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D ig e s t  o f  G raduate T h e s is  A c a d e m ic  Y ear 2 0 1 2

The effect of light on lipid production of oil-rich microalgae

M arin  H iro k a w a

D ep artm en t o f  E n v iro n m en t an d  In fo rm a tio n  S tu d ie s , K e io  U n iv e r s ity

ABSTRACT

In recent years, oil-rich m icroalgae have been recogn ized  as a renewable energy for the future. L ipid  
production o f  m icroalgae is said to be influenced by environm ental factors such as light, temperature 
and nutrients. A b ove all, light is know n as a principal factor that affects overall b iom ass productivity. 
W hen m icroalgae are grown under various light conditions, they exhibit rem arkable changes in their 
chem ical com position, pigm ent content and photosynthetic activities. It is also  know n that m any  
m icroalgae have the ability to produce substantial am ounts o f  triacylglycerol (TA G ), the m ain neutral 
lipid said to be useful for b io fuel source, w hen put under stressful environm ent. In this thesis, w e  
aim ed to clarify the relationship betw een  light and lipid production in oil-rich  m icroalgae using  
Pseudochorisystis ellipsoidea and Nannochloropsis oceanica. In the first half, w e observed  
P.ellipsoidea w ith the addition o f  photosynthesis inhibitor D C M U  and d iscu ssed  the in fluence o f  
photosynthesis on lipid production. In the secon d  half, w e studied the change o f  useful lipids under 
different light conditions w ith N. oceanica. In this d igest w e cover part o f  the later half, and clarify how  
the lipids o f  N. oceanica change under different light conditions. U sin g  liquid chrom atographv-tim e o f  
flight hybrid m ass spectrom eter (L C -T O FM S), w e  m easured sam ples under five  different light 
conditions ( 5 1 , 9 4 ,  213 , 465 , 538fim ol/m 2/se c )  and analyzed the data using  M aster-Hands. We 
discussed how  different light conditions affect useful lipids, focusing  esp ecia lly  on TAG and 
eicosapentaenoic acid (EPA).

K eyw ord s: Nannochlorpsis oceanica, L ipid accum ulation, Triacylglycerol (TAG ), E icosapentaenoic  
acid (EPA), LC-TOFM S
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1 .Introduction

A lgae are com in g to front for their ability to m ake o il as a renewable energy for the future. 
M icroalgae have been  said to be a sustainable energy source since they absorb CO2 by photosynthesis  
and m icroalgal o il does not increase CO 2 in the atm osphere. Furthermore, unlike the b io-fuels m ade  
from food , they can be cultivated throughout the year, and also is not com petitive w ith food  crops,
w hich  is .an important point sin ce the w orld is said to face the problem  o f  m aintaining a secure food
supply. S ince these advantages, m icroalgae are recently noticed w ith increased attention (Yusuf, 2007). 
H ow ever, w ith m icroalgae, it is not know n about their sp ecific  pathways o f  photosynthesis and lipid  
accum ulation under m etabolite levels (H u et al., 2008).

Species o f  the genus Nannochloropsis, w hich is a m arine m icro algae, is known to accum ulate 
relatively large am ount o f  lipids, and it has the ability to produce m ore than 6 8% per dry w eight (Yusuf, 
2007). E specially , Nannochloropsis oceanica have been recently recognized as high lipid-content 
m icroalgae. S ince m icroalgae w ith high lipid contents have high energy values, it has been considered  
as a potential source o f  renew able energy (Renaud et al., 1991; Scragg et a l,  2002; Su et al., 2007 , 
2008; Takagi et al., 2006). There are m any benefits on using marine algae, such as Nannochloropsis 
oceanica, as our new  energy source. W hen thinking about putting it into practical use, unlike other 
green algae w hich  they need  to be put under nutrition d eficien cy  conditions in order to accum ulate oil, 
Nannochloropsis oceanica can accum ulate o il under natural cultivation conditions. M oreover, the 
biggest benefit o f  m arine m icro algae is that it can be cultivated using sea  water. Considering the fact 
that the world w ill need  to face severe problem s w ith water resource depletion, this can be a v e iy  
important benefit for us hum ans to survive.

Environm ental factors such as light, temperature, and nutrients are known to affect the lipid o f  
algae. (H arw ood, 1984; Thom pson, 1996). A lso , above all, light is a principal factor that affects overall 
biom ass productivity and therefore light is an essential factor w hen grow ing algae as a new  source o f  
energy. W hen m icro algae are grown under various light conditions, they exhibit remarkable changes in 
their chem ical com position , pigm ent content, and photosynthetic activities (Falkow ski and O w ens, 
1980; Post et al., 1985; Richardson et al., 1983; Sukenik et al., 1987). Generally, it is know n that the 
form ation o f  polar lipids, esp ecia lly  the m embrane polar lipids such as phospholipids and g lycolip ids, 
are induced under light lim itation conditions (low  light intensity). G alactolipids, w hich is a lipid said to 
be contained m ainly in chloroplast membranes, are classified  as g lycolip ids. On the contrary, under 
light inhibition conditions (h igh light intensity) the am ount o f  neutral storage lipids, m ainly  
triacylglycerol (TAG ), increases w h ile  the total polar lipid content decreases (Brow n et al., 1996; 
K hotim chenko and Y akovleva, 2005; Napolitano, 1994; Orcutt and Patterson, 1974; Spoehr and M ilner, 
1949; Sukenik etaL,  1989).

In this study, w e aim to clarify how  light affects the production o f  useful lipids especially  TAG  
and EPA in Nannochloropsis oceanica. Triacylglycerol (TAG ) is know n as a useful lipid for b io-fuels. 
U nlike the g lycerolip ids found in m em branes, TAG does not perform a structural role but instead serve 
primarily as a storage form  o f  carbon and energy. It is said that this lipid is m ost efficient w hen  
converting it to b iod iesel, but little is know n about the regulation o f  TAG formation at the m olecular  
and cellular level (H u et al, 2008). E icosapentaenoic acid (EPA, FA 20:5) is an important 
polyunsaturated fatty acid (PU FA ). It has num erous neutraceutical and pharmaceutical applications 
(Shahidi and Wanasundara, 1998). EPA is important in the treatment o f  atherosccosis, cancer, 
rheum atoid arthritis, psoriasis and diseases o f  old  age, such as A lzh eim er^  and age-related m acular 
degeneration (D revon et al., 1993; S im opoulos 1999). In order to put these lipids to practical use, 
evaluation o f  each light condition is needed. Therefore, this study w ill also focus to consider under 
w hich  condition Nannochloropsis oceanica accum ulates useful lipids the most.

2. Materials and methods

Nannochloropsis oceanica C S-246 w as obtained from the Australian National A lgae Culture 
C ollection  at the C om m onw ealth  Scientific and Industrial Research Organization (CSIRO, Australia). It 
w as grow n in f/2  m eduim  (Guillard and Ryther, 1962) (Table 1 ) under 25°C , with 32960 salinity. The 
cultures were grown in flat flasks (w orking volum e: 400m l) with a light to dark cycle  o f  14:10 hour at 
nine different light intensities show n in figure 2. For this study, five  light intensities w hich had a 
division  rate over one were used. The light conditions are grouped as light lim itation conditions (51, 
94^imol/m2/sec), light saturation conditions (213 , 465n m ol/m 2/sec), and light inhibition condition  
(538|j.m ol /m 2/sec).

Cell density w as m easured by a particle counter, C D A -1000  (Sysm ex, Japan). Approxim ately  
l .〇x l 0 7cells were co llected  from three individual cultures o f  the five  different light conditions. These
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Figure 2 Division rate of Nannochloropsis oceanica under different light conditions

D iv ision  rate o f  N.oceanica under nine different light intensities, light lim itation condition (13 , 22 , 27, 
5 1 ,9 4  ^imol/m2/sec ), light saturation condition (213 , 465 ^irnol /m 2/sec ) and light inhibition condition  
( 5 3 8 , 1000 ^imol /m 2/sec). F ive light intensities, w hich  had a d iv ision  rate over one, show n in red (51, 
94, 213 , 465 , 538p.m ol /m 2/sec ) were used in this study.

The sam ples were hom ogenized  w ith approxim ately 2 g  o f  0 0 .5  m m  zirconia beads using  
M icro Sm ash M S -100R  (Tom y Seiko, Japan) at 4 0 0 0  rpm for tw ice  o f  90 sec. T hese sam ples w ere  
m ixed w ith 500 p.L chloroform  containing 10 p.M l,2 -d ih exan oy l(d 22)-sn -g lycero-3 -p h osp h och olin e  
(PC6:0 d22 : Avanti Polar Lipids, U S A ) and 10 jiM  l,2 -d im yristoy l(d 54)-sn -g lycero-3-p h osp h och olin e  
(PC 14:0 d54 : Avanti Polar Lipids, U S A ) as internal standards, and 450  p.L water w as added to each  
sam ples. The m ixtures w ere centrifuged at 2 000  g  for 15 111in. The organic phase w as reserved in a glass 
vial and stored at -8 0 °C  until m easurem ent by LC -TO FM S. L ipids were m easured by a LC-TO FM S  
system , A gilen t 1200 HPLC (A gilent T echnologies, U S A ) and A gilen t 6 210  Tim e o f  F light m ass 
spectrom eter (A gilen t T echnologies, U S A ). The m easuring condition used the sam e conditions  
described by Ito (2012). Peak extraction w as carried out w ith  M aster-H ands-2.13.0 .8  softw are  
(Sugim oto et al., 2010). The alignm ent o f  the peaks w as perform ed according to the m/z value and 
norm alized retention tim e. TAG w as relatively quantified using the internal standard, and norm alized by  
cell numbers used for lipid preparation. Identification o f  peaks w as perform ed based on the m/z value. 3

Table 1 .f/2 culture medium composition per liter
NaN03 75.0 g
NaH2P〇4*H2〇 5.0 g
Na2Si〇3-9H20 3.0 g
Trace metals solution 1.0 mL
Vitamins Solution 0.5 mL

3. Results
A s a result, w e  were able to quantitatively analyze triacylglycerol (TAG ) 48:0  and 

eicosapentaenoic acid (EPA). The am ount o f  T A G 48:0 (48  being  the num ber o f  carbon chain length and

cultures were centrifuged at 3000g  for 5 m in, and w ashed once w ith  50 mL o f  0.5%  w /v  m annitol. The 
cells were centrifuged at 5000g  for 2m in, and the pellet w as resuspended in 510 m ethanol, and 10 

.̂L o f  the suspension w as used for peaks norm alization. The rest o f  the suspension w as stored at -80°C . 
Lipids were extracted as described by B ligh  and D yer (1959).

寒 | !timrtatkm _ralk>n • light WMkm * 丨
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Figure 3. Amount of triacylglycerol 48:0 under different light intensity
A m o u n t o f  T A G 48:0 per c e ll under ligh t lim ita tion  con d ition  (5 1 , 9 4 |im o l/m 2/s e c ) , ligh t saturation  
co n d it io n  (2 1 3 , 4 6 5  p.m ol/m 2/s e c )  and ligh t in h ib ition  con d ition  (5 3 8 }im o l/m z/s e c )

A m ou n t o f  e ico sa p en ta en o ic  acid  (E P A ) is sh o w n  in figu re 4 . T here w a s  n o  s ign itican t  
d ifferen ce  b e tw een  ligh t lim ita tion  con d ition  (5 1 , 94p .m ol/m 2/s e c )  and lig h t saturation  con d ition  (2 1 3 , 
4 6 5 |im o l/m z/s e c ) . H ow ever , lo o k in g  at th e  ligh t in h ib ition  con d ition  (538[A m ol/m 2/s e c ) , the am ount o f  
E P A  in creased  sign ifican tly .

Figure 4. Amount of eicosapentaenoic acid (EPA) under different light intensity
C on cen tration  o f  e ico sa p en ta en o ic  acid  (E P A , F A 20:5 ) per ce ll under ligh t lim itation  con d ition  (51 , 
9 4 n m o l/m 2/s e c ) , ligh t saturation con d ition  (2 1 3 , 465M，m o l/m 2/s e c )  and ligh t in h ib ition  condition  

( 5 3 8 (im o l/m 2/s e c )

0  b e in g  th e  num ber o f  saturation) is  sh o w n  in  figu re 3. T A G 48:0  in creased  as th e  ligh t in ten sity  b ecam e  
h ig h er  and it w a s  m o st accu m u la ted  under lig h t in h ib ition  con d ition  (538p .m o l /m 2/se c ) .

1

1
<
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T he am ount o f  T A G 48:0  in creased  as the lig h t in ten sity  b eca m e h igh er  and N .ocean ica  
accu m u lated  T A G 48:0  th e  m o st under lig h t in h ib ition  con d ition . A s  d escr ib ed  in  th e  background , it is  
gen era lly  k n ow n  that neutral storage lip id s , m a in ly  T A G , in creases under lig h t in h ib ition  co n d itio n s. 
亍h is  is a p h en om en on  k n o w n  in  m an y  o f  the other a lg a e  su ch  a s (B row n
al., 1 9 9 6 ), C ladoph ora  sp. (N a p o lita n o , 1 9 94 ), and C h lorella  (S p o eh r  and M ilner, 1 9 4 9 ). T herefore , it 
can  be said  that N .ocean ica  is n ot an excep tio n . It can  b e  sa id  that N .o cea n ica  a ccu m u la tes T A G  under  
h igh  ligh t in ten sity  as a stress resp on se .

T here w a s n o  sig n ifica n t d ifferen ce  in the am ou n t o f  E P A  b e tw een  lig h t lim ita tion  co n d itio n  
and ligh t saturation con d ition . A  sig n ifica n t in crease  o f  E P A  w a s  se e n  under ligh t in h ib ition  co n d itio n  
(538p .m ol /m 2/se c ) . T h is is an in terestin g  resu lt s in ce  there is a  p rev iou s stu d y  w h ich  sh o w s an op p o site  
resu lt sa y in g  that an exp on en tia l red u ction  o f  E PA  w as se e n  in  resp o n se  to  h ig h  lig h t in ten sity  (S u k en ik ,
1 9 8 9 ). H o w ev er  the am ou n t o f  E PA  in  figu re  4  sh o w s o n ly  th e  free E PA  in  the c e lls  and th e  p rev iou s  
study sh o w ed  the am ount o f  E P A  o f  total lip id s. E PA  is  k n o w n  to  b e  a  fatty ac id  that is  m a in ly  
a sso c ia ted  w ith  g a la c to lip id s  w h ich  are d ia g n o stic  m em b ran e lip id s in  ch lorop last m em branes. 
T h erefore, it can  b e  p resu m ed  that under lo w  lig h t co n d it io n s , E P A  ex is ts  in  th e  c e lls  as a  co m p o n en t o f  
g a la c to lip id s thus it h as to  activa te  p h o to sy n th esis  to  its b est ab ility . M oreover , as th e  ligh t in ten sity  g ets  
h igh er  and N .ocean ica  is put under lig h t in h ib ition  co n d itio n , it is  p red ictab le  that g a la c to lip id s are 
degraded . In c o n seq u en ce , the am ou n t o f  free E P A  in creased  under lig h t in h ib itio n  con d ition . T h is is an  
agreeab le  resu lt s in c e  the e ff ic ie n c y  o f  p h o to sy n th esis  is  s ig n ifica n tly  red u ced  w h en  a lg a e  are ex p o se d  
to  h igh  ligh t le v e ls .

In co n c lu s io n , th e  best w a y  to  m ak e N .ocean ica  a ccu m u la te  a  large am ou n t o f  T A G , it sh ou ld  
b e cu ltiva ted  by  tw o  sta g es. F irst, cu ltiv a tin g  it under lig h t saturation  co n d it io n  and m ak in g  th e  b io m a ss  
p rod u ctiv ity  m a x im ize , m o v e  on  to  th e  n ex t stage  under ligh t in h io it io n  co n d it io n  to  a ccu m u la te  T A G  to  
their best. F or E PA , a  b est co n d it io n  can n ot be su g g es ted  from  th ese  resu lts h en ce  th e  actual total 
am ount o f  E PA  is n o t m easured .
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