been c a r r i e d  o u t  t o  date. There i s  no reason t o  b e l i e v e  t h a t  
n i t r o g e n  d e p r i v a t i o n  represents  an i d e a l  t r i g g e r .  

5)  There a re  a  l i m i t e d  number o f  r e p o r t s  i n  t h e  l i t e r a t u r e  t h a t  suggest a  



s h i f t  i n  t h e  i n t r a c e l l u l a r  s i t e  o f  l i p i d  syn thes is  i n  microalgae as a 
r e s u l t  o f  exposure t o  environmental  s t ress .  Th i s  compartmentat ion may 
be impor tan t  i n  de termin ing  whether membranous o r  s to rage l i p i d  i s  being 
produced by t h e  c e l l .  

6) The exac t  o r i g i n  o f  ace ta te  f o r  t h e  syn thes i s  o f  l i p i d s  i n  microalgae i s  
unknown. A d e t a i l e d  i n v e s t i g a t i o n  o f  t h i s  s u b j e c t  i n  h ighe r  p lan ts ,  has 
o n l y  been c a r r i e d  o u t  w i t h i n  t h e  l a s t  t h r e e  years. 

Cent ra l  Role o f  k e t a t e  i n  L i p i d  Metabolism 

Acetate ( o r  i t s  b i o l o g i c  a1 l y  a c t i v a t e d  t h i o e s t e r  form, acetyl-CoA) i s  t h e  
u l t i m a t e  p recursor  f o r  1  i p i d  syn thes is  i n  microalgae. Th i s  two carbon 
b u i l d i n g  b lock may a r i s e  w i t h i n  t h e  c e l l  through a number o f  impor tan t  
metabol ic  pathways. Likewise, i t  has a number o f  impor tan t  metabol ic  fa tes.  
Some o f  t h e  major pathways f o r  f o rma t i on  and u t i l i z a t i o n  o f  acetyl-CoA, which 
might  operate i n  rnicroalgae, a re  shown i n  F i g  1. k e t y l - C o A  obv ious l y  
occupies a c e n t r a l  r o l e  i n  c e l l u l a r  metabolism. Many major  c e l l  a c t i v i t i e s  
i n c l u d i n g  syn thes is  o f  l i p i d s ,  some amino acids, carbohydrate v i a  t h e  
g l y o x y l a t e  cyc le ,  and energy metabolism (TCA c y c l e )  a re  a l l  t i e d  i n t i m a t e l y  
t o  t h e  avai  l a b l i  l i t y  o f  acetyl-CoA. Cond i t ions  o f  c e l l u l a r  ae tabo l i sm which 
promote t h e  fo rmat ion  o f  acetyl-CoA can a l s o  be expected t o  promote i t s  
u t i l i z a t i o n  by one o r  more o f  these p o t e n t i a l  pathways. The metabol ic  f a t e  
o f  acetyl-CoA i s  determined by t h e  instantaneous requirements o f  t h e  c e l l .  
Regu la t ion  of t h i s  process i s  p o t e n t i a l l y  very  complex, w i t h  f a c t o r s  such as 
a1 1 o s t e r i c  enzyme regu la t i on ,  genet ic  r e g u l a t i o n  o f  enzyme expression, 
metabol ic  compartmentation, and e f f e c t s  o f  environmental  and growth 
c o n d i t i o n s  being impor tan t  cons idera t ions .  

Photosynthesis 

17 Pyruvate 
Carbohydrate, 1 Jf Citrafe - Acetyl CoA - Amino acids 
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F igu re  1. P o t e n t i a l  pathways f o r  f o rma t i on  and u t i l i z a t i o n  of 
acetyl-CoA i n  microalgae 



As a s t a r t i n g  p o i n t  f o r  l e a r n i n g  more about what c o n t r o l s  carbon p a r t i t i o n i n g  
i n t o  1 i p i d s  i n  microalgae, t h e  ques t i on  o f  acetyl-CoA a v a i l a b i l i t y  c a n  be 
addressed. Spec i f  i c a l  l y ,  what i s  t h e  metabol i c  o r i g i n  o f  a c e t y l  -CoA f o r  
l i p i d  synthes is ,  and does t h i s  s y n t h e t i c  pathway change as a r e s u l t  of 
metabol ic  changes assoc ia ted  w i t h  l i p i d  t r i g g e r s .  
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F igu re  2. Proposed pathways f o r  t h e  genera t ion  o f  acetyl-CoA a t  t h e  s i t e  of 
1 i p i d  syn thes is  i n  oleagenous yeas t  (a) ,  sp inach l e a f  (b),  and pea l e a f  ( c ) .  
Key enzymes c a t a l y z i n g  r e a c t i o n s  i n  t h i s  f i g u r e  a re  ATP:c i t ra te  lyase, 
mitoc hondr i  a1 a c e t y l  -CoA hydro1 ase, and c h l o r o p l  a s t i c  a c e t y l  -CoA synthetase. 
Abbrev ia t ions  are:  pyruvate,  Pyr; acetyl-CoA, AcCoA; f r e e  coenzyme A, CoASH; 
oxaloacetate, OAA; adenosine t r iphosphate ,  ATP; adenosine diphosphate, ADP; 
adenosine monophosphate, AMP; pyrophosphate, PP1; inorgan ic  phosphate, P i  
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A c omparat i ve b ioc hemic a1 examinat ion revea l  s severa l  p o t e n t i  a1 pathways f o r  
acetyl-CoA produc t ion  which migh t  operate i n  microalgae. The t o p  c e l l  i n  
F igu re  2 represents t h e  s i t u a t i o n  found i n  oleagenous yeast.  The c y t o s o l i c  
enzyme, ATP:c i t ra te lyase, c a t a l y z e s  a key r e a c t i o n  i n  t h e  pathway lead ing  t o  
synthesis  o f  s torage l i p i d  under c o n d i t i o n s  of carbon o r  n i t r o g e n - l i m i t e d  
growth [I]. Th is  enzyme has a l so  been found i n  h ighe r  p l a n t  seeds undergoing 
a c t i v e  1 i p i d  accumulat ion [2,7]. The midd le  c e l l  i l l u s t r a t e s  t h e  r e a c t i o n s  
c u r r e n t l y  thought t o  occur i n  spinach l e a f  c e l l s ,  i n  which s h u t t l i n g  of 
photoassimi 1ated carbon f rom c h l o r o p l a s t  t o  mitochondrion, and back t o  
c h l o r o p l a s t ,  must occur be fo re  acetyl-CoA i s  made avai  1 able f o r  1 i p i d  
synthesis  w i t h i n  t h e  c h l o r o p l a s t  [6]. A key enzyme i n  t h i s  mechanism i s  
mi tochondr ia1 acetyl-CoA hydrolase. T h i s  enzyme ca ta l yzes  t h e  fo rma t i on  of 
f r ee  acetate, which can then pass f r e e l y  through t h e  mi tochondr i  a1 membrane 
and i n t o  t h e  c h l o r o p l a s t ,  where a c t i o n  by c h l o r o p l  a s t i c  acetyl-CoA synthetase 
conve r t s  ace ta te  i n t o  acetyl-CoA. These l a t t e r  two enzymes are n o t  requ i red  
by t h e  pathway represented i n  t h e  t o p  c e l l .  The pathway c u r r e n t l y  thought t o  
operate i n  pea l e a f  i s  i l l u s t r a t e d  i n  t h e  bottom c e l l  [3,4]. The pr imary 
f e a t u r e  o f  t h i s  pathway cen te rs  on t h e  f a c t  t h a t  photoassimi la t ion,  
acetyl-CoA product ion,  and l i p i d  synthesis,  a l l  occur w i t h i n  t h e  
c h l o r o p l a s t .  Enzymes such as ATPx i t r a t e  lyase, acetyl-CoA hydro1 ase, and 
acetyl-CoA synthetase are unnecessary i n  t h i s  metabol ic  scheme. 

Laboratory I n v e s t i g a t i o n s  

M a t e r i a l s  and Methods 

Euglena g r a c i l i s  Z was grown pho toau to t roph i ca l l y  i n  de f ined  media under 
cont inuous i 1 luminat ion.  Heterot rophic  c e l l  s were grown i n  t h e  dark and 
suppl imented w i t h  1.8% glucose. C e l l s  were harvested i n  1 a te  exponent ia l  
growth. C h l o r e l l  a pyrenoidosa was grown i n  n u t r i e n t  s u f f i c i e n t  media under 
two growth cond i t i ons ;  e i t h e r  batch o r  semicont inuous  c u l t u r e ,  under 
cont inuous i l l u m i n a t i o n .  Ce l l  s i n  ba tch  c u l t u r e  were a1 lowed t o  dep le te  
t h e i r  n u t r i e n t s  over  severa l  weeks be fo re  harvest .  Phaeodactylum t r i co rnu tum 
was grown i n  n u t r i e n t  s u f f i c i e n t  media under cont inuous i l l u m i n a t i o n  i n  batch 
c u l t u r e .  A p o r t i o n  o f  t h e  c e l l s  i n  exponent ia l  growth were t r a n s f e r e d  t o  
n i t r o g e n  f r e e  media f o r  t h ree  days be fo re  harvest ing.  I n  add i t i on ,  another 
p o r t i o n  of c e l l s  i n  exponent ia l  growth were t r a n s f e r r e d  t o  deaer ia ted  media 
c o n t a i n i n g  lOmM sodi um acetate. The c u l t u r e  c o n t a i n e r  was t i g h t l y  stoppered 
and l e f t  f o r  48 hours a t  which t ime  t h e  c e l l s  were harvested. 

The f o l  lowing procedure, w i t h  minor  v a r i a t i o n ,  was used t o  prepare c e l l  
e x t r a c t s  from a l l  t h r e e  organisms. A l l  procedures were c a r r i e d  o u t  a t  4 
degrees Centigrade. C e l l s  were c e n t r i f u g e d  (ZOOOxg, 10 min.) and washed once 
i n  lOmM potassium phosphate bu f fe r ,  1mM d i t h i o t h r e i t o l ,  pH 7.0. C e l l s  were 
resuspended i n  t h e  wash b u f f e r  and broken by two passages through a 
pre-cooled French press c e l l  a t  16,000 p s i .  The ex ten t  o f  c e l l  
d i s i n t e g r a t i o n  was monitored by l i g h t  microscopy. The c e l l u l a r  e x t r a c t  was 
c e n t r i f u g e d  a t  30,000xg f o r  20 min. and t h e  p e l l e t  discarded. Th i s  produced 
a crude e x t r a c t  which was used f o r  a l l  enzyme assays. When e x t r a c t s  were 
being prepared f o r  ana l ys i s  o f  ace ty l  -CoA hydro1 ase a c t i v i t y ,  d i  t h i o t h r e i  t o 1  



was n o t  i nc luded  i n  t h e  e x t r a c t i o n  medium because o f  p o s s i b l e  r e a c t i o n  w i t h  
DTNB. 

Spect rophotometr ic  assays f o r  ATP:c i t ra te  l yase  (8), and acetyl-CoA hydro lase 
(5), were taken f r om t h e  l i t e r a t u r e .  The assay used f o r  d e t e c t i o n  of 
a c e t y l  -CoA synthetase ac t i  v i t  was based on t h e  f o r m a t i o n  o f  acetohydroxamate 
f r o m  newly formed acetyl-CoA 7 8). 

Resu l t s  

Labora to ry  s tud ies  i n  suppor t  of t h e  proposed exper imenta l  p l a n  f o r  FY84 were 
begun on a ve ry  l i m i t e d  and p r e l i m i n a r y  b a s i s  i n  January 1984. E f f o r t s  to 
da te  have cen tered  on de te rmin ing  t h e  presence o r  absence o f  key enzymes 
which migh t  be i nvo l ved  i n  pathways o f  acetyl-CoA fo rma t i on  i n  microalgae. 
Focus has been on ana lyz ing  whole c e l l  e x t r a c t s  o f  se lec ted  species, grown 
under d i f f e r e n t  growth cond i t i ons ,  f o r  enzyme a c t i v i t i e s  assoc ia ted  w i t h  
ATP:c i t r a t e  lyase, acetyl-CoA hydrolase, and acetyl-CoA synthetase. T a b l e  1 
g i ves  t h e  r e s u l t s  o f  these ve ry  p r e l i m i n a r y  i n v e s t i g a t i o n s .  

Table 1 a 

Chlorella Phaeodactylum 
~ u g l e n a  gracilis Z py renaidosa tricotnuturn 

Photoautotrophic ~etero t roph icb Semi- Senescentc Experimental Nitrogen CO, 
continous Batch Growth, Limited Limitedd 

Culture Culture Batch Batch Batch 
Culture Culture Culture 

ATP: Citrate Lyase - e N.D.~ 

Acetyl Coenzyme A N.D. N.D. + N.D. 
Hydrolase 

Acetyl Coenzyme A + + (-19 + 
Synthetase 

a Resulls are very preliminary, pending reexamination using sensitive radiochemical analysis 
techniques 

b Growth on gtucose i n  the dark. 
c CO, enriched culture; at1 other nutrients depleted. 
d Culture supplemented with sodlurn acetate. 
@ Below level of delection by assay procedure employed 
f Not determined. 
9 A small amount of activity delected, but below level of accurate determination. 

A l though i t  i s  i n a p p r o p r i a t e  t o  reach any conc lus ions  based on these data, 
c e r t a i n  i n t e r e s t i n g  p o i n t s  emerge. It appears i n  some cases t h a t  enzyme 
express ion may be t i e d  t o  growth c o n d i t i o n s  w h i l e  i n  o t h e r s  i t  i s  not.  The 



presence of a c e t v l  -CoA hvd ro l  ase and a c e t v l  -CoA svnthetase i n  e x t r a c t s  o f  
senescent ~ h l  o r e l l  a  may i n d i c  a i e  operatl ion o f  a  pathway s imi  1  a r  
t o  spinach lea t ,  whi o f  these enzymes i n  con t i nuous l y  c u l t u r e d  
C, p - y e y i d o s a  o r  exponen t i a l l y  grown Phaeodact l u m  t r i co rnu tum may represent  
a  s i  ua i o n  s i m i l a r  t o  pea l e a f .  The -0 i n a  i i y demonstrate ATP:c i t r a t e  
l yase  i n  any e x t r a c t  so f a r  argues aga ins t  ope ra t i on  o f  a  system s i m i l a r  t o  
oleagenous yeast  i n  microalgae. However, t h i s  as w e l l  as o the r  data, are 
sub jec t  t o  reexaminat ion as assay c o n d i t i o n s  become re f i ned .  

Plans f o r  Cont inuina and Future  Research 

Meeting t h e  o v e r a l l  o b j e c t i v e s  o f  c h a r a c t e r i z i n g  t h e  mechanism and r e g u l a t i o n  
o f  1  i p i d  t r i g g e r s  i n  microalgae, and developing improved t r i g g e r s  based upon 
t h i s  in format ion,  are beyond t h e  scope o f  t h e  c u r r e n t  f i s c a l  year. Even so, 
planned e f f o r t s  f o r  t h e  remainder o f  t h i s  ca lender  year  should l a y  a  
subs tan t i a l  ground work towards t h i s  goal. These a c t i v i t i e s  inc lude:  

1)  Se lec t i on  and c u l t u r e  o f  m ic roa lga l  species which respond t o  var ious 
l i p i d  t r i g g e r s .  Emphasis w i l l  be p laced upon species showing promise 
towards f r a c t i o n a t i o n  o f  s u b c e l l u l a r  organel les.  

2) Continued development o f  s e n s i t i v e  assays f o r  o rgane l l e  marker enzymes 
and key enzymes o f  l i p i d  synthesis  and ace ta te  metabolism. 

3) Comparative ana l ys i s  o f  key enzyme a c t i v i t i e s  i n  mic roa lga l  c e l l s  du r i ng  
s t a t e s  o f  a c t i v e  c e l l  d i v i s i o n ,  and a c t i v e  1  i p i d  accumulation. 
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INTRODUCTION 

The long-term goal o f  f u l l y  automated outdoor c u l t u r e s  requ i res  t h e  use o f  an 
i n teg ra ted  mon i to r ing  and c o n t r o l  system t o  main ta in  t h e  c u l t u r e  cond i t i ons  
w i t h i n  s p e c i f i e d  l i m i t s  t o  maximize y i e l d .  

This  task invo lves  t h e  development o f  components t h a t  can u l t i m a t e l y  be 
i n teg ra ted  i n t o  systems f o r  t h e  product ion  o f  f u e l s  and o i l s  f rom microalgae. 
The u l t i m a t e  o b j e c t i v e  i s  t o  improve t h e  compe t i t i ve  pos t i on  o f  mic roa lga l  
f ue l s  and o i l s  w i t h  o ther  a l t e r n a t i v e  energy sources. Th is  task  w i l l  support 
t h a t  e f f o r t  b  p rov jd ing  da ta  acqu is i t i on .  and c o n t r o l  systems f o r  - 1  aboratory 
operations, &ve lop l  ng t h e  sensors r e q u ~ r e d  f o r  cont inuous rnon i to r~ng  o f  
c u l t u r e  c o n d i t i o n  and operat ions, and designing t h e  software needed t o  
i n t e g r a t e  equi ment, experimental  operat ions, da ta  processing and storage, and P systems con t ro  . 

Purpose and 0b.iec t i ves 

The key o b j e c t i v e  of t h i s  e f f o r t  i s  t o  develop components f o r  mon i to r ing  
cu l tu res .  F igure  1  shows the  steps invo lved i n  achiev ing t h i s  ob jec t ive .  The 
a l g a l  t e s t  systems w i l l  r e q u i r e  d e t a i l e d  mon i to r ing  o f  many parameters t o  
e s t a b l i s h  an opt imal  growth environment and prov ide  f o r  a  b e t t e r  understanding 
of t h e i r  growth requirements. It w i l l  t h e r e f o r e  be necessary t o  sense such 
parameters as l i g h t  i n t e n s i t y ,  temperature, pH, s a l i n i t y ,  n u t u r i e n t  
concentrat ion,  popu la t i on  dens i t y  and a lga l  composi t ional  c  harac t e r i  s i  t i c s .  A 
1  i t e r a t u r e  review and manufacturer 's  survey w i  11 be conducted t o  f u r t h e r  
def ine these moni t i o r i  ng requirements, and t o  i d e n t i f y  those components t h a t  
a re  commercial ly ava i lab le .  Most o f  these measurements can be made w i t h  
e x i s t i n g  sensors, which w i l l  be procured as needed. Add i t iona l  sensor needs 
w i l l  be met by developing innovat ive  sensing techniques. Th is  process w i l l  
i nvo l ve  t h e o r e t i c a l  design, p ro to type t e s t i n g ,  and f a b r i c a t i o n  of t h e  sensor 
components. 

A computer and a  da ta  a c q u i s i t i o n  c o n t r o l  system must a lso be obta ined t o  
rece ive  and process i n fo rma t ion  f rom t h e  sensors, and t o  c o n t r o l  the  
product ion  environment o f  t h e  mic roa lga l  systems i n  order  t o  maximize y i e l d .  
Commercial l y  a v a i l a b l e  systems w i  11 be se lec ted  f o r  t h i s  purpose based on 
requirements such as analog t o  d i g i t a l  convers ion capac i t ies ,  p rec is ion ,  
number o f  i n p u t  and output  channels, expandabi l i ty ,  and ease-o f - in te r fac ing  t o  
t h e  selected computer. The data  a c q u i s i t i o n  and c o n t r o l  system w i l l  be 
i n t e r f a c e d  t o  t h e  computer, and connected t o  t h e  i n s t a l  l e d  sensors. Software 



Objective: Initial development of key components to monitor algal cultures. 
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w i l l  t hen  be developed t o  d i r e c t  t h e  da ta  a c q u i s i t i o n  and c o n t r o l  process, 
i n t e r p r e t  t h e  data, and d i c t a t e  app rop r i a te  c o n t r o l  commands. 

Current  S ta tus  

The e f f o r t  up t o  t h i s  p o i n t  has been focused on t h e  l i t e r a t u r e  review, 
p lanning,  and c o n s u l t i n g  manufac tu re r ' s  i n f o r m a t i o n  t o  s e l e c t  commerc ia l ly  
a v a i l a b l e  equipment. Some o f  the  components t h a t  have a l ready  been acqui red 
a re  l i s t e d  below. 

r IBM-PC (dua l  d i s k  d r i ve ,  256K memory, g raph ics  c a r d )  t o  i n t e r f a c e  w i t h  
t h e  da ta  a c q u i s i t i o n  system and process data. 

r Kei th ley lDAS da ta  a c q u i s i t i o n  system 510 p l u s  a d d i t i o n a l  upgrade boards 
f o r  a  c a p a c i t y  o f  24 i n p u t  channels, and 16 ou tpu t  re lays.  

r L i - c o r  quantum sensors and underwater quantum sensors. 

The Kei th ley lDAS system inc ludes  an i n t e r f a c e  c a r d  f o r  t h e  IBM-PC as w e l l  as 
measurement and c o n t r o l  so f tware  t o  p r o v i d e  a  r e l a t i v e l y  s imple-to-use 
system. Both a re  expandable t o  a1 low f o r  increased m o n i t o r i  ng requirements. 

Several  o t h e r  components have been designed and f a b r i c a t e d  f o r  use i n  t h e  
l a b o r a t o r y  experiments. An i n n o v a t i v e  c u l t u r e  vessel was r e q u i r e d  f o r  t h e  
chemostats, t o  p r o v i d e  a growth chamber t h a t  would be ab le  t o  p r o v i d e  a 
c o n t r o l l a b l e  environment. The vessel ( F i g u r e  2) was designed t o  h o l d  1.5 
l i t e r s ,  t o  have a  water  j a c k e t  f o r  temperature c o n t r o l ,  t o  have o p t i c a l l y  f l a t  
windows f o r  l i g h t  a t t e n u a t i o n  measurements, and t o  a l l ow  f o r  sensor probes t o  
be i n s e r t e d  th rough a  c o r k  i n  t h e  top. The vessels  were then  f a b r i c a t e d  by  a 
l o c a l  g l ass  blower. 

The modulated l i g h t  experiments r e q u i r e d  t h e  measurement o f  t h e  l i g h t  f l a s h i n g  
ra te .  An o p t i c a l l y  s e n s i t i v e  c i r c u i t  was designed which d i s p l a y s  t h e  f l a s h i n g  
rate  on a meter and can  be connected t o  t h e  da ta  a c q u i s i t i o n  system f o r  f u t u r e  
mon i t o r i ng  requirments. 

Plans f o r  Cont inu ing and Fu ture  Research 

Th is  t ask  w i l l  c o n t i n u e  t o  p r o v i d e  eng ineer ing  support  t o  t h e  experimental  
a c t i v i t i e s  as requi red.  The major  e f f o r t ,  however, wi  11 be towards p r o v i d i n g  
a complete c u l t u r e  mon i t o r i ng  and c o n t r o l  system, as dep ic ted  i n  F igu re  3. 

The f i r s t  component which has been se lec ted  f o r  development work i s  a 
t u r b i d i t y  sensor, f o r  con t inuous  measurement o f  c e l l  concen t ra t i on  i n  a l g a l  
c u l t u r e s .  The t u r b i d i t y  sensor ope ra t i on  w i l l  be based on Beer 's  Law, which 
b a s i c a l l y  s t a t e s  t h a t  l i g h t  t ransmiss ion  through a  c u l t u r e  i s  a  f u n c t i o n  o f  
t h e  c u l t u r e  concent ra t ion .  S tud ies  w i  11 a l so  be i n i t i a t e d  f o r  t h e  development 
of n u t r i e n t  sensors. 





Figure 3. Integration of Monitoring Components. 
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DEVELOPMENT OF OUTDOOR RACEWAY CAPABLE OF YIELDING OIL-RICH 

HALOTOLERANT MICROALGAE 

D r .  S. Arad/Coordinator 
The I n s t i t u t e s  f o r  Applied Research, Ben-Gurion Univers i ty  o f  t he  Negev 

P.O.Box 1025, Beer-Sheva, I s r a e l  

GZNERAL OVERVIEW 

The p ro j ec t  i n  I s r a e l  is  conducted by t h r e e  main groups: 1) group a t  t h e  
I s r a e l  Gceanographic and Limolog ica l  Research headed by D r .  A. Ben Amotz, 
2) group t h e  Desert  Research I n s t i t u t e  of Ben-Gurion Univers i ty  headed by 
Frof .  A .  Rtchmond, and 3 )  group a t  the  Tecl-.nicn headed by Prof .  G. Shelef.  

The ob jec t ives  of t h e  f i r s t  phase of t h e  research  are:- 

a )  t o  s e l e c t  l ipid-producing ha lo to l e ran t  microalgae a s  t e s t  organisms 

b)  t o  i d e n t i f y  f a c i l i t y  design and n u t r i e n t  requirements f o r  c u l t i v a t i o n  of 
ha lo to l e ran t  n ic roa lgae  

C)  t o  incorporate  t h e  l e s i g n  f ea tu re s  i n t o  an e x i s t i n g  open raceway f a c i l i -  
t i e s  f o r  microalgae c u l t i v a t i o n  

2 )  t o  a s se s s  the h a n e s t i n g  system t h a t  provides e f f i c i e n t ,  low c o s t  harves- 
t i ng  of n ic roa lgae  

e l  t o  s e l e c t  nany spec i e s  of  ha lo to l e ran t  F-icroalgae 'firoughout I s r a e l ,  
mainly from the  Yediterranean Sea; 

f )  t o  study the  o p t i n a l  condi t ions f o r  t h e i r  c u l t i v a t i o n  

g )  t o  analyze Lke chemical composition of a lgae  se lec ted  wi th  an enpkasis on 
t h e i r  l i p i l  q u a l i t y  and quant i ty .  

We have s t a r t e d  the p r o j e c t  i n  June 1983. The f i r s t  s t age  was a l i t e r a t u r e  
survey, e spec i a l ly  t h a t  wr i t t en  i n  languages o t h e r  than English. Two surveys 
were presented t o  SERI: 1) by Prof. Richmond and co l leagues ,  on screening of 
growth condit ions and physiology of ha lo to l e ran t  microalgae f o r  mass cu l t i va -  
t i on :  As a r e s u l t  of t h e  l i t e r a t u r e  surveyr t h ree  oraanisns were se l ec t ed  for 
fu r the r  s t u d i e s  2 )  by Prof. G. Shelef and col leagues on sepa ra t ion  and pro- 
cessing methods of microalgae from pond e f f l u e n t .  Updated technologies  f o r  
separa t ion  and processing of a lgae and o the r  microorganisms were reviewed, 
and p ro r i s ing  technologies  a r e  recommended. 



STATE OF WORK 

D r .  A. Ben Amotz has s t a r t e d  screening and s e l e c t i n g  I s r a e l i  microalgae, and 
is  analyzing var ious l i p i d  f r a c t i o n s ,  H e  i s  also studying the  e f f e c t  of some 
environmental condi t ions  on lipid accumulation. 

It  should be mentioned again and emphasized t h a t  any at tempt  to s e l e c t  promising 
species of alga as potential producers of lipids or  hydrocarbons for energy, 
based on the available published l i t e r a t u r e  has t o  be concerned with 3 prob lem:  

1) The q u a l i t y  and quan t i t y  of lipids (as w e l l  as other cell constituents] 
vary s i g n i f i c a n t l y  with growth ra te  and culture age. In  addi t ion ,  envirom-en- 
t a l  condi t ions ,  e . g .  l i g h t  i n t e n s i t y ,  temperature,  and p a r t i c u l a r l y  n u t r i -  
tional condi t ions ,  e x e r t  a s i g n i f i c a n t  in f luence  on l i p i d  content. Compari- 
son between d i f f e r e n t  species has t o  be done under t h e  same condi t ions.  This 
i s ,  however, rarely done 2 )  A un i f i ed  c l a s s i f i c a t i o n  system is n o t  always 
available, thus  causing s i g n i f i c a n t  confusion, For example, d i f f e r e n t  s t r a i n s  
of ChioreZza a re  only marked ChZoreZza. 3) The capac i ty  t o  grow as a u n i a l c z l  
cu l t u r e  i n  c o ~ t i n u o u s  opera t ion  tl-xoughout t h e  year.  T h i s  f a c t o r  is  most irn-r- 
t a n t  for outdoor biomass production. 

Based on t h e  l i t e r a t u r e  survey, three organisms were selected f o r  further s tud i e s :  
Isochrysia,  !~-fono5anthus and ChZoreZZa. They are considered as model orgar5sr.s 
r a t h e r  than a f i n a l  recommendation. These model organisms w i l l  be used for  study- 
i n s  p roduc t iv i t y  under outdoor condi t ions.  P ro f .  A. Richmond and h i s  group are 
o p t i n k i n g  growth condi t ions  of these  t h r e e  organisms and already s t a r t e d  t h e i r  
c u l t i v a t i o n  outdoors. 

F r o f .  Shelef i s  studying one of t he  main problems i n  a l g a l  biomass product ion,  
i . e .  ha rves t i ng  of t h e  algae.  The term a lgae  ha rves t i ng  r e f e r s  t o  t h e  concen- 
t r a t i o n  of f a i r l y  d i l u t e  (0,02-0.06% TSS) a lgae  suspension until a slurry or 2 
paste  containing 5-25% TSS i s  obtained. This  aim can be achieved by two steps: 
a harves t ing  step, which bxings the  a l g a l  s l u r r y  t o  297% TSS and a dewatering 
s t ep  y i e ld ing  an algal pas t e  of 15-259 TSS. It can also be achieved i n  a s i ~ q l e  
step. The  concentrat ion of the r e s u l t a n t  a l g a l  paste or slurry fnf luences  t h e  next  
processing steps such as drying o r  organic  ex t r ac t i on .  The methods t o  be used 
for  harves t ing  depend on t h e  a l g a l  species, product ion system, and the nature 
of the  f i n a l  product. There is  no s i n g l e  answer t o  t h e  ques t ion  which of the 
various methods and technologies  of microalgae harves t ing  would be most suitzble. 
The dec is ion  of the pre fe rab l e  harves t ing  technology depends on four  var iab les :  
a lga spec ies  (size, shape, mobi l i ty ,  oxygen release), growth medium Csalts), 
algae concentrat ion,  and product ion c o s t  benefit. Another b a s i c  c x i t e r i o n  f o r  
selecting s u i t a b l e  harves t ing  technique i s  the  final p a s t e  concentrat ion required 
f o r  t h e  extraction. 

The harvesting experiments are dea l ing  wi th  2 model organisms: I S Q C ~ ~ ~ S ~ S  
as a model for a f l a g e l l a t e ,  on which the  major p a r t  of the work was perform<,  
and ChZoreZZa - an immobile a lga  
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SUMMARY 

Ten species of unicellular algae from throughout Israel and other origins were 
cultivated under laboratory controlled conditions. The cultures were harvested 
semicontinuously with a yield of 0.4 to 0.5 g organic weight liter-' day-'. The 
proximate cellular composition of the unicellular algae and of seven Mediterranean 
macroalgae was measured with emphasis on the lipids. Botryococcus braunii and 
Nannochloropsis salina grown on low nitrate concentration contained the highest 
content of lipids, comprising about 50% of the algal weight. The lipid fraction 
of the other algae represented about 20% of the cellular composition. Aliphatic 
hydrocarbons isolated from the lipid fraction by hexane were found only in Botryo- 
coccus braunii. Nitrogen deficient Botryococcus braunii, Nannochloropsis salina, 
Isochrysis sp. and high salt cultivated Dunaliella bardawil consisted of relatively -- 
high concentrations of neutral lipids with multiple branched hydrocarbons predomi- 
nating. The possible multiple relationship between photosynthetic carotenoid 
metabolism, environmental control and hydrocarbon biosynthesis will be discussed. 

INTRODUCTION 

In recent years algae have begun to be considered as a potential source for a 
variety of compounds of commercial application. Lewin [13] summarized the litera- 
ture on the cellular composition of algae and focused his review on biochemical 
taxonomy. Aaronson et al. [I] have recently surveyed the literature with a general 
view on the potential use of algae for chemicals and valuable products. These two 
reviews emphasized the enormous potential existing in algae for the production of 
valuable products as an intrinsic part of the algal photosynthetic machinery. The 
production of lipids and hydrocarbons by a few algae and plants is of particular 
interest since this is the only photosynthetic catalytic reaction that converts 
carbon dioxide and water into oil with solar irradiation as the energy source [19,201 

Our study was devoted to collecting, isolating and screening a few algae from the 
Mediterranean area and other origins with an attempt to identify species rich in 
hydrocarbon. Similar attempts have been directed to enhancing physiologically the 
capacity of hydrocarbon production by a few selected species. 

MATERIALS AND METHODS 

Algae 

Table 1 presents a list of the algae surveyed in our study. 



TABLE 1. LIST OF ALGAE ANALYZED IN ISRAEL OCEANOGRAPHIC & LIMNOLOGICAL RESEARCH, 
HAIFA, ISRAEL 

Cyanophyceae: 
Rhodophyceae: Porphyridium sp., Pterocladia sp. 
Cryptophyceae: 
Dinophyceae: 
Haptophyceae: Isochrysis galbana, Isochrysis sp. 
Chrysophyceae: 
Xantophyceae: 
Eustigmatophyceae: Nannochloropsis salina 
Phaeophyceae: Halopteris sp., Padina sp., Sargassum sp., Taonia sp. 
Prasinophyceae: Asteromonas gracilis 
Bacillariophyceae: Cylindrotheca fusiformis, Navicula sp., Phaeodactylum sp. 
Chlorophyceae: Botryococcus braunii, Chlamydomonas sp., Chlorella stigmatophora, 

Codium sp., Dunaliella bardawil, Dunaliella salina, Ulva sp. 
Euglenophyceae: 
Charophyceae: 

Growth Conditions 

All algae except Botryococcus braunii, Dunaliella bardawil and the macroalgae were 
grown in enriched seawater containing 5 mM KN03 or as indicated, 0.2 mM KH2P04, 1.5 
;M FeC13, 30 p M  EDTA, 2 mM NaHC03, 0.1 mM N ~ ~ s ~ o ~ ,  0.1 mg/liter thiamine-HC1, 0.5 
mg/liter biotin, 0.5 mg/liter B l p  and trace metal mix as reported by Guillard [7]. 
Mixing and pH control was accomplished by bubbling 1% to 3% C02 in air at a pH of 
about 8. The growth system included a battery of 8 0.6-liter each glass chemo- 
stats. Constant temperature of 23 + 0.1 "C was maintained by circulating water 
from a constant temperature bath through glass jackets on the outside of each 
culture unit. Radiant energy incident to the outer surface of all cultures was 
accomplished by Cool White and Agro-Lite fluorescent lamps (light intensity of 
about 20 W m-2). Unicellular marine algae were cultivated and harvested semi- 
continuously. Batch cultures of Botryococcus braunii were grown in a fresh water 
medium as described in Tornabene et al. [18]. Dunaliella bardawil was grown in a 
seawater medium augmented with NaCl to 3 M and with 0.5 mM KNO3, 0.2 mM KH2P04, 
1.5 VM FeC12 and 30 p M  EDTA. Dunaliella bardawil was cultivated in open outdoor 
ponds with C 0 2  to supply carbon and to control pH at 8.0. 

Daily sampling for growth measurements was done on aliquots of the culture suspen- 
sion and included cell counting microscopically and with Coulter Counter Model ZB; 
chlorophyll content was determined following extraction with acetone or methanol 
[ 8 ] ;  organic weight was determined by freeze drying samples for 24 hr and ashing 
at 600 O C .  Macroalgae collected f rom the Mediterranean were lyophilized similarly 
prior to chemical analysis. 

Extraction and Fractionation of Lipids 

Total lipids were assayed by repeated extraction with methanol-chloroform-water 
(10:5:4, v/v) [5] modified as previously described [ 9 ]  to complete visual extrac- 
tion of chlorophyll and other pigments. The lipids were then phase separated by 
adjustment of the solvent ratios to 10: 10: 9 (methanol-chloroform-water, v/v) . 



The chloroform phase was evaporated to dryness under a stream of N2, dried under 
vacuum, and then the weight determined gravimetrically. 

Total lipid extracts were then fractionated on heat activated silicic acid columns 
(Unisil, Clarkson Chemical Company, Williamsport, PA) with hexane, benzene, chloro- 
form, acetone and methanol to improve the resolution of the lipid components by 
thin-layer and paper chromatography [15,17]. The following types of components 
were eluted: acyclic hydrocarbons (hexane); cyclic hydrocarbons, polyunsaturated 
acyclic hydrocarbons, fatty acid methyl esters, sterols, and carotenoids (benzene); 
tri-, di- and mono-glycerides, free fatty acids, and carotenoids (chloroform); 
glycolipids, chlorophylls - a and b and carotenoids (acetone); phospholipids, and 
chlorophyll c (methanol). The fractions were reduced in volume by flash evapora- 
tion and taken to dryness under a stream of N2, further dried under vacuum over 
KOH or P205, and weighed gravimetrically. 

Thin-Layer Chromatography 

Column-fractionated lipids were studied by thin-layer chromatography on 20 cm x 
20 cm glass plates with precoated hard-layered commercial TLC silica gel plates 
(DESAGA, Inc.). Chromatography was carried out in lined jars by the ascending 
method using solvent mixtures: a) hexane-benzene (9:1, by vol.); b) petroleum 
ether-diethyl ether-acetic acid (90:10:1, by vol.); c) diethyl ether-benzene- 
ethanol-acetic acid (40:50:2:0.2, by vol.) as first solvent and hexane-diethyl 
ether (96:4, by vol.) as second solvent for separating non-polar lipids; and d) 
chloroform-acetone-methanol-acetic acid-water (50:20:10:10:5, by vol.) for separ- 
ation of polar lipids. Spots were visualized by exposure to I2 vapors, acid 
charring, ninhydrin for amino acids, molybdate for phosphates, Draggendorff for 
quaternary amines, a-naptol solution for glycolipids, and sulfuric and acetic 
acid for sterols and sterol esters as previously described [lo]. 

Analytical Method 

Glycerol was determined by periodic oxidation followed by treatment with acetyl- 
acetone as previously described [3]. Protein was assayed as previously described 
by Lowery et al. [14] or by Kochert [ll] after hydrolysis in 1 N NaOH for 1 hr at 
100°C. Total carbohydrates were analyzed by the phenol-sulfuric acid method fol- 
lowing acid hydrolysis in 2 N HC1 for 1 hr at 100"~ [12]. Extended hydrolysis of 
up to 8 hrs did not produce a detectable increase in the carbohydrate concentration. 

RESULTS 

Growth and Yield of Aleae 

The growth patterns and cellular yields of a few species grown semicontinuously 
are illustrated in Fig. 1. 

Chlamydomonas sp. and Phaeodactylum sp. grew at the rate of about 0.4 g organic 
weight liter dayv1. Due to filtration difficulties of Porphyridium sp., the 
organic weight determination was calculated from the chlorophyll content and from 
cell number data yielding approximately 0.5 g liter-I day-l . Assuming a depth of 
10 cm, a 1 m2 algal pond will yield about 18 g algal organic weight m-2 day-' 
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FIG, 1, SEMICONTINUOUS GROWTH OF CHLAMYDOMONAS SP., PHAEODACTYLUM SP. AND PORPHY- 
R I D I U M  SP. ALGAE WERE GROWN AS DESCR~BED UNDER MATERIALS AND METHODS. -- 



under the indicated conditions and under a light intensity of 20 W m-2. Calcu- 
lated yields of the other algae tested were in the range of 10 to 20 g organic 
weight m-2 day-l. 

Proximate Cellular Composition 

The results of the proximate chemistry analysis of the unicellular algae are sum- 
marized in Table 2. Most algae contained 20 to 30% protein, 10 to 25% carbohyd- 
rate and 15 to 25% lipid. Notable exceptions were very high carbohydrate content 
in Chlamydomonas sp. (59%) and in Porphyridium sp. (63%), high lipid content in 
nitrogen deficient Botryococcus sp. (45%) and in nitrogen deficient Nannochloropsis 
sp. (54%), high percentage of unknown cell constituent in Isochrysis sp., and high 
glycerol content as osmoticum in Dunaliella bardawil [ 2 ] .  

TABLE 2. PROXIMATE CELLULAR COMPOSITION OF UNICELLULAR ALGAE GROWN UNDER OPTIMAL 
OR NITRATE DEFICIENCY CONDITIONS 

Species 
- -- 

Growth Protein Carbo- Lipid Glycerol Unknown 
conditions - hydrate 

% of organic weight 
- 

Botryococcus FW, ND 19 9 4 5 - 2 7 
braunii 

Chlamydomonas SW, NE 17 59 2 3 - 1 
SP . 

Chlorella SW, NE 3 1 2 1 2 0 - 2 9 
stigmatophora 

Cylindrotheca SW, NE 3 0 12 15 - 3 3 
fusiformis 

Dunaliella 3 M NaC1, NE 3 0 24 17 2 5 4 
bardawil 

Isochrysis SW, NE 2 1 14 20 - 4 5 
SP 

Isochrysis SW, ND 12 2 5 19 - 44 
SP . 

Nannochloropsis SW, NE 3 5 9 38 - 18 
salina 

Nannochloropsis SW, ND 23 7 5 4 - 16 
salina 

Navicula SW, ND 30 12 2 3 - 35 
SP 

Phaeodactylum SW, NE 3 3 2 8 2 1 - 18 
SP 

Porphyridium SW, NE 2 0 6 3 17 - - 
SP . 

FW - freshwater; SW - seawater; ND - nitrogen deficient; NE - nitrogen 
sufficient. 



The results of the proximate chemistry analysis of a few macroalgae collected 
from the Mediterranean Sea are summarized in Table 3. All species contained low 
levels of lipids (2 to 12%) and a high level of unknown fraction, probably fibers. 
The protein and carbohydrate content in the macroalgae was equivalent to the 
published information f161. 

TABLE 3. PROXIMATE CELLULAR COMPOSITION OF MACROALGAE COLLECTED FROM THE 
MEDITERRANEAN SEA, 

Species Protein Carbo- Lipid Unknown 
hydrate 

% of organic weight 
- - - 

Codium sp. 9.1 41.7 6.3 - 
Halopteris sp. 14.5 18.5 7.6 59.4 

Padina sp. 13.6 33.7 2.2 50.5 

Pterocladia sp. 23.2 36.5 7.0 30.3 

Sargassum sp. 16.1 12.6 2.6 68.6 

Taonia sp, 14.3 19.5 7.5 58.7 

Ulva sp. 20.0 24.4 11.9 43.7 

Lipid Composition 

The total lipid extracts of each alga were fractionated on silicic acid columns 
with hexane, benzene, chloroform, acetone and methanol. The distribution of the 
lipids is summarized in Table 4. High amounts of aliphatic hydrocarbons were 
found in the hexane fraction of Botryococcus braunii [6] and to a smaller extent 
in Nannochloropsis salina, Isochrysis sp. and Cylindrotheca fusiformis. The pre- 
sence of these hydrocarbons was verified by TLC. 

The benzene eluates contained the major fraction of neutral lipids of all species 
as well as the major fraction of the total lipids of Dunaliella bardawil, nitrogen 
deficient Nannochloropsis salina, nitrogen deficient Isochrysis sp. and nitrogen 
deficient Botryococcus braunii. The TLC distributions of the components compri- 
sing the benzene eluates (not shown) provided relative identification of the major 
spots: (3-carotene in Dunaliella bardabil [ 4 ] ,  oxygenated cyclic C-37 isoprenoid- 
component in Isochrysis sp. [18], and a few unidentified neutral lipids with rela- 
tive medium polarity in Nannochloropsis salina and in Botryococcus braunii. 

TLC separations of the chloroform, acetone and methanol eluates identified the 
major spots in relation to authentic standards and by the aid of differential 
calorimetric stains. The chloroform eluate contained mainly tri-, di- and mono- 
glycerides, sterols and free fatty acids. The acetone eluate contained mainly 
digalactosyldiglyceride, monogalactosyldiglyceride and pigments. The methanol 
eluate contained almost all of the phospholipids, the remaining glycolipids and 
the remaining pigments. 



TABLE 4. FRACTIONATION OF ALGAL LIPIDS ON UNISIL COLUMNS 

Species Growth Total Lipid fraction, % total lipid weight 
conditions lipids, 

Hexane Benzene Chloro- Acetone Methanol % organic 
form 

weight 

Botryococcus 
braunii 

Chlamydomonas 
SP 

Chlorella 
stigmatophora 

Cylindrotheca 
fusiformis 

Cylindrotheca 
f usiformis 

Dunaliella 
bardawil 

Isochrysis 
SP 

Isochrysis 
SP . 

Nannochloropsis 
salina 

Nannochloropsis 
salina 

Navicula 
SP . 

Phaeodactylum 
SP 

Porphyridium 
SP . 

FW, ND 

SW, NE 

SW, NE 

SW, NE 

SW, ND 

3 M NaC1, 

SW, NE 

SW, ND 

SW, NE 

SW, ND 

SW, NE 

SW, NE 

SW, NE 

Preparations of lipid eluates were determined gravimetrically. FW - freshwater; 
SW - seawater; ND - nitrogen deficient; NE - nitrogen sufficient. 

DISCUSSION 

The principal effort of this study was to screen a few strains of marine algae in an 
attempt to identify selected strains capable of producing a high content of hydro- 
carbon-oil. Selected strains may thereafter be manipulated to grow on different 
environmental conditions, and their hydrocarbon content can be maximized in relation 
to nutrient concentration, pH, salinity, temperature, etc. The oil-rich species 
identified in our study were nitrogen deficient Botryococcus braunii, Nannochloropsis 
salina, Isochrysis sp. and nitrogen sufficient Dunaliella bardawil. All these species 
contained a high content of neutral lipids, not predominantly straight chain saturated 
hydrocarbons, but rather multibranched and/or polyunsaturated components. These inter- 
esting lipids were found in the benzene eluates of the algae and most have not been 
identified yet. However, their behaviour on TLC, the inability to separate the 
fractions with gas chromatography, and preliminary analysis with mass spectrometry 



showed that the benzene fraction is mainly composed of isoprenoid components. 
Nitrogen starvation clearly induced and enhanced isoprenoid biosynthesis in the 
indicated species, but it is probably not the only inducing factor. Nannochlor- 
opsis salina grown on a natural seawater medium was always enriched with a hydro- 
carbon fraction relative to Nannochloropsis salina grown on an artificial sea- 
water medium. Enrichment of the hydrocarbon content in algae grown on natural 
seawater points to the presence of an unknown lipid trigger other than nitrogen 
starvation. Recently, Tornabene et al. [18] have speculated that the lipid com- 
ponents comprising the benzene eluate are intermediates, derivatives or homologues 
of the biosynthetic pathway of carotenoids. If that is the case, then multiple 
regulation sites on the carotenoid biosynthesis pathway may be affected and 
diverted to produce a variety of isoprenoid products. A comprehensive study of 
the metabolic pathway in algae capable of producing hydrocarbons may lead to 
optimization in photosynthetic production of the required oily end product. 
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I n t r o d u c t i o n  
Development o f  an outdoor  system f o r  p r o d u c t i o n  o f  

1 i p i d-r  i  ch ha1 o t o l  e ran  t m i  c r o a l  sae 

A  l i t r a t u r e  su rvey  was conducted i n  the  f i r s t  phase o f  our  
work,  the  o b j e c t i v e  of wh ich  was t o  screen reseach works  on 
the  growth  and p h y s i o l o g y  of h a l o t o l e r a n t  m i c r o a l g a e  so  as  t o  
i d e n t i f y  p r o m i s i n g  s p e c i e s  s u i t a b l e  f o r  commercial  p r o d u c t i o n  on 
s a l i n e  wa te r  o f  l i p i d - r i c h  h a l o t o l e r a n t  a l g a l  mass. 

Ten s p e c i e s  wh ich  were c o n s i d e r e d  t o  have a  good p o t e n t i a l  
f o r  t h i s  purpose were i d e n t i f i e d ,  as f o l l o w s :  C h l o r e l l a  sp. ; 
n a n n o c h l o r o p s i s  s a l i n a  (GSB) ; I s o c h r r s i s  sa lbana  ; P h e o d a c t ~ l u m  
sp. ; D u n a l i e l a  so. ; N i t z s c h i a  sp. ; T h a l a s s i o s i r a  f l u v i a t i l i s  ; 
P r ~ m n e s i u m  parvum and Chrysochromul ina  sp.  . 

From t h i s  group o f  m i c r o a l g a e ,  we suggested t o  f o c c u s  our  
a t  t e n t  i  on f i r s t  on t h r e e  spec i  es  - I s o c h r y s i  s  , Nannochl o r o o s i  s  
and C h l o r e l l a  , f o r  the  f o l l o w i n g  reasons:  
1  - I s o c h r y s i s  sp.  was chosen f o r :  

a.  I n  response t o  n i t r o g e n  d e p r i v a t i o n ,  the  1 i p i d  c o n t e n t  i n  
I s o c h r r s i s  r i s e s  s i g n i f i c a n t l y .  

b  There was ev idence f rom p r e l i m i n a r y  o b s e r v a t i o n s  t h a t  t h i s  
spec i  es cau l  d  grow r a p  i d l  y  as monoal g a l  c u l  t u r e s ,  ye i 1 d i n g  h i g h  
o u t p u t .  
2 - Nannochl o r o p s i  s  s a l  i  na was chosen because o f  e x c e p t i o n a l  1 y  
h i g h  l i p i d  c o n t e n t  and because o f  ev idence f o r  a  h i g h  o u t p u t  r a t e .  
3 - C h l o r e l  l a  sp, was chosen f o r  s e v e r a l  reasons:  

a. Many r e p o r t s  show t h a t  under n i t r o g e n  s t a r v a t i o n ,  c e r t a i n  
s t r a i n s  o f  C h l o r e l l a  accumulate l i p i d  t o  a  v e r y  a p p r e c i a b l e  
e x t e n t .  

b .  C h l o r e l  l a  i s  known t o  grow r a p i d l y  . t h r o u g h o u t  the  y e a r ,  
r e a c h i n g  r e c o r d  h i g h  o u t p u t  r a t e s .  

c .  C h l o r e l  l a  can be readily c u l t i v a t e d  as a  monoalgal c u l  t u r e  

Chapter 1  
qrowth  o p t i m i z a t i o n  s t u d i e s  

A .  I s o c h r y s i s  qa lbana 
I s o c h r r s i s  so. i s  a  mar ine  u n c e l l u l a r  f r e e  l i v i n g  m o t i l e  

p h y t o f l a g e l a t e .  L i m i t e d  exper ience  i n  g r o w i n g  t h i s  m i c r o a l g a e  f o r  
f e e d i n g  1 arvae o f  the  American o y s t e r  p roved  v e r y  s u c c e s f u l  . 

The purpose o f  the p r e s e n t  work on I s o c h r y s i s  i s  t o  d e f i n e  
o p t i m a l  g rowth  c o n d i t i o n s  f o r  maximal p r o d u c t i o n  o f  biomass. 

I s o c h r y s i s  was grown u s i n g  d e f i n e d  a r t  i f  i c  i a l  sea wa te r  
(ASW) i n  b a t c h  c u l t u r e  (100ml medium i n  250ml er lenmayer f l a s k s )  
on a  shaker ,  under c o n t i n u o u s  l i g h t  a t  27O C .  Under these 
c o n d i t i o n s ,  c e l l  number was dubb led i n  42-30 h r . ,  and reached 

3- maximal c o n c e n t r a t  i o n  o f  ca. 10 c e l  ls /ml  . 
1. E f f e c t  o f  tempera ture  : 

Opt imal  g rowth  tempera ture ,  as we11 as  h i g h  and low 
tempera ture  l i m i t s  f o r  g rowth ,  were d e f i n e d  i n  c u l t u r e s  grown i n  a  
tempera ture  g r a d i e n t  b l o c k  r a n g i n g  f rom 13 t o  420C. 
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F ~ Q .  1 : E f f ~ c t  o f  t e m p e r a t u r e  a n  t h e  g rowth  o f  Isochrrsis 
5. :-F' . . 

T u t t e s  ccln t a i  ri i rig 1 Urn11 ctf CPI 1 c . u ~ p e n ~ i  o n  w e r e  p l a c e d  i n  t h e  
b l c t r k  and t h e  gr.cx.:tth r a t e  as., a f u n c t i o n  f t e m p e r a t u r e w a s  
fell 1 clt!.!ed t ~ y  rnpac.ur i rig t h e  i n c r e a s e  i n c e l  1 nurnt le r  . L i q h  t i n  t e n s i  t y 

el 
a t  t h r  c - u r f a r r  o f  t h e  t v h e s  p l a c e d  was 3 0 , & ~ i n s t e i n , m * ~ - r e c .  

T h e  u p t i m a 1  t e m p e r a t u r e  f o r  t h e  g r o w t h  o f  I s o c h r y s i s  w a s  28' 
C .  A t  t e r n p r r a t u r e s  h i g h e r  than  3 2 ' ~  a n d  l o w e r  t han  1 9 ' ~ ,  growth  
wa5. a r . r . e s t e d ,  a n d  t h e  alga d i e d  w h e n  t e m p e r a t u r e  was k e p t  a t  
e i t h e r  35'~ nr 1 5 O ~ .  ( F i g .  1 )  
E f f e c t  c ~ f  pH  : 

D i  t - f e r e r t t  pI-4 values were m a i n t a i n e d  i n  cul t u r e s  grcrwn i n  t h e  
p r e s e n c e  o f  42 m g / L  NaHC03,  b y  d a i l y  t i t r a t i n n  w i t h  H C I  o r  NaOH. 
T11e pH r a r ~ q e  fr"rr. o p t i m a l  g r c l w t h  was 5.7-6.6. A t  h i g h e r  pH, g r o w t h  
s l c ~ ! # ~ , ~ ~ d  dct~..:ln t l e c u m i n g  t c l t a l  y a r r e s t e d  a t  pH 9.0 ( F i g .  2:). A t  p H  
1 .  t h a n  5 .5 ,  t h ~  g r r ~ w t h   rat^ s t ~ a d i  l y  d e c r e a s e d .  I n  t h e  a h s e r t c e  
o f  I4aHC1l3 , t h e  e f f e c t  n i  t h e  pH on g r o w t h  w a s  n o t  as m a r k e d ,  y e t  
t h ~  pH a p t  i m a   ere n o t  changed. 

F i q .  2 : T h e  ~ i f e c t  o f  p H  on t h e  g r o w t h  o f  I s a c h r r s i s  s p .  -- 
I ~ . c t c h r ) ~ s . i 5  ! < ~ a s  gr-cil.?;tn clrI d e f i n e d  a r t i f i c i a l  sea  w a t e r -  (ASH) 

medium i n  b a t c h  c u l t u r e s ,  (100ml m e d i u m  i n  2 5 0 m l  e r l e n r n a y e r  f l a s k s  
-2 ~ l l a c e d  i n  3, r ro t -= l r . ;bz  c.haker.: j ,  under .  c c t r ~ t i r ~ u c ~ w ~  l i g h t  8 f  150 p E  rn 

s e c - k t  2 7 0 ~ .  T h e  pH  t..nJas d a i l y  ad. - iuz . ted by a d d i t i o n  o f  HCl  o r  NaOH. 
The  e f  f e c t  o f  I-lac1 c c ~ r l c e n t r a t  ic* : 

T h e  e f f e c t  o f  u a r  i cus I..JaCl c o n c e n t r a t  i o n s  on t h e  g r c l w t h  r a t e  
o f  I s c ~ c h r : ~ ~ s i s  I J ~ I ~ F . ~  lak l c l r .a to r . ;~  c o n d i t i o n s  was m e a s u r e d  ( F i g .  2). 



T h i s  s p e c i e s  w a s  t o 1  e r a n t  t o  a  1  a r g e  r a n g e  o f  N a C l  c o n c e n t r a t  i o n s .  
Grcl!.:lth d e c r e a c . e d  a t  a  c c t r l c e n t r a t i c ~ n  o f  N a C l  h i g h e r  t h a n  4 0 g / l  o r  
I clwer t h a n  59 '1,  b e c o m i n g  t o t a l y  a r r e s t e d  a t  h i g h e r  t h a n  6 0 g / 1  
r4aS:l . 

F i o .  3 : E f f e c t  o f  I.laC1 c o n c e n t r a t i o n  o n  t h e  grctr,,~th o f  --.- 

J..z ~.~.hr~s .5- .  5 ~ 2 .  
g u t r i  t i o n a l  z . t ~ ~ d i ~ - z  : 

F r e 1  i m i  n a r y  e x p e r  i m e r 1 t 5  r e v e a l  e d  a  m a r k e d  respor1s .e  t u  
a d d i t i o n  o f  h i g h  c o n c e n t r a t i o n  a f  I r o n  t o  t h e  g r o w t h  m e d i u m .  I n  
f a c t ,  a d e c e i s i v e  e f f e c t  of a d d e d  C:C12 o n  g r c t w t h  w a s  e : f h i b i t e d  c i n l y  

t:) w h e n  t h e  F e  c o n c e n t r a t i o n  w a s  g r e a t l y  e n h a n c e d  ( F i g .  4:) .  

F i 4 : E f f e c t  o f  CO2- a n d  F e  a n  g r o w t h  r a t e  of I ~ . o c h r y s i s  -q. 
a 

I ~ . c t c h r . y z . i c .  v.!as grcwr-I o n  ASM m e d i u m  i n  h a t c h  c u l t - y e d i r k  - lClL 
f l a s k s  a t  2 7 q T - u n d e r  c o n t i n u o u s  i 1 l c l m i n a t i o n  o f  3 0 0 E  rn sec a t  
t h e  c u r f a c e  o f  t h e  f l a s k s .  T h e  Fe l e v e l s .  i n  t h e  g r c l w t h  m e d i u m  
a n d  t h e  t y p e  o f  a i r a t i o n  w a s  a s  i n d i c a t e d  i n  t h e  f i g u r e .  

T h e  c ~ p t i m a l  grot ,v th c c ~ n d i t i c ~ n s  f I s c i c h r y s i s  sp, a r e  
s u r n r n a r i i e d  i n  T a b l e  1 .  
1 1 :  1 t i 1 1  q r o l w t h  c o n d i t i o n s  f o r  I s o c h r y s - i s  S P .  
1 .  T e m p e r a t u r e :  2 5 - 2 8 ' ~ .  
2. pH: 5.5.-6.5 11.1i t h  t:';Ni!3 a s  n i  t r s g e n  scaurce .  



3.  b 4 u t r i e n t  m e d i u m :  

v i  tarnin.; 
rr~ g L 

Th i .am i n e  HC1 0.4CIO 
B i o t i n  Cl.100 

Pl2 0 .010  
P l o r ~ c t a l q a l  c u l t q r - e s  o f  I s c r c h r - y s i ~ ,  sp. : 

A t e s t  was d e v e l o p e d  t o  d e f i n e  t h e  d e g r e e  o f  p o s s i b l e  
ccln t a m i  n a t  i a n  c ~ f  t h e  c u l  t u r ~  b y  c h l  o r o p h y t e s  and cyanobac t e r  i a 
( C h l o r e l  l a  s p . !  C h r o o c o c c u s  s p . ? .  T h e  t e s t  was b a s e d  on t h e  f a c t  
t h a t  I s o c h r y s i  5 ,l i k e  o t h e r  c h r r s a p h y t e s ,  c o n t a i n  f u c o x a n t h i n  as  a 
ma . - i c r  x a n t h o p h y l  1 .  

F i q .  5 : F t ~ c o ~ ~ ~ u n t h i n  - C42H58C16 
When tuco:.:a.n t h  i n  i s a c  i d i  f i e d  and h e a t e d ,  t h e  5.6 e x p o x  i d e  

u r f d e r g o ~ s  i s . c m ~ r - i r a t i c ~ n  t c r  a S,8 f o r m  w i t h  s t rang  a b s a r t t a n c e  i n  
t h e  r e d .  The s p r e c t r u r n  o f  t o t a l  c a r t e n o i d e s  - i s o l a t e d  f r o m  
I z c l r _ h r ; ~ ~ = . i  5 qal t fana t r e f c ~ r  a n d  a f t e r  a c i d i f y i n g  and h e a t i n g ,  reveals 
t h a t  a s h i f t  i n  t h e  p e a k  f r o m  445nm t o  430nm t a k e s  p l a c e , t y p i c a l  
for t h e  r e a r a n g e r n e n t  clf 5!5 e x p c l x i d e  t o  t h e  5,8 f a r m .  A h s o r b t i o n  
s p e c t r u m  s f  t h e  t o t a l  p i g m e n t s  e x t r a c t e d  f r o m  I s o c h r r s i s  qal bana 
is.  s h o w n  i n  F i g .  6. Upon a c i d i f i c a t i o n  and h e a t i n g ,  t h e  5 - h i f t  a t  
445nm and a p e a k  a t  7 1 0 n m  a p p e a r e d .  T h e s e  w e r e  m i s s i n g w h e n  
p i  yrnrntc e x t r a c t e d  f r o m  Mona1 l a n t h u s  z.p. ; S c e n e d e s m u s  ah1 i q u u s  ; 
C : h r o o c o c c u s .  c:pL a n d  &l a r e 1  l a s p .  w e r e  t r e a t e d  s i m i  1 ar 1 y. 



F i q .  6 : A b s o r b t i o n  s p e c t r u m  o f  p i g m e n t s  e x t r a c t e d  f r o m  
I r o c h r y s i c .  , a f t e r  a c i d i f  i c a t i m n  a n d  h e a t i n g .  

T h e s e  c h a n g e s  i n  t h e  r a t i o  o f  a b s o r b t  i o n  o f  c h l o r o p h y l  1 a 
! 6 7 0 n m >  t o  a c  i  d i  f i e d  a n d  h e a t e d  f u c o x a n t h  i n (71Clnm> m a d e  i t 
p o s s i b l e  t c ~  s e t  c ~ n e  c o m p o n e n t  o f  a  " p u r i t y  p r o f i l e "  o f  I s o c h r y s i r  - a task !a.!hich i s  c c l n ~ . i d e r e d  e s s e n t i a l  f o r  t h e  d e v e l o p m e n t  o f  t h e  
b i o t e c h n o l o g y  f o r  i t s  p r o d u c t i o n .  O f  c o u r s e ,  t h i s  c r i t e r i o n  i s  n o t  
.z.u i t 3 . t l l  e t o  d i  s t  i r1g1J i ~ . h  I s u c h r y s i  s f r o m  o t h e r  s p e c  i e s  c o n t a i n i n g  
f u c o x a n t h  i  n .  

C h a p t e r  2 
O p t i m i z a t i o n  o f  q r o w t h  o f  N a n n o c h l o r o p s i s  s a l  i n a  - - - -- . --- - -- . - .- -- -- - --- 

gr-qen urtd.er 1 a t l o r a t o r . y  c c t n d i  t i s n ~ .  
C u l t u r e s  o f  I . ~ I a . n n o c h l o r c ~ p ~ j s  s a l  i n a  w e r e  g r o w n  i n  g l a s s  t u b e s  

40mm i n  d i a m e t e r ,  c a r b o n  a n d  s t i r r i n g  t i e i n g  p r o v i d e d  by a  s t r e a m  
f a i r + 2 . 0 %  KO7 l.:,lhich !.?,!as b u b b l e d  t h r o u g h  t h e  c u l t u r e  a t  a  r a t e  o f  
10 l i t .  rn i n" . I 1  l u m i n a t  i o n  w a s  p r c t v i d e d  by  c c ~ o l  w h i  t e  
f l u o u r e s . c e n t  l i g h t  w i t h  i n t e n s i t s  o f  l ~ ~ ~ ~ ~ / m ~ ~ , ~ ' s - ' i t t  2 8 ' ~ .  L l n d e r  
t h e 5 . e  c o r r d i  t i o n s ,  g e n e r a t  i o n  t i m e  a t  l o g  p h a s e  w a s  22h i n  a  m e d i u m  
b a s e d  ctn a r t i f i c i . 3 1  s .ea w a t e r .  
a .  T h e  g r o w t h  o f  N a n n c t c h l c ~ r o p s i s  5 . a l i n a  a s  a  f u n c t i o n  o f  
t e m p e r a t u r e .  

F i q .  7 : T h e  e f f e c t  c i f  t e m p e r a t u r e  o n  t h e g r o w t h o f  
t \ l a n n o c t ~ l n r @ . p ~ . . i  C. s a l  i na. . 

N a n n o c h l o r o p s i s  s a l i n a  w a s  g r o w n  i n  t e s t  t u b e s  i n  a  -- .. . . .. -- 
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b l a n n o c h l  o r c t p s i  5, s a l  i n a  c u 1  t u r e s  w e r e  g r o w n  o n  3. r o t 2 . r ~  
z . h a k e r  a t  1 8 0  r . p . m . ,  t l e i n g  i 1 l u m i n a t e d  w i  t h  c o o l  w h i  t e  - 2 - 1  
f 1 u c l r e s c e n t  1 i g l i t  a t  50 p E, m s e c .  T h e  p H  o f  t h e  a r t i f i c i a l  s e a  
! .< . ta te  m e d i u m  (c .ee  F i g .  1:) 1,1.!aa a d . j t ~ s t e d  t w i c e  d a i l y ,  w i t h  0 . 1  PI 
NaOH o r  HC1. G r o w t h  r a t e  w a s  m e a s u r e d  i n  t h e  logar  i t h r n i c  pha5 .e .  
E r r o r  b a r s  i n d i c a t e  d a t a  r a n g e .  

T a b l e  2: Summary  ctf o p t i m a l  q r o w t h  c o n d i t i o n s  f o r  
N a n n o c h  1 c t r o p s  i s ~ a l  i n a  u n d e r  c a n  t r o l  1 e d  c o n d i  t i o n s  

V a r  i a b l  e  Up t i mum -- - R a n q e  p e r m i  t i n q  q r o w t h  
t e m p e r a t u r e  28 c 1 7  - 32 C 
P H  '7 . [I C ,1.0-10.5 
N a C l  C c ~ n c e n t r a t i c ~ n  [I . 61.j 0  , 1-1 . 011 
b l i  t r a t e  c c ~ r ~ c e r t  t r a t  i C I ~ I  1  0mt-l 3 . 0  - 1 0  0ml.1 
N a - B i  c a r b c ~ n a t e  0  . 5rnl-1 0  .2 -5mt.1 

d. M a i n t a i n i n g  r n o n o a l q a l  c u l t u r e s  : 
H.  .=.a1 i n a  i 5- a  z.mal 1 m i  c r o a l  g a ,  r n e a s u r  i n g  1p i n  d i a m e t e r .  ----- 

u n d e r  r e g u l a r  1 i g h t  m i c r - , o s c o p ~ ,  i t  i s  v e r y  d i f f i c u l t  t o  
d i z . t i r t g 1 J i r . h  frrllr~~ zn.ta.11 r t ~ t r ~ d i v i d i r ~ g  c e l l s  o f  C : h l ~ r e l l a  s p .  ~ ~ t h i c h  
a r e  c . u c . p e c t e d  t o  b e  common c o n t a m i n l c 4 o  i n  c u l  t u r e s  o f  N. s a l  i r t a .  

8-. .=.earth irtg fnr. d i  r.t i n g u i  s h i n g  f e a t c r r e r . ,  N. s a l  i n a  c e l  1  s w e r e  f o u n d  
t u  f l u o r e s c e  t t r i g t r t  r e d  !,.ti t h  i n c i d e n t  i 1  l u m i n a t i s n  o f  450 -490nrn  
~ i e ! ? . ! ~ . d  w i t h  a  - f i l t e r  t r a r r s r n i t t i n g  l i g h t  b e t w e e n  5 1 0 - 5 2 0 n m .  L l n d e r  
t t ie5 .e  c c ~ n d i  t i  on.:, t h e  c h l  c ~ r c l p l  a s t s  a p p e a r  c r e s c e n t  z - h a p e d  a n d  f 1 a t  
i r t  1.1. s a l i n a ,  c ~ c c u p y i n g  a h c t u t  3 0 - 5 i I X  ctf  t h e  c e l l  v o l u m e .  U s i n g  
p h a s e  a n d  f l u o r e s c e n t  m i c r o s c o p y ,  i t  i s  p o s s i b l e  t o  r e a d i l y  
d i n . t i r t g u i ~ . h  t~et(.,.!c-.ert I.1. z . a l i n a  a n d  C : h l o r e l l a  , d i a t o m s ,  b l u e - g r e e n  
a 1 g a e  , a n d  -,._F'or I:! tiy.rj..d i  um - a  1 1 common c o n  t a m  i n  a n  t s i n  s u  t d o o r  
c t ~ 1 t u r . e ~ .  uf bl. z . a l i r 1 3 .  

e .  U u t d o o r  c u l  t u r - 5  . 
I d .  s a l i n a   as c c l l t l ~ r e d  c ~ u t d o o r s  i n  l m  m i n i p o n d s  d u r i n g  t h e  

F a l l  o f  1 9 1 3 ,  a n d  i n  t h e  f c ~ l l o w i r t g  S p r i n g  ( F i g .  10 : ) .  ' 

F i 1 0  : Gro(.:tth o f  o u t d o c t r  c u l  t u r e s  o f  N. s a l  i n a  as r e 1  a t e d  -12. 
t o  t h e  a v e r a g e  d a i  l :>* t e m p e r a t u r e  .e- F a l l  1 9 8 3 .  A - S p r i n g  1 9 5 4 .  



Arr-clr~ss.: 1 - c u l  t u r - e  d i l u t e d  f r o m  70 t o  8Cr 1 .  
2 - c u l  t u r e  d i  l u t d e  f rm 80 t o  100 1 .  
3 - s t a r t  ctf CO b u t l b l i n g .  
4 - S a . i l u r e  o f  e l e c t r i c i t y  - p a d d l e  no t  o p e r a t i n g .  

T h e  pclnds w e r e  gl ass c c l u ~ r e d  i n t h e  Fa1 1  , and w e r e  u n c o v e r e d  
b u t  h e a t e d  i n  t h e  S p r i n g .  U n d e r  t h e  c o v e r ,  i l l u m i n a t i o n  was 
r e d u c e d  by  c a .  50X b u t  t h e  t e m p e r a t u r e  was h igher -  t h a n  a n h i e n t  
t e m p e r a t u r e  br 6 t o  10 C .  In t h e  spring, t h e  pH u~as  c o r r e c t e d  e a c h  
day fccr. ,-I - . C u l t u r e  medium c o n t a i n e d  t h e  m a c r o  and t h e  
r n i c r G e l e r n e n t s  as  d e t a i l e d  f F i g .  1.  The salt c o n t e n t  o f  t h e  
s p r  irtg c u l  t u r e  w.3.r e l p u e t e d  t c ~  0 . d  M. 

I t  t?,~as a l s c l  a t t e m p t e d  t o  g r o w  N. sal ina in mid-winter. 
C;rcl!J.!th w a s  slat..*!, b u t ,  i n i t i a l l y ,  t h e  c u l t u r e  r e m a i n e d  r e r n a r k ~ b l y  
m o n o a l  g a l  . kf  t e r  n i n e  days ,  h o w e u e r ,  a p r o 1  i f e r a t  i o n  o f  
c c ~ n t a m i n a t i n g  a l g a l  s p e c i e c .  ~,l.:ras e l , ~ i d e n t ,  p a r t i c u l a r l y  o f  d i a t o m s  
and c h l ~ r e l  13.-1 i k e  s p h e r e s .  We b e 1  i e u e  t h e  d e c l  ine o f  t h e  c u l t u r e  
g r o w n  i n  t h e  u p e n ,  u n h e a t e d  pond w a s  due t o  t h e  low t e m p e r a t u r e ,  
and t h e  p r o 1  iferat i o n  of c o n t a m i n a t i n g  a l g a l  s p e c i e s  s e e m s  t o  h a v e  
r e f  1 e c t e d  on t h e  p o o r  s t a t e  clf t h e  c u l  t u r - e .  

C h a ~ t e r  3 - -- 
S c r e e n i n q  C h l a r e l l a  s t r a i n s  f o r  h i q h  l i p i d  p ~ a d u c t i a n  
F o u r  G h l o r e j J - 3  s t r a i n s  h a v e  h e n n  t e s t e d  so f a r ,  a5 fallok~s: 

1 . C:hl r l r e 1  1 a mar. i rta 22 1P27 
2.  s h l o r e l l a  sal ins 211/25 
3 .  Ct l l  C l r . F l  1 a C l u a l i  21 1/21P 
4 .  _ C h l @ r e l l _ a  s p .  - i s ~ l  ated f r o m  a l o c a l  s o u r c e  o f  a1 k a l  i ne  
b r a c k i s h  wattr . .  

T t w  b a s i c  app roach  i s  t o  f i r s t  s c r e e n  a g r e a t  number o f  
s t r a i n s .  f e r  t h e i r  p o t e n t i a l  a f  p r o d u c i n g  biomass o f  h i g h  l i p i d  
c c l r ~ t e n t  ~ : l i  t h o c r t  ~ ? : ~ - r . t i n g  c . p e c i a l  e f f c l r t s ,  a t  t h i s  s t a g e ,  i n  
~ p t i m i z i n p  e x a c t  ~ r . c l ! . ~ . ~ t h  c a n d i t i o n ~ .  and n u t r i e n t s  r e q u i r e m e n t s  f o r  
t h e  t e s t e d  t r p e  z... 

A1 1 c _ . t r a i r c ~ .  w e r e  i n i  t i a l  lr QPDWTI u n d e r  t h e  same condi t i o n s ,  
I . e .  - 3 U  C ,  e n r i c h e d  sea  w a t e r ,  2% CD2 and 8000 Lux .  T e s t i n g  t h e  
t ~ r n p e r a t f ~ r ~  c lp t  irrta o f  t h e  d i f f e r e n t  s t r a i n s  r e v e a l e d  some 
 difference^., a s  ~hw!.'!n in F i g .  1 1 .  

F i q .  11: The e f f e c t  o f '  temnerature on the clrowth o f  C .  s a l i n a ,  
C .  marina and C. sp. 



2 m l  c v l  t u r e s  o f  t h e  d i f f e r e n t  s t r a i n s  g r o w n  i n  ASW w e r e  
i n c u b a t e d  i n  a t e m p e r a t u r e  g r a d i e n t  b l o c k ,  a n d  i l l u m i n a t e d  f r o m  
t l e l o w  b r  c o o l  u ~ h i  t e  f l u o r e s c e n t  1  i g h t .  T h e  c e l  1s w e r e  c o u n t e d  
m i  c r c t s c o p  i c a l  1 :Y a f t e r  3 t o  5 d a y s  o f  i n c u b a t i o n .  

Tcl o b t a i  n  t h e  1  i g h t  s a t u r a t  i cln c o n ~ . t a n s  o f  t w o  of t h e  m o r e  
p r c t m i s i n g  C t ' , l o r e l  l a  s t r a i n s ,  t h e  1 i g h t  r e s p o n s e  c u r v e  w a s  
d t e r m i n e d  ( F i g .  1 2 ) .  

F i s .  1 2  : L i g h t  C I J ~ V ~ S  c ~ f  C. m a r i n a  o -  a n d  C .  s p .  * - .  
C:ul t u r e s  g r o w n  i n  e n r i c h e d  s e a  w a t e r  w e r e  h a r u e s t e d  a n d  r e s u s p e n d  
i n  f r e 5 . h  r r ~ e d i u r n ,  c n r ~ t a i r ~ i r ~ g  0.5ml-1 o f  blaHC%. Ot e v o l u t i o n  r~,las 
m e a s u r e d  h;v, c l o c k  t y p e  o x y g e n  e l e c t r o d e  i n  a  t e r m o r e g u l a t e d  g l a s s .  
[ :e l  1s \&!ere k e p t  a t  25 C a n d  1 i g h t  i n t e n s i  t y  w a s  m a n i p u l a t e d  u s i n g  
n a t u r a l  den5 . i  tr f i 1 t e r s  o f  d i f f e r e n t  E%I.D. 

C l  e.ar.1 r ,  t h e  t r .w  C : h l o r e l  1  a  s t r a i n s  e x h  i h i  t a  v e r y  g o o d  
r e s p o n s e  t o  h i g h  1 i g h t  i n t e n s i  i t i e s .  C h l o r e l  l a  s k  i n  p a r t i c u l a r  
r e c . p c l n d e d  v e r . ,  1,,;le1 1 t o  i n c r e a s i  r ~ g  l i g h t  i n t e n s i  t y ,  a n d  u p  t o  2200 
BE, m - "  ~ e < '  , a r a d i e n t  f l u s  w h i c h  r e p r e s e n t s  t h e  p e a k  o f  s o l a r  
i r r a d i  e n c e  d 1 ~ r . i  r i g  t h e  s u m m e r ,  a n  i n c r e a s e  i n  1  i g h t  i r 1 t e n s . i  t y  
r e G . u l  t e d  i n  e n h a n c e d  p h o t o r r n  t h e  t i c  a c t  i u i t y .  S u c h  a  r e s p o n s e  t o  
h i g h  1 i q h t  i r . l t e r t ~ . i  t y  makes.  t h i s  s t r a i n  a p r o m i r i n g  c a n d i d a t e  f c t r  
o u t d o o r  p r o d u c t i o n  o +  b i o m a s s .  T h i s  s t r a i n  w a s  i s o l a t e d  f r o m  o u r  
1 cgcal SP i r u 1  i r~a. p o n d s  a n d  w a s  c c t m p a r e d  t o  t h e  m a r i n e  s p e c  i ec. i n  
i t s  a b i l i t y  t o  g r o w  i n  e n r i c h e d  s e a  w a t e r .  P r e l i m i n a r y  r e s u l t s  
~ . u g g e z . t  t h e r e  waz. n o  s i  g n  i f i c a r ~ t  e f f e c t  o f  t h e  s a l  t c o n c e n t r a t i o n  
o n  t h e  g r o w t h  r a t e .  A n o t h e r  r e a s o n  w h y  we b e l i e v e  t h i s  s t r a i n  t o  
b e  o f  p a r t i c u l a r  p o t e n t i a l  for p r c ~ d u c t i o n  o f  b i o m a s s  r e l a t e s  t o  
i t s  a b i  1  i t y  t o  u s e  b i c a r b o n a t e  a n d  i t s  p r o v e n  to1 e r a n c e  t o  h i g h  
p H .  U n d e r  o u t d o o r  c c t n d i  t i o n s ,  c u l  t u r e s  g r o w i n g  a t  h i g h  p H  m e d i u m  
b u f f e r  bv  t h e  c a r b o n a t e  s y s t e m  \ ~ J o U l d  b e  a d u a n t e g e o u s  f r o m  s t a n d  
p o i n t  o f  c a r b o n  n u t r i t i o n .  

A n  a d d i t i o n a l  a d v a n t a g e  o f  t h i s  C h l o r e l l a  s t r a i n  i s  i t s  l i p i d  
c o n t e n t ,  w h i c h  I.A!.~.S f o u n d  t o  b e  16:/ o n  d ry  w e i g h t  b a s i s .  S i n c e  t h i s  
1 i p i d  c c t n t e n t  w a s  p r e s ~ n t  p r i o r  t o  a t t e m p t s  t o  m a n i p u l a t e  i t b r  
n u t r i e n t  l i m i t a t i o n s ,  i t  i s  f e l t  t h a t  t h i s  s t r a i n  r e p r e s e n t s  a n  
i n t e r e s t i n g  c a n d i d a t e  f o r  m o r e  d e t a i  l e d  s t u d i e s .  



C h a p t e r  4 
l i p i d - d r t e r m i n a t  i o n  

T h e  p r o c e d u r e  f o r  d e t e r r n i n a t i c l n  oS t h e  l i p i d  c a n t e n t  w a s  as 
f 0 1 OO~JJS : r ~ d  a s I-I t d and 1 y ~ p h y l  i z e d  a 1  gae sarnpl e s  w e r e  
s o x l ~ t - e x t r a r : t ~ d  w i t h  c h l ~ r o f c ~ r r ~ - m e t h a n o l  ( 2 : 1 >  f c l r  2 hours. T h e  
5.01 v e n t  m i x t u r e  w a s  washed a c c o r d i n g  t o  t h e  F a l c h  m e t h o d ,  w i  t h  
O .PX  s.al  i r t ~  s c f l  u t  i ctn. The s o l u e n t  w a s  e v a p o r a t e d  a n d  t h e  r e s i  d u e  

A .  I - ~ ~ o ~ h r - y 5 i  5. : 
C:ul t u r e s  i n  s t a t i o n a r y  phase w e r e  f o u n d  t o  c o n t a i n  18.5 ,  17.8 

and  24.'?% 1 ipid.; !on dry  weight b a s i s )  1 d e p e n d i n g  on growth  
c c f n d i  t i ons .  C w t a i  1 C. c ~ f  t t i e  e x p e r - i m e r t t  shclw t h a t  air -bubbled 
c u l t u r ~ s  c o n t a i n e d  t h e  e x p e c t e d  1 9 . 6 X  l i p i d s ,  w h i l e  a d d i n g  1% C O a  
t c j  t h e  a i r -  ~ . t r p a r n  r ~ s u l  t e d  i n  i n c r e a s i n ~  1 i p i d  c o n t e n t , u p  t o  
24.73.:. I n  o r d e r  t~ a s c e r t a i n  t h a t  no l o s s  o f  v o l a t i l e  
h ~ d r d c a r t l c l r i e z .  c l c c u u r - e d  d u r i n g  I r o p h ~ l  i z a t  i o n ,  t h e  1 i p i d  e x t r e c  t sf 
2 sampl ef. l..@.~as 1 y a p h r l  i z e d  under  s i m i  1 a r  c a n d i  t i  ons,  a n d  t h e  
r P s . u l t 5  s.tt01~ued t h a t  ria m o r e  t h a n  4% o f  t h e  l i p i d a i r ]  each s a m p l e  
w a s  I cts t . 

T o  f u r t h e r  a ~ . r ~ r t a i n  t h a t  r ~ o  1 i p i d s  r l e f t  a f ' t c r  t h e  
me t h a n 0 1  - c h 1  c r ~ f n r r n  e s  t r a c t  i o n ,  t h e  residue i n  some e x p e r i m e n t s  
!?..la5 f u r t h e r  e x t r e c t e d  l..:~ittt ch1c~ro fc l r .m-methano l -HCI  ( 2 C I O : l O O : i )  
a c c o r d i n g  t o  D u b i n s k y  and A a r o n s n n  ( P h y t o c h e m ,  18:51-2, 1979) who 
c l a i m  t o  h a u e  r ~ c o ~ ~ ~ r e d  addi t i o n a l  arnctunts  clf  l i p i d s  u s i n g  t h i s  
t r e a t m e n t .  The a d d i  t ictnal 1 i p i d  t h a t  t h  i 5 t r e a t m e n t  y e i  l d e d  
h c l ~ . ~ ~ v e r -  t!ma. i n  t h t  r a n g e  o f  I % ,  ar td  e u e n  t h a t  c o u l d  h e  p a r t i a l l y  
a t r i b u t ~ d  t o  s c ~ l u e n t  i m p u r i t i e s .  

ACfl"' t r a m  i r n n  d e f f c c i e n t  c u l t u r e  wsnr f o u n d  t o  c o n t a i n  13.4% 
1 i p i d s ,  i n  c o n t r a s t  t o  a c o n t r o l  c u l  t u r e  w h i c h  c o n t a i n e d  u n d e r  
s i m i  l3.r ~ c l r ~ d i  t i ~ l r i c - ~  c l ther -  than t h e  i r o n  c o n t e n t ,  l P , 3 %  1 i p i d s .  
8 .  P~la.rtnc~c Is 1 nr-~!,gl-.z. i  s 5-31 i 1 7 3  

I n  t h e  t . !  c u  1 t u r p s  grc lwn CIU t d c ~ c ~ r s  ( c o v e r e d  and u n c o u e r e d )  
t h e  1 i p i d  c a n t e n t  w a s  24.2%. 

Fell lol.~.! ir tg 3 dass o f  w i  t h h o l d i n g  n i  t rcc lgen, ncl s i g n i f i c a n t  
e f + e c t  o n  t h e  1 i p i d  c o n t e n t  could be r e s o l v e d .  I n  a n s t h e r  
e x p e r .  i m e n  t , d i  f f e r e r t t  1 el..re15 f 5 e v e r a l  S O U ~ C ~ S  o f  II i t r a t e  
n i t r o g e n  h a d  no s i g n i f i c a n t  e f f e c t  on t h e  l i p i d  c o n t e n t .  

Thus u n d e r  1 a t l o r a t c ~ r - Y  c o n d i  t i ens, n  i t r c ~ g e n  d e p r  i v a t  i on i n  N. 
~ s l i n a  r ~ s u l t e d  i n  25.8, 26.5, 24.5 and 25.3% o f  l i p i d s ,  a f t e r  8, 
1 4 ,  a n d  21 davz . ,  r e s p ~ c  t i u e  1 y .  Just r e c e n t 1  r ,  h o w e v e r - ,  N. s a l  i na 
d e p r  i l..~ed c ~ f  r~ i t r n g e n  and g r o w n  on s e a  w a t e r  and not on ASIA, was - 
f c l u r t d  tct ccc ln ta in  c a ,  48X 1  i p i d s .  
C:. The 1 i p i d  c o n t e n t  i n  C h l n r e l l a  

C : t ~ l o r ~ r l  13 m a r i n a  - 115.4X 1 i p i d s  --- 
h l l  l a .  a  a  - 15.5% 1 i p i d s  
C h l c t r e l  l a  sq_, - ld . i l% l i p i d s .  
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Important advances i n  m a s s  c u l t u r i n g  of  microalgae on f r e s h w a t e r ,  wastewater 
and braclcish water  o r  s a l i n e  medla(seawater and o r  b r i n e s )  have been accomplished 
i n  t h e  p a s t  35 y e a r s  i n  terms of growth k i n e t i c s ,  c u l t u r e  r e l i a b i l i t y  and 
biomass product ion  rates. It i s  envis ioned  that f u r t b r  improvements 
i n  product ion  r a t e s  ( thus Cncreasing s o l a r  conversion e f f i c i e n c y )  and 
i n  s p e c i e s  c o n t r o l  t o  produce d e s i r a b l e  products ,  can b e  expected. 
S t i l l ,  i n  o rde r  t o  b r i n g  about t h e  r ecogn i t i on  of microalgae product ion  
as a mainstream b io t echno log ica l  i n d u s t r y ,  op t imal  pond des ign  and even 
more so ,  the economically f e a s i b l e  technology of  s e p a r a t i ~ n ~ h a r v e s t i n g  
and process ing  of  t h e  a l g a l  biomass o r  i t s  products  should b e  e s t ab l i shed .  

It is es t imated  t h a t  n o t  less than  a t h i r d  and up t o  80 percent  of t h e  
t o t a l  product ion c o s t s  of microa lga l  biomass o r  i t s  products  a r e  due 
t o  h a r v e s t i n g  and process ing  cos t s .  The exac t  f i g u r e  w i t h i n  tUs range 
depend on the s i z e  of the microalgae,  i t s  i n i t i a l  concen t r a t i on ,  the type  
of growth media, t6e type  and c h a r a c t e r i s t i c s  of the final products ,  
e t c .  

Most microalgae s o l i d  concen t r a t i on  i n  the I ~ a r v e s t a b l e  suspension i n  com~ierc ia l  
s c a l e  outdoor f a c i l i t i e s  r2nge between 0.015 (150 mg/l) and 0.06 pe rcen t  (600mgfl). 
For most uses ,  t h e  d e s i r e d  s o l i d s  concent ra t ion  of t h e  biomass should b e  over  
85 pe rcen t  w i t h  t h e  p o s s i b l e  except ion  of  l i q u i d  s o l v e n t  e x t r a c t i o n  of l i p i d s  
where s o l i d s  concent ra t ion  can b e  less b u t  s t i l l  over  25 percent ,  where h ighe r  
s o l i d  concent ra t ion  is  more des i r ab l e .  In-house uses  such  a s  wet-feeding a r e  
excluded from t h i s  cons idera t ion .  Thus t h e  s o l i d  concent ra t ing  f a c t o r  from a 
pho tosyn the t i c  pond t o  the f c n a l  product  is i n  t h e  range of t h r e e  o rde r s  of 
magnitude and can reach  a f a c t o r  of  over  4000. 



Concentrat ing t h e  biomass s o l i d s  involves  l i qu id - so l id  s epa ra t ion  (water c o n s t i t u t e s  
t h e  l i q u i d  i n  this case)  i n  t h r e e  major s t a g e s ,  namely: (a) removal of free water to 
a l e v e l  of up t o  LO percent  s o l i d s ;  (b) removal of bound water ( cap i l l a ry ,  
i n t e r s t i t i a l ,  e tc) .  t o  l e v e l s  of between 13 and 25 percent  s o l i d s ,  and (c) removal 
of hydrat ion and c e l l u l a r  waters  up to- f u l l  dryness o r  commercial dryness of over  
85 pe rcen t  s o l i d s .  Since the  cost  t o r  each percent  of water removed is: 
exponent ia l ly  increased  i n  each ascending s t age ,  it is  v a s t l y  uneconomical t o  
"skip a s tage".  It w i l l  be  very  c o s t l y ,  f o r  example, t o  d ry  
s l u r r y  of t w o  percent  s o l i d s  without  applying th ickening  and dewatering 
techniques t o  produce a cake of a t  least 14 percent  as it  w i l l  be  very 
expensive t o  directly centr i fuge pond suspension conta in ing  0.03 
percent  s o l i d s  t o  produce a cake of 18 percent  s o l i d s  without f i r s t  
s epa ra t ing  the biomass t o  produce a s l u r r y  of 4 t o  8 percent  s o l i d s .  

The f i r s t  s t a g e  of removing most of t h e  f r e e  water  from the pond 
suspension i s  t h e r e f o r e  most e s s e n t i a l  as concent ra t ing  f a c t o r s  of 
between 100 and 300 a r e  a t t a i n a b l e  a t  r e l a t i v e l y  reduces c o s t s .  
Various techniques and cons idera t ions  a r e  shown and discussed i n  
t h i s  paper ,  p a r t i c u l a r l y  w i th  r e spec t  t o  micro-algae of smaller 
sizes that cannot be removed by v i b r a t i n g  screens  and s t r a i n e r s .  
The at tempt  t o  s epa ra t e  marine microalgae by autofLoccuLation 
a s  well as by chemical f l o c c u l a t i o n  followed by sedimentat ion and 
f l o t a t i o n  is emphasized s i n c e  t h e  i o n i c  strength of sea w a t e r  
g r e a t l y  i n t e r e f e r e  w i th  chemical coagula t ion  and f l o c c u l a t i o n  
which have been commonly used i n  t h e  sepa ra t ion  of f reshwater  
and wastewater borne microalgae. Experiments w i th  o t h e r  
techniques such a s  ozonizat ion and c h l o r i n a t i o n  as w e l l  as sand 
f i l t r a t i o n  and micros t ra in ing  are summarized and discussed. 



2. EEE-AL WORK - CURRENT RESEARCH 

The combination of a very  small s i z e  and a marked s u r f a c e  e l e c t r i c  charge 
of marine microalgae tend  t o  keep the c e l l s  i n  s t a b l e  suspensions,  and ques- 
t i o n s  t h e  use  of d i r e c t  phys i ca l  s epa ra t ion  techniques such a s  f i l t r a t i o n ,  
sedimentat ion o r  f l o t a t i o n .  Pre l iminary  experiments showed that desta-  
b i l i z a t i o n  and f l o c c u l a t i o n  of  the marine microalgae I s o c h r y s i s  gaLbana 
is an important and e s s e n t i a l  procedure i n  the sepa ra t ion  and ha rves t ing  
processes .  

Organic polymers as w e l l  a s  inorganic  f l o c c u l a n t s  were used i n  s t anda rd  
j a r  tests, i n  order  t o  determine t h e  a l g a e  f l o c c u l a b i l i t y  p o t e n t i a l  and 
s e l e c t  the b e s t  f l o c c u l a n t  f o r  d e s t a b i l i z a t i o n  of I. galbana suspensions. 
The f l o c c u l a t i o n  process  i n  marine environment was found t o  b e  d i f f i c u l t ,  
ev iden t ly  due t o  h igh  s a l t  content  of t h e  c u l t u r e  medium, and the h igh  
m o t i l i t y  of  t h e  marine microalgae I. galbana. 

Therefore,  p a r t  of t h e  r e sea rch  was dedicated t o  e l u c i d a t e  the e f f e c t s  
of marine media and a lgae  c e l l s  m o t i l i t y  on t h e  f l o c c u l a t i o n  p roces s  and 
t o  f i n d  o u t  improved combined procedures i n  o rde r  t o  reduce t h e  h i g h  
inorganic  f l occu l&ts  demand. These procedures included the u s e  of 
polymers i n  conjunct ion with ino rgan ic  f l occu lan t s  and ox ida t ion  treatment 
p r i o r  t o  t h e  f l o c c u l a t i o n  process.  

The r e s u l t s  of t h e  f l o c c u l a t i o n  s t u d i e s  a r e  being p r e s e n t l y  used i n  the 
s e l e c t i o n  of ha rves t ing  techniques and will b e  included i n  the forthcoming 
ha rves t ing  experimental  program which w i l l  b e  based on bench s c a l e  experi-  
ments: Lamella s e t t l i n g  sepa ra t ion ,  d i sso lved  air  f l o t a t i o n  and micro- 
s t r a i n i n g .  

2 .1  Marine Microalgae F loccula t ion  

2.1.1 Spec ia l  Problems of S a l i n e  Media 

The extreme chemical condi t ions  of marine w a t e r  ( s a l i n i t y  upto 36 g&, 
i o n i c  s t r e n g t h  of 0.7 and high concent ra t ions  of magnesium, calcium, and s u l f a t e )  
impose s p e c i a l  problems in t h e  marine microalgae f l o c c u l a t i o n  process .  
S tud ie s  of the s a l i n i t y  e f f e c t s  on microalgae f l o c c u l a t i o n  a r e  repor ted  
in this chapter  and t h e . n a t u r e  of these e f f e c t s  is  e luc ida ted .  

I. .giL3ana c u l t u r e s  w e r e  grown batchwise i n  Thomas medium e i t h e r  under 
l a b o r a t o r y  condi t ions  o r  i n  outdoor ponds. Cul tures  of h i g h  c e l l  d e n s i t i e s  
were d i l u t e d  with f r e s h  media which contained d i f f e r e n t  s e a  sal t  concen- 
t r a t i o n s  t o  o b t a i n  cons tan t  f i n a l  c e l l  dens i ty  a t  d i f f e r e n t  i o n i c  s t r e n g t h  
condit ions.  Tkese c u l t u r e s  were examined in f l o c c u l a t i o n  tests us ing  
d i f f e r e n t  f l o c c u l a n t s  (1). 



Inorganic  f l o c ~ u l a ~ t s .  3 i f f e r e n t  i o n i c  s t r e n g t h  condi t ions  were obtained by 
d i s so lv ing  var ious  amounts of s e a  s a l t  i n  water. The i o n i c  s t r e n g t h  (I) of a 
given medium is ca l cu la t ed  by t h e  equat ion  I = % Z C ~ Z ~ '  where Ci is the 
molar concent ra t ion  of t h e  i- th i o n  and Z i  i ts  valency, 

T h e  e f f e c t  of var ious  i o n i c  strength condi t ions  (I) on 1.galbana f l o c c u l a t i o n  
w i t h  alum (Al (SO ) 18H20) and f e r r i c  c h l o r i d e  (FeC13) at  pK 5.5 is 
shown i n  Fig. '1. 4 ~ 2 e  dosages irhich are requi red  f o r  an optimal. a l g a e  
removal (final o p t i c a l  density below 0.03) at various i o n i c  strength 
condi t ions  a r e  given i n  Table 1. Inorganic  f l o c c u l a n t s  opt imal  dosages 
inc rease  as the medium i o n i c  s t r e n g t h  inc reases   able 1) .  

Table 1: The e f f e c t  of var ious  medium i o n i c  s t r e n g t h  cond i t i ons  on opt imal  
dosages f o r  I. galbana f l a c c u l a t i o n  by  f e r r i c  c h l o r i d e  and du rn  

Medium I o n i c  
Strength 

I 

Optimal dosage f o r  f l o c c u l a t i o n  
mM 

Alum F e r r i c  Chloride 

The a lgae  f l o c s  wh ich ' a r e  obtained by f e r r i c  c h l o r i d e  are much s t r o n g e r  and 
b igge r  than these obtained by  alum. F e r r i c  c h l o r i d e  g ives  yel low colour  t o  
the algae f l o c s  and over dosages .give such  co lour  t o  the effluent. F e r r i c  
c h l o r i d e  and alum opt imal  dosages f o r  I.g;rlbana f l o c c u l a t i o n  i n  sea water  
medium (I=0.7) a r e  0.77 d1 and 0.34 mM r e s p e c t i v e l y  and a r e  similar and 
even h ighe r  than t h e  opt imal  dosages f o r  wastewater systems where o rgan ic  
subs tances  i nc rease  t h e  f l o c c u l a n t s  dosages demand (2,3).  

A l i n e a r  r e l a t i o n s h i p  (r=0.968) was found between the medlurn i o n i c  s t r e n g t h  
and a lum opt imal  dosages f o r  a l g a e  f l o c c u l a t i o n  (Fig. 2).  A c t i v i t i e s  of t o t a l  
aluminium Lons were ca l cu la t ed  f o r  t h e s e  alum opt imal  dosages and w e r e  
exponent ia l ly  r e l a t e d  wi th  t h e  medium i o n i c  s t r e n g t h  ( ~ 0 . 9 2 4 ) .  These 
r e s u l t s  i n d i c a t e  t h a t  h igh  salt concent ra t ions  i n h i b i t  t h e  f l o c c u l a t i o n  process  
by both reducing the chemical activity of the flocculant and by masking of its 
func t iona l  a c t i v e  sites. Consequently, t h e  inorganic  f l o c c u l a n t  demands 
inc rease  as t h e  medium i o n i c  s t r e n g t h  is increased.  The high f l o c c u l a n t  demand 
of the m a r i n e  system a f f e c t  the q u a l i t y  of  the algal f inal  product o r  t h e  
processing technology (ex t rac t ion ,  drying e t c )  and obviously w i l l  a f f e c t  
t h e  o v e r a l l  cos t  of the algae sepa ra t ion ,  t h e r e f o r e  some advanced methodology 
t o  reduce the f loccu lan t  dosage was considered and is reported later Ln this ' 

r epo r t .  



FIGURE I: EFFECT OF ?IEDIUM IONIC STRENGTH ON I. GALBANA 

nOCCULATION BY FERRIC CEiLORIDE (ABOVE) AND 

ALm1 (BELOW) 



M e d i u m  I o n i c  S t r e n g t h  - I 

FIGURE 2:  RELATIONSHIPS BETWEEX HEDTUM IONIC STRENGTH AND ALUM 

OPTIMAL DOSE FOR E'LOCCXJIATION 

Organic Po lye l ec t ro ly t e s .  Several c a t i o n i c  polymers which were most e f f i c i e n t  
i n  fresh water ,  such a s  Zetag and Chitosan, were examined and found i n e f f e c t i v e  
f o r  f l o c c u l a t i o n  of I. p,albana i n  a marine system. Reduction of  the sea 
s a l t  concent ra t ion  of  t h e  culture medium improved s i g n i f i c a n t l y  the micro- 
a lgae  f loccu la t ion ,  The e f f e c t  of var ious  sea s a l t  concent ra t ions  on 
polymeric f l o c c u l a t i o n  (Chitosan) is shown in Fig. 3a. Chitosan is e f f e c t i v e  
as a f loccu lan t  only when t h e  i o n i c  s t r e n g t h  of  the c u l t u r e  medium is lower 
than 0.1. The i n t r i n s i c  v i s c o s i t y  [s.] of the ch i to san  a t  var ious  i o n i c  
strength condi t ions  were determined by Ostwald viscometer and are given i n  
F ig .  3b. The i n t r i n s i c  v i s c o s i t y  g ives  information about the ch i to san  polymer 
configurat ion.  A s  t h e  sea s a l t  concent ra t ion  inc reases  (given as ionic  
s t r eng th )  t h e  i n t r i n s i c  s i s c o s i t y  va lue  decreases  r a p i d l y  from 2000d(gr t o  a 
cons tan t  va lue  of 100 mlfgr. These changes of t h e  i n t r i n s i c  viscosity i n  
conjunct ion with t h e  f l o c c u l a t i o n  t e s t s . r e s u l t s  (Fig, 3) indicate that the 
polymer conf igura t ion  is changed from extended linear conf igura t ion  t a  a ' 

randomly- coided polymer. These changes a r e  e v i d e n t l y  caused b y  masking 
and screening  of the polymer funct ional  groups by Fdgh s a l t  concentrat ions.  
Consequently t h e  polymer e f f e c t i v e n e s s  in t h e  f l o c c u l a t i o n  is reduced 
and i n h i b i t e d  by h igh  s a l i n i t y .  



FIGURE 3: EFFECT OF MEDIUM I O N I C  STRENGTH ON I. GALBANA F'LOCCULATION BY 
CHITOSAN POLYMER (A) ALU ON CHITOSAN INTRINSIC VISCOSITY (B) 
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Autoflocculation. Finding t h e  mechanism of autof loccula t ion  and enhancing it 
in p r a c t i c a l  systems, thus reducing o r  e l iminat ing  t h e  need of chemical 
f loccu lan t s  has been long sought a f t e r .  Algal au to f loccu la t ion  process i n  
freshwater  system has been inves t iga ted  t o  provide t h e  base l ine  f o r  f u r t h e r  
app l i ca t ions  in  higher  s a l i n i t y  media L!t,5) , The spontaneous f loccu la t ion  
and rap id  sedimentation of outdoor freshwater  a lgae  c u l t u r e s  is  described 
i n  Figure 4. Algae were grown batchwise i n  outdoor ponds and carbon dioxide 
was added t o  t h e  c u l t u r e  Lo keep a constant  pH of 7.0. A t  t h e  8 t h  day, 
carbon dioxide supply was stopped and the pond a g i t a t i o n  ceased. The 
continuing photosynthet ic  carbon as s imi la t i en  caused a l k a l i n e  condit ions 
which promote autof loccula t ion  of t h e  a lgae  and subsequently r ap id  a l g a l  
sedimentation (Figure 4 ) .  By using autof loccula t ion  simulat ion system t h e  
phenomenon mechanism vas  e luc ida ted  and can be genera l ly  explained by a lgae  
biomass coprec ip i t a t ion  with calcium phosphate nucle i ,  The chemical 
p r e c i p i t a t i o n  is enhanced by t h e  a l k a l i n e  condit ions which a r e  obtained 
in in tens ive ly  photosyhthet ic  a c t i v e  a l g a l  cu l tu res .  The a lgae  calcium 
phosphate i n t e r a c t i o n  i s  explained a s  an e l e c t r o s t a t i c  one (6). 
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Floccula t ion  of marine I. galhana cu l tu res  in an autof loccula t ion  simulat ion 
s y s t e m  was inhib i ted .  The e f f e c t  of various i o n i c  s t r e n g t h  condit ions on 

- 

m&roalgae removal by an autof loccula t ion  simulatiorl system is shown i n  
Figure 5. Ion ic  s t r e n g t h  condit ions h igher  than 0.1 i n t e r f e r e  with the  
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FIGURE 4: GROWTH AND AUT0FZC)CCULATTON OF FRESHMAm MICROALGAE FN 
OUTDOOR POND. (ARROW INDICA2ES POINT OF CEASING TIIE C02 

SUPPLY AND POND AGITATION). 

F I G U R E  5 :  EFFECT OF VARIOUS I O N I C  STRENGTH CONDITIONS ON -1. GALB-MA 
F L O C U I O N  IN A U T O F L O C ~ I O N  Sl lWUTED SYSTEM 



f l o c c u l a t i o n  process  i n  t h e  au to f loccu la t ion  s imula t ion  system. It is suggested 
t h a t  e i t h e r  calcium phosphate p r e c i p i t a t i o n  i s  i n h i b i t e d  by sea sa l t  
concent ra t ions  above 5 g/L o r  t h e  p r e c i p i t a t e  s u r f a c e  e l e c t r i c  charge is 
changed. Subsequently t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  between the a lgae  biomass 
and t h e  chemical p r e c i p i t a t e s  is n o t  obtained.  The au to f loccu la t ion  r e s u l t s  
i n d i c a t e  t h a t  t h i s  process  is  n o t  app l i cab le  t o  a  marine system. However, 
i t  should n o t  b e  r e j e c t e d  o u t  of h d  a s  f a r  a s  b rack i sh  water  Cup t o  5 gfL 
s a l t s )  a r e  considered a s  c u l t u r e  media. For marine systems, v a r i o u s  
modi f ica t ions  of t h e  c u l t u r e  medium, as enrichment w i t h  phosphate salts, 
should b e  considered. 

2.1.2 Combined Floccula t ion  Process  

I n  o rde r  t o  reduce t h e  h igh  inorganic  f l o c c u l a n t  demand of a marine microalgae 
system, combined f l o c c u l a t i o n  processes  were s t u d i e d  us ing  two d i f f e r e n t  
appraaches: 1) combination of polymeric f l o c c u l a n r s  w i th  an  inorganic  
f l o c c u l a t i o n  process ,  2) t rea tment  of microalgae c u l t u r e s  w i t h  oxidants  p r i o r  
t o  t h e  f l o c c u l a t i o n  process.  

Combination of Polymers i n  Inorganic  F loccula t ion .  When low concent ra t ions  
of ch i to san  were used i n  conjunct ion w i t h  inorganic  f l o c c u l a n t  ( f e r r i c  c h l o r i d e  
o r  alum) t h e  f l o c c u l a t i o n  process  was improved and t h e  ino rgan ic  f l o c c u l a n t  
dosages were s u b s t a n t i a l l y  reduced than  when used alone. F igure  6 shows 
t h e  e f f e c t  of 2.5 mg/L ch i to san  a d d i t i o n  t o  I. galbana c u l t u r e  on t h e  
f l o c c u l a t i o n  with f e r r i c  c h l o r i d e  a s  compared with f l o c c u l a t i o n  with f e r r i c  
c h l o r i d e  alone. The f e r r i c  ch lo r ide  dosage demand f o r  95% a l g a e  removal 
was reduced from 200 mg/L where no ch i to san  was added t o  only  50 mgfL when 
2.5 mgfL ch i to san  was added t o  the c u l t u r e  p r i o r  t o  t h e  a d d i t i o n  of t h e  
inorganic f l o c c u l a n t  (Figure 6).  

It was found that higher  ch i to san  concent ra t ions  upto 1 0 .  mg/L w e r e  somehow 
less e f f e c t i v e  than  the lower ch i to san  dosage (2.5 mg/L), and that t h e  o rde r  
of t h e  f l o c c u l a n t s  add i t i on  was of g r e a t  importance, It is  shown i n  F igure  7,  
t h a t  a removal of upto 95% of t h e  a lgae  was obta ined  when the  ch i to san  w a s  
added t o  t h e  f l o c c u l a t i o n  process  p r i o r  t o  t h e  add i t i on  of  50 mg/L f e r r i c  
ch lo r ide .  When f e r r i c  ch lo r ide  w a s  added f i r s t  ch i to san  a d d i t i o n  d id  n o t  
improve t h e  a lgae  removal. S imi l a r  t r e n d  of t h e  f l o c c u l a t i o n  process  
improvement was obtained when ch i to san  was added p r i o r  t o  t h e  a d d i t i o n , o f  
25 mg& f e r r i c  ch lo r ide  (Figure 7 ) .  

These results suggest  t h a t  polymers which a r e  no t  e f f e c t i v e  f o r  microalgae 
f l o c c u l a t i o n  i n  marine system when used a lone  may be important a s  " f loccu lan t  
a ids"  b y  ev iden t ly  being adsorbed t o  t h e  a lgae  sur face .  When low amounts of 
polymer a r e  used, its adsorbance reduces the a lgae  s u r f a c e  e l e c t r i c  charge, 
consequent ly improves inorganic  f l o c c u l a t i o n  process  b y  b o t h  inc reas ing  the 
a lgae  removal percentage and reducing t h e  opt imal  i no rgan ic  f l o c c u l a n t  



F I G U R E  6: E F F E C T  O F  CH'ITQSAN A D D I T I O N  ON I. GALBANA FLOCCULATION BY 
F E R R I C  CHLORIDE 
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FIGURE 7:  E F F E C T  O F  POLYMER A D D I T I O N  ORDER ON I. GALBAiiA JXOCCULATION 
IN CONJUNCTION hTTH EERlUC CHLORIDE 



dosage. The supe r io r  r e s u l t s  of t h e  combined f l o c c u l a t i o n  process  should 
be included whenever microalgae ha rves t i ng  techniques a r e  considered f o r  
a marine system. 

Oxidat ion Pretreatment .  Due t o  t h e  h i g h  m o t i l i t y  of  the microalgae 
I. galbana and t h e  a lgae  s t a b i l i t y  suspensions it was suggested t h a t  an 
ox ida t ion  pre t rea tment  would reduce the a l g a e  m o t i l i t y ,  ckange i t s  s u r f a c e  
c h a r a c t e r i s t i c s  and inprove  its f l o c c u l a b i l i t y .  Seve ra l  ox ida tns  were used, 
namely: c h l o r i n e ,  hydrogen peroxide  and ozone. Tfie first two ox idan t s  d i d  
n o t  improve I. galbana f l o c c u l a t i o n ,  a l though,  hydrogen peroxide a t  25 m g k  
s topped the a l g a e  m o t i l i t y .  Pre t rea tment  by ozone was most e f f e c t i v e  and 
improved t h e  f l o c c u l a t i o n  p roces s  by b o t h  i nc reas ing  the a l g a e  removal 
e f f i c i e n c y  and reducing the opt imal  f l o c c u l a n t  dosage. Fig.  8 shows t h e  
e f f e c t  o f  p re t rea tment  by  2.5 and 4.5 mg 0 /L on I. galbana f l o c c u l a t i o n  
with f e r r i c  ch lo r ide .  Optimal dosages of  2 e r r i c  c h l o r i d e  f o r  the marine 
microalgae f l o c c u l a t i o n  a f t e r  t rea tment  w i t h  d i f f e r e n t  concen t r a t i ons  of 
ozone are g iven  i n  Table  2. 

TASLE 2: EFFECT OF OZONE PRETXEMXEZYT ON FE?XRIC CHLORIDE OPTLNAL DOSAGE 
FOR E'LOCCULATION OF I. GLBANA CPH = 7.0) 

Ozone dose Optimal dosage 
pre t rea tment  of FeC13 

mg 03/L m14 

0 ( con t ro l )  1.4 

Low ozone dosages reduced t h e  op t imal  f e r r i c  c h l o r i d e  dose t o  0.3mM as 
compared t o  l.4mMY where no ozone was appl ied.  Although t h e  e f f e c t  of low 
ozone doses  on a lgae  suspensions i s  still unc l ea r ,  it is suggested that 
t h e  ozone pre t rea tment  causes  some n o d i f i c a t i o n s  of t h e  a l g a e  s u r f a c e  
c h a r a c t e r i s t i c s .  Some mod i f i ca t i on  of  the a l g a e  suspension l i g h t  absorbance 
c h a r a c t e r i s t i c s  are caused by ozone, however, no s eve re  leakage  of  
c e l l s  cytoplasm t o  t h e  c u l t u r e  media could be  measured us ing  o rgan ic  carbon 
ana lyse r  (Table 3 ) .  The d i s so lved  o rgan ic  carbon (DOC) concen t r a t i on  i n  the 
c u l t u r e  media was increased  by  8% a f t e r  5.4 mg 0 were app l i ed  t o  a 200 mg/L 

3 
I. galbana cu l tu re .  Higher dosages of O3 (10.5 mg 03/L) reduced t h e  
DOC by  20%. 

The r e s u l t s  sugges t  t h a t  p re t rea tment  by ozone is an e f f e c t i v e  a l t e r n a t i v e  
combined f l o c c u l a t i o n  process  which shauLd be  considered when microalgae 
h a r v e s t i n g  techntques are t o  b e  s e l ec t ed .  In add i t i on ,  the e f f e c t  of  chlarine 
and o t h e r  ox ida t ion  a g e n t s  sfiould b e  examined when new s e l e c t e d  a l g a e  s p e c i e s  
are s t u d i e d  f o r  their s e p a r a b i l i t y  and h a r v e s t a b i l i t y .  



TABLE 3: E m C T  OF OZONE TREATMENT ON THE DISSOLVED ORGANIC CARBON 
CONC-TION IN CULTURE MEDIUM OF . I. GALi3.QTA 

Ozone dose Dissolved organic  carbon D l f f  erence 
in culture medium from control  

mg 9 [liter mg C/L % 
3 

0 (cont ro l )  10.0 0 

2.5 10.45 +4.5 

5.4 10.8 4-8.0 

6 . 1  a. o -20.0 

10.5 7.8 -22.0 
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E'IGURE 8: WFECT OF OZONE PET- ON THE IMEROVEMENT OF hlARINE 
MICROALGAE ELQC-ON BY FERRIC C ~ O R I D E  



2.2 Microalgae Harvest ing Techniques 

2.2.1 Sedimentation 

The marine microalgae I. galbana has a slow sedimentat ion r a t e  and t h e  
sedimentat ion process  is i n t e r e f e r e d  by the a lgae  m o t i l i t y .  Therefore,  
a f l o c c u l a t i o n  process  is requi red  i n  o rde r  t o  o b t a i n  a lgae  s e p a r a t i o n  
and concent ra t ion  w i t h i n  a reasonable and economical t ime and equipment. 
Our j a r  test experiments were based on sedimentat ion per iod  no t  longer  
than  Jlz  hr.  When t h e  r e s i d u a l  o p t i c a l  d e n s i t y  of c u l t u r e s  was no t  reduced 
by at Least  85% a f t e r  t h a t  sedimentat ion per iod ,  t h e  whole process  w a s  
considered as i n e f f e c t i v e .  Because of the small  s c a l e  of  the experiments 
we could no t  determine t h e  a l g a e  concent ra t ion  f a c t o r  which was obta ined  by 
t h e  f l o c c u l a t i o n  sedimentat ion procedure. Our previous exper iences  (2) 
i n d i c a t e  that t h e  convent ional  sedimentat ion techniques  a r e  i n f e r i o r  t o  
f l o t a t i o n  methods, however, we cons ider  the cons t ruc t ion  and examination 
of lamel la  s epa ra to r  which w i l l  be  combined w i t h  a f l o c c u l a t i o n  equipment. 

2.2.2 F l o t a t i o n  

E l e c t r o f l o t a t i o n .  R e c t i f i e r  and s p e c i a l  e l ec t rodes  w e r e  combined i n  a 
s tandard  j a r  test appara tus  in o rde r  t o  produce t i n y  hydrogen bubbles 
through water  hydro lys is .  Th i s  instrument was used i n  conjunct ion w i t h  
f l o c c u l a t i o n  experiments and t h e  a lgae  removal e f f i c i e n c i e s  were compared 
wi th  p a r a l l e l  runs  of f l o c c u l a t i o n  sedimentat ion experiments.  

The f l o c c u l a t i o n - f l o t a t i o n  process  was found supe r io r  t o  t h e  sedimentat ion 
process  i n  terms of a lgae  removal e f f i c i e n c y  on ly  when l a r g e  and s t r o n g  
f l o c s  w e r e  obtained. Such f l o c s  a r e  ob ta inab le  w i t h  f e r r i c  c h l o r i d e  
o r  w i t h  a combination of polymers w i t h  inorganic  f l o c c u l a n t s ,  inc luding  
alum. 

While performing e l e c t r o f l o t a t i o n  process  of marine c u l t u r e s ,  i n  add i t i on  
t o  hydrogen, h igh  amounts of c h l o r i n e  is produced. Altough no e f f e c t s  
of c h l o r i n e  (up t o  100 mgfL) on t h e  I. galbana c u l t u r e s  were observed during 
s h o r t  contac t  times (2 h r )  ch lo r ine  is  considered t o x i c  t o  a lgae  (7), 
and may impose t e c h n i c a l  complicat ions when c l a r i f i e d  a lgae  f r e e  medi urn is  
recycled t o  t h e  product ion un i t .  In add i t i on  f e r r i c  i s  oxidized 
dur ing  the hydrolys is  process  and t h e  c l a r i f i e d  e f f l u e n t  became greenish.  
Therefore d isso lved  a i r  f l o t a t i o n  (DAF) process  seems t o  be  most s u i t a b l e  
f o r  marine microalgae harves t ing .  This  technique i s  much more complicated 
f o r  opera t ion  i n  sma l l  bench s c a l e  equipment, however a smal l  s i z e  (50L) con- 
t inuous  f l o c c u l a t i o n  DAF u n i t  is a v a i l a b l e  and w i l l  be  examined. 

Ozone F lo t a t ion .  F l o t a t i o n  of I. Ealbana by ozone t reatment  w a s  cha rac t e r i zed  
by foam product ion and a lgae  concent ra t ion  i n  t o  t h e  foam. The f l o t a t i o n  was 
operated b a t c h  wise i n  3 L column which WELS fed  d t h  oxygen gas  s t ream 
v a r i o u s  ozone concentrat ions.  



Figu re  9 shows the r e l a t i o n s h i p s  between the ozone concen t r a t i ons  i n  the 
inlet gas stream and the ozone doses demand f o r  the beginning of  a l g a e  
s e p a r a t i o n  from the liquid medium and that f o r  the completion of t h e  
s e p a r a t i o n  process .  Doses of  10 t o  15 mg 0 /L were r e q u i r e d  to start  t h e  3 
s e p a r a t i o n  p roce s s  w h i l e  the ozone dosages  r equ i r ed  t o  complete t h e  
s e p a r a t i o n  process  and t o  a ch i eve  c l a r i t y  of the med-lum were depended on 
the ozone c o n c e a t r a t i o n  i n  the i n f l ow  gas, and were up t o  25 times higher 
t h a n  the dose s  r equ i r ed  t o  s t a r t  the s e p a r a t i o n  (~ig. 9). . These 
r e s u l t s  are similar t o  those w-hich were  r e p o r t e d  by Betzer e t  a1 (8) and the  
ozone f l o t a t i o n  p roce s s  seems t o  b e  a r e l i a b l e  one. 

FIGURE 9 :  RELATIONS6IPS BETWEEN OZONE CONCENTRATION OF INLET GAS 
AND OZONE DOSE FOR MARE= IECROALGAE SEPARATION AND CULTURE 

CURIFICA-TION. 

2.2.3 F i l t r a t i o n  

F i l t r a b i l i t y  o f  Isocrysis g d b a n a  was  f i r s t  studied u s i n g  f i l t e r  pape r s  
w h i c h  showed t h a t  o n l y  GFA f i l t e r  paper  ( p a r t i c l e s  s i z e  r e t e n t i o n  - 1.5~) 
was able t o  remove most of the a l g a e  c e l l s .  



F i l t r a b i l i t y  of I. galbana was a l s o  s tud ied  us ing  F i l t e s t e r  instrument  
(Mather & P l a t t  Anti P o l l u t i o n  systems, London). The f i l t e s t e r  is  an 
instrument  which s imula tes  the micros t ra in ing  process .  Removal e f f i c i e n c y  
and t h e  optiinum grade of t h e  microc'abric can b e  e s t ab l i shed  by analyses  
of f i l t r a t e  samples from t h e  instrument .  Few types of d i f f e r e n t  f i n e  
wave po lyes t e r  mesh, 15p, 6p and 1p were t e s t e d .  Algae removal e f f i c i e n c i e s  
were c l o s e  t o  zero even w i t h  a mesh s p e c i f i e d  b y  t h e  manufacturer t o  be  
of 11.1. A microsgopic p i c t u r e  of t h e  " lu"  po lyes t e r  showed t h a t  a h igh  
percentage of t h e  spaces enclosed by t h e  microfabr ic  th reads  were 
g r e a t e r  than  5p. 

F i l t r a t i o n  experiments on I. galbana suspensions a f t e r  f l o c c u l a t i o n ,  : u s i n g  
f i n e  wave po lyes t e r  m e s h  are now i n  progress .  

Sand Sed F i l t r a t i o n .  The l abo ra to ry  f i l t e r  system i s  composed of two 
constant-head tanks ,  two f i l t e r  beds,  flowmeters and piezonleters. The 
f i l t e r s  a r e  made of lOOcm long perspex column, w i th  an i n s i d e  diameter of 5.5cm. 
The constant  head device i s  placed a t  a he ight  of 150cm above t h e  sand s u r f a c e  
and t h i s  i s  approximately t h e  gross  a v a i l a b l e  head f o r  each experiment. 
A piezometer i s  adopted a t  t h e  o u t l e t  of each f i l t e r .  The c l e a r  water  head 
is determined i n  t h e  beginning of each run, and t h e  head l o s s e s  a r e  
ca l cu la t ed  during t h e  experiments a s  t h e  d i f f e r e n c e  between t h e  c l e a r  water  
head and t h e  head read a t  a s p e c i f i c  t i m e .  Few types of d i f f e r e n t  
sand p a r t i c l e s  s i z e  .rere used a s  f i l t e r  media i n  t h e  experiments . I n  a l l  
t he  experiments,  I. galbana s u s ~ e n s i o n s  of about 150 mg/L were used. 

I n  t h e  f i r s t  s t a g e  of t h e  experiments no f l o c c u l a n t  was added t o  t h e  a lgae  
suspension be fo re  f i l t r a t i o n .  I n  t h e  second s t a g e ,  FeCl was used a s  t h e  
f l o c c u l a n t  and was added t o  t h e  a lgae  suspensions i n  d i l f e r e n t  concentrat ions.  

I. Experiments without  f l occu la t ion .  Sand p a r t i c l e s  s i z e  of 0.55 and 0.70 
mm were t e s t e d  a s  f i l t e r  media f o r  a flow r a t e  of 200 mllmin, f i l t r a t i o n  
v e l o c i t y  of 5 m/h. Low a lgae  removal e f f i c i enc i . e s  were achieved ( l e s s  
than 44% removal) and a f t e r  45 minutes t h e  flow r a c e  could not  be maintained 
a t  200 mllmin, i n  t h e  f i l t e r  media of 0.55 mi-I p a r t i c l e s  s i z e  (Table 4 ) .  
Smaller  sand p a r t i c l e s  s i z e  (<0.5) d id  no t  g ive  t h e  des i r ed  f i l t r a t i o n  
v e l o c i t y  and t h e  medium clogged a f t e r  a very s h o r t  run ( l e s s  than 30 minutes).  

11. Experiments ,with FeCl, a s  t h e  f loccu lan t .  Few pre l iminary  experiments 
were conducted  sing seve?al  doses of FeCl and d i f f e r e n t  s i z e  of sand p a r t i c l e s  
(Table 5 ) .  Although t h e  f i n e r  sand (0.55mmB gave very good c l a r i f i c a t i o n  (89%) 
t h e  f i l t e r  clogged a f t e r  25 minutes and t h e  des i r ed  f lowra te  could n o t  be 
maintained af t e r  15 minutes. Therefore i t  seents t h a t  coarse  sand (>0.7mm a )  and 

9eC1 dose of aEout ha l f  t h e  dose requi red  f ~ r  f locculat ion-sedimentat ion1 3 
f l o t a t i o n  (%87mF/1) w i l l  g ive  t h e  b e s t  r e s u l t s  although f u r t h e r  improvement 
i n  suspended s o l i d s  removal e f f i c i e n c y  s h o u l l  be sought f o r .  More f i l t r a t i c n  
experiments nn f loccu la t ed  suspensions using t h e  sand bed f i l t e r  a r e  now i r  
progress .  



TABLE 4 :  SAND BED FILTRATION ICESULTS WITHOUT nOCCULANT 

Sand particles Flowra te  A Algae removal 

TABLE 5: SAND BED FILTRATION %SILTS WITH FLOCCULANT CFeC13) 

FeC1, 'Sand particles F lowra te  Time Algae removal 
concgntration size 
(w/f ) C m d  (d/nin)  (minutes) (%I 



?far ine  n i c r o a l g a e  s e p a r a t i o n  imposes s p e c i a l  problems when a u t o f l o c c u l a t i o n  
o r  chemical  f l o c c u l a t i o n  a r e  c o n s i d e r e d  due t o  seawate r  h i g h  i o n i c  
s t r e n g t h  which masks a c t i v e  s i t e s  and c h a r g e s  b o t h  a t  t h e  a l g a l  s u r f a c e  
and b i n d i n g  a g e n t s .  

The microa lgae  I s o c h r y s i s  ga lbana  which was s e l e c t e d  a s  a  t e s t  organism 
is  of s m a l l  s i z e  and i s  m o t i l e  which b r i n g ,  abou t  i t s  s e p a r a t i o n  as a 
c h a l l e n g i n g  endeavor.  

Fol lowing t h i s  r e s e a r c h ,  two venues of d e s t a b i l i z a t i o n  of t h e  mar ine  
a l g a l  suspens ion  have been s e l e c t e d :  ( a )  f l o c c u l a t i o n  w i t h  a  combinat ion 
of o r g a n i c  polymer fol lowed b y  i n o r g a n i c  f l o c c u l a n t ,  and (.b) p r e t r e a t a e n t  
by low ozone dosage fol lowed by i n o r g a n i c  f l o c c u l a n t .  

A u t o f l o c c u l a t i o n  is q u i t e  p r o b l e m a t i c  because  o f  the h i g h  i o n i c  s t r e n g t h  
of seawate r  b u t  c o n d i t i o n s  f o r  i t s  enhancement might b e  found. 

" r i c r o s t r a i n i n g  and sand f i l t r a t i o n  s h o u l d  a l s o  b e  cons idered ,  p a r t i -  
c u l a r l y  f o r  , l a r g e r  s i z e  mic roa lgae  o r  i n  combination w i t h  f l o c c u l a t i o n .  

Once t h e  o p t i m a l  f l o c c u l a n t s  combinat ion (polymers + FeCl o r  a lum),  
t h e i r  o p t i m a l  dosages  and ozone p r e t r e a t m e n t  are e s t a b l i s L d ,  t h e  
program w i l l  focus  on e s t a b l i s h i n g  d e s i g n  and o p e r a t i o n  paramete rs  of 
d i s s o l v e d  a i r  f l o t a t i o n  and l a m e l l a  t y p e  s e p a r a t i o n  t o  perform t h e  
h a r v e s t i n g  i n  u i l o t - p l a n t  u n i t s .  The u s e  of m i c r o s t r a i n i n g  i n  followed 
f l o c c u l a t i o n  w i l l  b e  examined as an  a l t e r n a t i v e .  The e f f i c i e n c y  of 
h a r v e s t a b i l i t y  of v a r i o u s  marine  and b r a c k i s h  w a t e r  s p e c i e s  b e s i d e s  
I. ga lbana  w i l l  b e  t e s t e d  a t  b o t h  the l a b o r a t o r y  s c a l e  and p i l o t  p l a n t  
s c a l e  u n i t s .  

A l g a l  h a r v e s t a b i l i t y ,  the c o s t  o f  f l o c c u l a n t s  and ozone the s e p a r a t i o n  
e f f i c i e n c y  and t h e  c o n c e n t r a t i n g  f a c t o r  w i l l  b e  weighted f o r  the f i n a l  

oae. s e l e c t i o n  of the recommended p r o c e s s  f o r  marine  and b r a c k i s h  w a t e r  al, 
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ANALYSIS AND EVALUATION OF THE ECONOMICS OF 
MICROALGAL FUEL PRODUCTION 

Andrew M. Hill 
SERI Biomass Program Office 

Golden, CO 

Objective 

The overall objective of the task vEconomic Evaluation of Microalgae to  Fuel 
Productionv is to  develop an analytic framework for systematic evaluation of microalgae 
production. This analytical framework consists of modeling the production and 
conversion of microalgae into fuels and developing product costs based upon plant 
investment costs and operating expenses. 

Accomplishments 

Task activity over the last year has been the development of technology and market cost 
goals for microalgae to fuel technology. A comprehensive discussion of the methodology 
and preliminary estimates of these cost goals can be found in reports by Neenan and Hill 
(1982) and Neenan (1983). This paper presents current cost goals estimates for the 
microalgae program resulting from refinements in the methodology and input 
assumptions since the last published reports. A complete description of the methodology 
is presented, in addition to  input assumptions, t o  permit outside evaluation and comment. 

Program Milestones 

Program milestones for the Aquatic Species Program were established in the multiyear 
program plan. Table 1 presents a summary of the projected achievements and schedule. 

Table 1. Outyear Milestones for the Aquatic 
Species Program 

Program Accomplishment Year 
-- - -- 

Current year for planning (t 0) 1983 

Component technical feasibility (tCTF) 1995 

System feasibility (tSF) 1998 



Of particular interest is that the ASP is based on a 15year research and development 
schedule. By 1996, a substantial portion of the program will be devoted to technology 
transfer to the private sector. The three years between tCTF and tSp are for data 
validation and dissemination with cost-sharing demonstration projects. After 1998, the 
year of commercial readiness, the program will be completed according to assumed 
research progress and achievements and in accordance with overall program goals and 
objectives. 

Market Cost Goal 

The goal of the Aquatic Species Program is to develop the technology base for obtaining 
renewable liquid fuels from microalgae. Oil prices are the appropriate market criteria 
for measuring program success. Lipid oils from microalgae are a mixture of triglycerides 
and hydrocarbons which must be further refined to the final fuel products. Lipid oils 
from microalgae are assumed to be a perfect substitute for wellhead, crude oil; 
therefore, projected wellhead, crude oil prices are used to establish the market cost goal. 

Figure 1 graphically illustrates oil price projections from government sources used to 
establish the competing crude oil price. The DOE Energy Information Administration's 
(EIA) most recent projections, presented in Table 2, were the basis for program cost 
goals. All monetary values are in 1983 dollars, developed by inflating the EIA 1982 dollar 
forecasts by 4.6%, according to the gross national project deflator index estimated by 
the Council of Economic Advisors (~conornic Report of the President, Washington, DC, 
1983). 

The market cost goals to be met by 1998, corresonding to high, middle, and low price 
market forecast scenarios, are $82.0, $60.0, and $42.0 per barrel, respectively. As 
indicated in Figure 1, the real cost of crude petroleum is projected to decline through the 
mid-1 980s, reflecting increased supply of crude petroleum and sluggish demand. 
However, toward the end of the decade, a real increase in oil prices is anticipated, 
continuing to the end of the forecast period. 

The price forecasts in Table 2 represent the market constraints imposed on microalgae 
production technology. While specific production conditions required for cost 
competitiveness with conventional petroleum sources are not defined, the market cost 
goal imposes product cost constraints independent of the technology. 



Table 2. World Oil Price Projections, 1983 to 2000a 
(1 983 dollars per barrel) 

Year 
Oil Price Scenario 

Low Middle High 

a All prices reflect the average landed price of crude oil in 
the United States. 

SERI estimates for 1998 were obtained by interpolation of 
EIA projections. 

Source: U.S. Department of Energy, EnergyInformation 
Administration, April 1983, Annual Energy Outlook with 
Projections to  1990, DOEIEIA-0383 (83). 

Overview of Microalgal Analysis Model 

The production model estimates gross biomass yields for a facility of a given size. The 
equation which follows was reported by Oswald and Benemann in "Biochemical and 
Photosynthetic Aspects of Energy Production," edited by Anthony San Pietro (1980). 
Providing the basis for estimating gross yields of algal biomass, the equation is most 
appropriate for steady-state continuous flow culture systems similar t o  chemostats. The 
input parameters of depth, detention time (or the inverse of dilution rate) and culture 
density are based on empirical data obtained from field experiments. 

D Production = (-$ d Cf Z (.01) 

Where: 

Production = Gross yield (dry ash-free metric tons per year) 
D = Culture depth (meters) 
8 = Retention time (days) 

f = Capacity factor (days per year) 
Z = Facility size (hectares) 
d = Culture density (mgll) 
.01 = Scaling constant 



Photosynthetic efficiency is calculated from the  gross biomass yield using average daily 
solar insolation representative of the  Southwest United States (5000 ~ c a l / m % / d )  and the 
average total  energy content of the algal biomass, ( ~ c a l  per gram) determined from 
user-defined input assumptions for gross lipid and carbohydrate content (heating value 
for lipid, carbohydrate and protein fractions a re  9.3 Kcal/gm; 3.7 Kcal/gm and 5.6 
Kcal/gm respectively; Milner; in Bulew, 1976). The ash content of t h e  algae is fixed at 
8% of dry cell weight. 

Photosynthetic Efficiency = to ta l  annual enerrrv o u t ~ u t  
to ta l  annual energy input 

Where: 
Total annual energy output = total  algal yield x average heating 

content of algal biomass ( ~ c a l / y r )  

Total annual energy input = average daily solar radiation x fraction 
of total  light spectrum available for 
photosynthesis x capacity factor  x 
facility size (Kcal/yr). 

Net biomass yield for the  facility is calculated by multiplying gross production by user 
defined harvesting efficiency. 

Lipid production is calculated from net biomass yield and lipid content (% of ash f ree  dry 
weight), the la t te r  parameter being user defined. The conversion of product tons t o  
product barrels assumes 1 46.7 kilograms per barrel (Lipinsky, et. al. 198 1). 

Capital costs were derived from Benemann (1982) in which the  author updated 12 
previously published economic analyses of microalgae production and developed product 
costs. Because of inconsistency among the  studies in facility size, type of harvesting 
system, land costs and indirect capital  investment requirements (e.g., engineering fees  
and contingencies), SERI used only those costs associated with growth pond construction, 
pumps, piping and other fixed onsites (e.g, buildings, fences, etc.) t o  develop a 
relationship between facility size (acres) and pond construction costs ($ per acre). This 
relationship is presented in Figure 2 a s  a line entitled "Culture Systems Only." The 
correlation coefficient for the least squares regression line is -77, indicating a reasonable 
fi t  of the data. 

Figure 2 suggests declining unit costs with increased facility size. The extent t o  which 
this relationship indicates real economies of scale is not certain in the absence of actual  
cost histories of large scale microalgal systems. It is expected that  a large scale facility 
would be comprised of a number of individual modules linked together through nutrient, 
water and harvesting distribution subsystems. Whether declining unit costs for large 
scale systems are  applicable t o  a single module or t o  the entire facility is uncertain; 
however, economics of scale have been noted in analogous systems such a s  EPA waste 
treatment systems and desalination ponds. The results presented in this paper a r e  based 
on developing capital  costs as a function of total  facility size. 



Total capital investment is estimated by including engineering fees, contingency, land 
costs and a harvesting subsystem defined by the  user. Engineering fees a re  estimated a t  
22% of the  capital investment for the  culture system and harvesting system. 
Contingencies are  estimated a t  10% of the  capital investment plus engineering fees. 
Land costs are  user defined according t o  an assumed unit price ($ per hectare) and 
facility size. 

Currently, the SERI model is capable of analyzing three harvesting subsystems; 
microstrainer, nozzle centrifuge and settling ponds. Capital costs for each system are 
normalized to  a 35,000 gallon per hour harvesting system with a size-cost exponent of 
.796 (Intertechnology, 1978). Thus, the model calculates flow ra te  (culture 
volume/retention time) t o  the harvesting subsystem and sizes the harvester accordingly. 

Operating costs for the microalgae production facility include direct labor, overhead, 
maintenance expenses, utility costs and nutrient expenses. 

Direct labor is assumed t o  involve five men per 100 hectares having an annual salary of 
$20,000. Overhead costs are 75% of the direct labor expenses. Maintenance expenses 
are assumed to  be 2% of the capital investment for the growth ponds and harvesting 
subsystem. 

Utility expenses include the costs associated with operation of the harvester subsystem, 
mixing subsystem and pumping requirements (e.g., make-up, harvester, and recycle). The 
flowrate (gallons per hour) in each pumping subsystem determines the required power 
demand. Harvester total energy requirements are  estimated according t o  unit energy use 
estimates (kwh per m3) as  reported by Mohn (1980) multiplied by the throughput of the 
harvesting subsystem. Mixing velocity energy requirements are  estimated by calculating 
headloss through the culture system according t o  Benemann (1982). The model allows the 
user t o  define a geometric shape of the culture system (length, width and depth) in order 
t o  calculate appropriate headloss. Using assumptions for capacity factor of the facility, 
total kilowatthours required for the pumping subsystem, harvester subsystem and mixing 
subsystem are calculated and used to  determine total energy costs according t o  user 
specified unit energy costs ($ per kilowatthour). 

Nutrient expenses are derived from the gross production yield estimates based upon 
general elemental composition of microalgae. For example, if 50% of algae is carbon, 
then .5 metric tons of carbon are required per metric ton of algae gross yield. The 
amount of carbon dioxide ( ~ 0 ~ )  as  a carbon nutrient source, required t o  sustain a metric 
ton of algae is determined by the ratio of the molecular weight of carbon dioxide (44) t o  
the atomic weight of carbon (1 2). Thus, one metric ton of algae would require 1.7 metric 
tons of C02. Nutrient expense for nitrogen, potassium and phosphorus are similarly 
determined according t o  this adjusted nutrient requirement multiplied by a nutrient 
supply price selected by the user. The major nutrients are supplied as 'indicated in 



Table 3. The nutrient prices are based upon supplier quotes for spot purchases as listed 
in the Chemical Marketing Reporter, and do not reflect contracted prices that might be 
available to large users of industrial chemicals. Contract prices for chemicals for use in 
microalgae production can be significantly lower than the spot prices presented in 
Table 3. 

Table 3. Major Nutrients Supplied To Microalgae Culture 
Facility and Related Supply Costs. 

Market Price 
Nutrient Supplied as ($/metric- ton) - ( ~ e f s )  

Carbon Carbon dioxide $82.5 (1) 
Nitrogen Ammonia $203.0 (2) 
Potassium PotassiurnMuriate $102.0 (2) 
Phosphorus Superphosphate $281.6 (2) 

Notes: 
(1) Argonne, (1983) estimate of current commercial C o p  price. 

(2) Chemical Marketing Reporter (Sept. 12, 1983). 

Once the system specific operational parameters are calculated, the model determines 
the finances of the microalgal facility by utilizing a capital budgeting technique. Doane, 
et. al. (1978) reported a required revenue methodology for providing comparative 
evaluation of technologies using standard and consistant economic and financial 
parameters. The economic model determines the present value of capital investment 
costs (including interest during construction) and the present value of annually recurring 
costs over the system lifetime. This aggregated present value is distributed over the 
system lifetime in equal cash flows and then divided by the expected annual energy 
output. The result is a required unit price for the energy product, the revenues of which 
would exactly recover the full costs of the system over its lifetime, including a return on 
the investments of stockholders and creditors. This methodology specifies a unit product 
cost in constant dollars necessary for the net present value of revenues and costs for a 
production facility to equal zero. The weighted average after tax cost of capital 
internally computed by the economic model represents the internal rate of return for the 
facility. 

Input Assumptions used to Calculate Production Costs 

The operational and financial assumptions used to develop state~f-the-art and 
theoretical cost estimates for microalgae production are listed in Appendix A. To 
facilitate comparison between different sets of operational data, consistent supply cost 
and financial parameters are maintained. Where difference values between SOTA and 
theoretical parameters occur, the changes reflex a degree of optimistism appropriate 
with the definition of theoretical best. Carbon costs and real escalation in capital and 



operating costs are  lowered in the theoretical best case. Recycling is increased and the 
time frame for construction varies. The SOTA case presumes near-term application of 
currently available technology; whereas the theoretical best case presumes a long term 
improvement in biological and engineering parameters. 

System specific parameters are  presented in Table 4 for the SOTA and theoretical best 
design facilities. Since photosynthetic efficiency determines annual yield, the values 
presented in Table 4 for the theoretical example represent one set  of values t o  obtain a 
PAR efficiency of 24%. These values are  not meant t o  be considered optimal nor 
limiting conditions to  attainability in large scale cultivation of ~nicroalgae. Yield, 
calculated from values for depth, detention time and density, was determined by 
increasing culture density while holding constant values for detention time and culture 
depth until PAR efficiency is 24%. Other combinations of values for depth, detention 
time and culture density can be used to  estimate a theoretical yield based on a 24% PAR 
efficiency. 

Table 4. Operational Input Parameters Used t o  
Calculate Microalgal Production Costs 

Parameter SOTA Theoretical 

Density (mg/L) 
Retention time (days) 
Depth (ern) 
Mixing Velocity (mlsec) 
Mixing System 

Efficiency (%) 
Harvesting System 

Efficiency (%) 
Lipid Content 

(% dry ash-free weight) 
Carbohydrate Content 

(% dry ash-free weight) 

800 2200 
5 5 

15.2 15.2 
.305 .305 

Paddle wheel 
56.0 67.5 

Settling Pond 
9 5 100 

Non Carbon Nutrient Recycle 0 9 0 

State of the Art Technology Costs 

This section presents microalgal product costs. These costs (expressed in 1983 dollars) 
represent the revenue-required price allowing a specified return on investment over the 
lifetime of the facility. The cost estimates are based on a commitment to  build a 405 
hectare (1000 acre) facility in 1983 t o  be operational in 1985. 

The microalgae production system is estimated t o  be capable of producing 134.7 barrels 
of lipid oils per hectare per year. This product yield is based on a total net biomass yield 
of 66.0 metric tons per hectare per year (gross productivity of 23.0 g/m2-d). Overall 
photosynthetic efficiency for the system is 5.9% of the photosynthetically active region 
(PAR) based on insolation values representative of the U.S. southwest. Processing losses 
were assumed a t  5% of gross yield. 



Construction costs for the growth ponds, pipes, pun L A ,  buildings, and offsites a re  
estimated t o  be $37,60O/hectare (in 1983 dollars), or $3.76/m2. Including a harvesting 
system, the total  depreciable capital investment is approximately $55,330 per hectare. 
Additional capital cost charges for engineering, contingencies, and land increase result in 
total  fixed costs for the microalgae production facility t o  $75,560 per hectare. On an 
annualized cost basis, these fixed costs ($5,150 per hectare) represent 18.8% of the total  
product costs for microalgae production as indicated in Table 5. 

Variable costs or  costs associated with annual operation of the microalgae facility 
represent 81.2% of the total  annualized costs and a r e  directly proportional t o  production 
output. The major variable cost category is nutrient requirements t o  sustain the  biomass 
production (54.5% of the total  variable costs). Utilities requirements t o  run the  pumping 
subsystems (e.g., recirculation) constitute the second largest cost category. Power for 
mixing - the amount of horsepower required t o  maintain a specific flow velocity along 
the channel length - requires the most energy. Of the total  utility energy demand (22.9 
x l o 6  kwh), 69.4% is required t o  maintain a 30.5 cm/s velocity. The settling pond 
harvesting system consumes 3.5 x 1 o6 kwh (1 5.3 of the total  utility energy requirements 
of the facility) with the  balance attributed t o  recirculation requirements. The total  
annualized variable costs for the system are  $8.9 million or $336.5 per net metric ton of 
biomass. The levelized product cost for microalgae lipids from this state-of-the-art 
facility is $203 per barrel of oil, based upon an average lipid content of 30%. 

Table 5. Summary of Microalgae Production Costs 
for the State  of the Art Design Systems. 

1983 $/per Barrel % of Total 

Annualized Capital Investment 38.2 18.8 

Annual O~erating: Cost 

Utilities 
Nutrients 
O & M  
Labor and Overhead 

Total Production Cost ( 1983 $/BBL) 2 03.1 100.0 

Theoretical Cost Estimates 

Certain input parameters have potential for improvements through continued research 
efforts. To define the absolute rlbestn operational conditions for the  microalgae systems, 
specific engineering and biological parameters were se t  at their maximum possible 
values, thus bounding the limits of attainability. These limits for biological and 
engineering parameters a re  presented in Tables 4 and Appendix A. Again, values for 
depth detention t ime and density a re  not representative of an optimal nor limiting 
condition, but rather, one set of biological and engieering parameters that  result in a 
24% efficiency on PAR. 



For the theoretical best production facility net production yield of biomass is 232 metric 
tons per hectare-year resulting from a productivity of 63.7 grams per square meter-day. 
Lipid product yield is 1100 barrels per hectar2-year assuming no harvesting losses. 

Table 6 summarizes the distribution of annual costs for the theoretical best production. 
Compared with the SOTA cost summary presented in Table 5, the distribution of annual 
costs between the two cases is similar. Recycling of non carbon nutrients and a lower 
delivered price for carbon dioxide reduce the nutrient supply costs t o  42.6% of the total  
costs. Annualized capital costs a s  a percentage of total product costs increase slightly 
from the SOTA estimate since no improvements in unit capital costs for the theoretical 
best facility were assumed, and other costs are reduced. 

Table 6. Summary of Microalgae Production Costs 
for the Theoretical Best Design System 

1983 $/per Barrel % of Total 

Annualized Capital Investment 

Annual Operating Cost 
Utilities 
Nutrients 
O&M 
Labor and Overhead 

Total Production Cost (1983 $/BBL) 16.9 100.0 

The cumulative effect of the biological and engineering improvements is to  reduce unit 
costs t o  $16.9 per barrel. The theoretical best design system results in product costs 
substantially below the lowest 1998 market cost projection for crude wellhead petroleum 
of $42 per barrel (Table 2). 

The significant changes in the operational and cost input parameters in going from SOTA 
to  theoretical best are summarized below. 

Input Values 
Parameter SOTA Theoretical 

Lipid Content (%) 
Culture Density (mg/L) 
Non Carbon Nutrient Recycle (%) 
Carbon Dioxide Price ($ per metric tonne) 

Capacity Factor (days per year) 3 00 365 

* Carbon cost a t  $19 per metric ton of C 0 2  (delivered) is based on an analysis of a report 
by the Colorado Energy Research Institute "Natural Carbon Dioxide Resources of 
Colorado: An Overview," October, 1982. This price for C 0 2  represents a delivered cost 
of $1.0 per MSCF ofC02 to  a large end user similar t o  enhanced oil recovery. 



While other changes (e.g., increase in mixing and harvesting systems1 efficiencies, year of 
commercial operation) also contribute to the decrease in unit cost, the parameters listed 
above had the largest effect. Lipid content and culture density increases result in 
increased output for the production facility, distributing annual costs over a larger 
volume. Recycling of non-carbon nutrients and a lower delivered price for C 0 2  result in 
lower operational costs for nutrient supplies which represent over 50% of the annual 
variable costs for the state of the art production facility (see Table 5). The effect of 
these changes on unit production cost are discussed in the next section. 

Sensitivity Analysis and Development of an Attainability Target for Microalgae 
Production 

The purpose of this section is to determine those parameters which have the greatest 
influence on product costs. Based on this sensitivity analysis, one set of input values is 
specified which, in the  judgment of ASP researchers, should be achievable by 1994. 

The sensitivity analysis identifies biological and engineering parameters which are most 
important in reducing microalgae unit cost, and indicate areas where research progress 
will most significantly improve cost and performance over state of the art levels. The 
parameters, productivity (culture density), lipid content, nutrient recycling and lower 
nutrient supply prices and capacity factor, were systematically varied through a range of 
values between current state of the art and the theoretical best estimate. The entire 
range of values for each parameter was divided into quartile intervals to examine 25% 
improvements in each parameter and its effect on unit cost. A summary of the results of 
this analysis is presented in Table 7. Each input parameter is listed in descending orde'r 
of importance according to the effects on unit product cost. (All other parameters in the 
analysis model were held constant at SOTA values.) Lipid content is shown to have the 
most significant affect on unit cost. An increase in lipid content halfway towards the 
theoretical maximum results in a 40% decrease in unit cost compared to the SOTA value. 

Table 7. Effect of Quartile Improvements in Selected Input 
Assumptions and Their Influence on Microalgae Product Cost 

Parameter 
Theoretical 

SOTA Percentage Improvement Best 
25 50 75 

Lipid Content (%) 30 
Unit Price ($/BBL) (203.0) 

Gross Productivity (g/m '-dl 23.0 
Unit Price ($/BBL) (203.0) 

Carbon Dioxide Price ($/m t )  82.4 
Unit Price ($/BBL) (203.0) 

Non-Carbon Nutrient Recycle (%) 0 
Unit Price ($/BBL) (203.0) 

Capacity Factor (days) 300 
Unit Price ($/BBL) (203.0) 



From this table, lipid content, productivity and the delivered price of the carbon dioxide 
were determined to  have the greatest effect  on unit cost. Non-carbon nutrient recycling 
and capacity factors were less significant parameters. 

One feature of analysis model, i ts handling of non-carbon recycling, provides an alternate 
way t o  interpret the results. To analyze the effects of nutrient recycling, unit price for 
the nutrient is reduced. A 22.5% recycling of non-carbon nutrients is equivalent t o  a 
22.5% reduction in supplier prices for those nutrients. Therefore, the results presented 
for non-carbon nutrient recycling are also indicating the effects of lower contract prices 
for the nutrients, nitrogen, phosophous and potassium. 

The attainability target represents interim programmatic technology cost goal for 1994, 
the year in which it  is planned that capital funds will be expended for a large scale proof 
of concept experiment. 

The major operational parameters utilized in establishing a 1994 attainability target a re  
listed in Table 8. Other operational and economic parameters were assumed to  be the 
same as  SOTA parameters. 

Table 8. Input Parameters Used t o  Define Unit Cost 
for the Attainability Target for 1994 

Parameter Value 

Culture density (mg/L) 
Lipid content (%) 
Carbohydrate content (%) 
Recycling of non-carbon nutrients 
Carbon dioxide price ($/mt) 

Year of Commercial Operation 1998 

With these assumptions, the annual net yield of algal biomass is 124 metric tons per 
hectare-year, resulting in a product yield of 500 barrels per hectare-year. Gross 
productivity is approximately 43.4 grams per square meter-day and the photosynthetic 
efficiency for the system is 13.2% of PAR. Levelized product cost for the 1994 
attainability target is $55.6 per barrel. The distribution of annualized production costs is 
presented in Table 9. 

Table 9. Summary of Microalgae Production Costs 
for the 1994 Attainable Target 

Annualized Capital Investment 11.8 

Annual Operating Cost 
Utilities 
Nutrients 
O&M 
Direct Labor and Overhead 

Total Production Cost (1983 $/BBL) 55.6 

% of Total 



When compared with SOTA input assumptions for the raceway system, the attainability 
target presumes certain biological and engineering improvements by 1994 as a result of 
continued research in microalgal production systems. The improvements over SOTA 
defined parameters are: productively increased 90%; lipid content increased 100%; 
nutrient costs reduced by a factor of four through recycling; and carbon dioxide costs 
reduced through pipeline contracts by a factor of 2.5. Current laboratory experiments 
with microalgae indicate that biological improvements are achievable, although large 
scale outdoor experiments are just beginning. Note that the parameters used to define 
the attainable biological target case represent but one solution set of a multivariable set 
of parameters. For example, improved operating efficiences would result in another 
solution set in which the biological performance requirements would be less. 

The data presented in this paper indicate microalgae to fuel technology can be cost 
competitive with conventional fuels. Research progress in biological and engineering 
parameters by 1994 are projected to produce a lipid oil product a t  a cost comparable 
with EIA well-head crude petroleum price forecasts. During the next fiscal year 
refinements to this methodology will continue a t  SERI, and a major effect will be 
initiated to quantitively and qualitatively describe downstream processing and refining of 
microalgae fuel products suitable for end use utilization. 
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APPENDIX A 

Engineering and Economic Input Assumptions to Calculate SOTA and Theoretical 
Best Unit Cost for Microalgae Production, 

Engineering Parameters SOTA Theoretical 

Capacity Factor (days) 
Harvester Subsystem Efficiency (%) 
Facility Size (Hectares) 
Nutrient Recycle 

300 365 
95 100 

405 405 
None 90% noncarbon nutrients 

Economic Parameters 

Land Cost (per hectare) 
Energy Costs (per kwh) 
Nitrogen Cost, per metric ton, ( N H ~ )  
Carbon Cost, per metric ton ( ~ 0 ~ )  
Potassium Cost, per metric ton ( K o ~ )  
Phosphorus Cost, per metric ton 

(superphosphate) 

Same 
.05 

Samf) $1 9.0 
Same 
Same 

Investment Parameters 

Base Year for Constant Dollars 1983 Same 
Year of Cost Information 1982 Same 
Year of First Commercial Operation 1985 2000 
Facility Lifetime (years) 30 Same 
Depreciation Tax Life (years) 15 Same 
Taxes, Insurance (each) 1% of Investment Same 

Income Tax Rate (%) 
Investment Tax Credit (%) 
Ratio of Debt to Capitalization (%) 
Ratio of Common Stock to Capitalization (%) 
Ratio of Preferred Stock to Capitalization (%) 
Annual Rate of Return on Debt (%) 
Annual Rate of Return on Common Stock (%) 
Annual Rate of Return on Preferred Stock (%) 
Real Escalation Rate on Capital Costs (%) 
Real Escalation Rate on Operating Costs (%) 

Calculated Parameters 

Cost of Capital (%) 
Capital Recovery Factor (Book Life) 6%) 
Fixed Charge Rate (%) 

Same 
Same 
Same 
Same 
Same 
Same 
Same 
Same 

0% 
0% 

Same 
Same 
Same 

Note: 
1) Carbon cost at $19 per metric ton of C 0 2  (delivered) is based on an analysis of a 
report by the Colorado Energy Research Institute "Natural Carbon Dioxide Resouces 
of Colorado: An Overviewt1 October, 1982. This price for COs represents a 
delivered cost of $1.0 per MSCF of C 0 2  to a large end user similar to enhanced oil 
recovery. 
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