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A B S T R A C T :  The cu l tu rec(mdi t ions l :o r  h igh-y ie ldproducei {m 
oi  docosahe• acid (I)['-IA! by Schizochytrium sp. strain 
SR21 w e r P  investiga~:ed in a fern]enter. With increasing carbon 
!'~[LICr,)SC:!I a l 'nd  niuogen I~.:~)rr'~ sleel:> l iquor and amn~oniunn sulfate( 
sources tup tn 12% glucose! in the medium, DHA F~rodu(tivity 
incruased with{~ut a ctecre,'ts{? in ,qrowth rate, i.e., 2.{.t, 2.7, and 
3.3 g DH.,V[/d wi th ~, 1 O, and 12% glucose, respechvc'ly. Even- 
tually, ,'Jfl. ] g dry cells/l_ anr.t 13.3 g [)l-l,~[_ were produced in 4 
d wi th 12% gluc{~se. DF tA producl iv i ty  was decreased wi th 15% 
glucose, i.c.. 3.1 g/i./d. With 12% stuck,set the l ipid content was 
77.5% nf dry cells, and DHA conica l  was 35.(,% of tolal Iat[y 
acids. The l ip id was composed <~t" ab~t,t !J5% neutral l ip id and 
5% pular l ipid. In i;<)lar I ipids, the c~mtents o( i)hosF~hatictyl- 
chotme I PC), i)h~:~sl)Fla~ Mylethal'~(dan'u he, and phOSl:~hnl idylin~ ~si- 
t{)l were 74, ] ] ,  and ~,*v,,, rc, sl)ect ively. The PC: pr(/il~:, was 
simple, 7C)'!/,, c /P( :  mc4ecules were I -palmit~)y l -2-DHA-t 'C and 
1,2-di-Df IA-PC. Ihese r(.'.su[ts indk"ale thin .5"chiz~}{ hyrrium sp. 
strain 21 is ,~rt excel lent  source for nt icro/mtl  Dt IA pro~lucti{m, 
inc luding not only thu acid form {}f I )HA  hut also 2-DI-IA4.'C. 
]A()C.$ 74, 1431-1434 ~19t~7). 
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lxmg-cl,um; p~.flyur~s;_u urated fatty acids ( PI,.'FA J ~Lre importanl 
dietary constituents. Their beneticial cl'I)cts ()it human health 
are widely accepted alld h e l l C e  h a Y e  led lo extensive nutri- 
liona] and clinical studies cm tl;eii-effects tgtl ht;lll;_l~'l physiol- 
ogy(1 ). [)(~c{~sahcxaenoic acid IDI IA. 22:6n-3) has attracted 
great intcrc,,t recently owing to its specific function in the 
f~tam (2.3) and retina 14-8) 

"Pile luT'gest COl-nmercia] so[.irce tfl" DI-IA is fish oil. but tish 
~)il has all undcsirahle fishy stnelI, which prevents extensive 
ut i l i / .a tkm o1' I'ish o i l .  Recent ly .  i1liCl'Ohi;.d pr ( )duct i tm o f  
y-liut~flenic acid (9~, arachidoufic acid { It').l I ). and D H A  (12) 
t',a.~; been indu.,;triaIized. M ic rob ia l  DFIA i~.,i"odLlctiolt has been 
aTt iunportant research area (I 2 -21 )  because o f  the d i t ' f ic tdty  
o f  DE fA  puT'ificatit~n tu'~m~ lish oi l .  

*T~ wht~m c~:,l-r,,2:,]'~,C~lll_[cllr slmuM hc a[/dre~;xcd :tl IIISt[LLIIL' tl;r I"Lt~lLJill'l'nCllIitl 
RL'SL'~L['c'lt, Tec'hmflogical I)cvcl~.)pmcnL (.enlcr. S1.111[I.11"3' t.[d.. 5-2 5. 
YillllUZ;.ikL S]tiln;.Ln]cJ[,~-,..'ht'~. ()s~tklt 618. Jat~Lm. 
[[-II];Lil: [ 3{)2(1'3((g'3 t 0.mail.smltOl-', .c[~.jp. 

Wc isolated a new Thraustochytrid strain from seawater 
and rep~;rted its ability a~, to high-level DHA and DPA Ido ~ 
c~)sapcntaenoic acid, 22:5n-6~ production (18). In this paper, 
wc describe a method for polar lipid analysis and the condi- 
tiaras I"or Inigh-level DHA production by .strain SR21. 

M A T E R I A L S  A N D  M E T H O D S  

Microo~:g, am.~m. 5"chicochytrito~ sp. s l ra in SR21 was used in 
the present study. This strain was isolaled from seawater in a 
coral reel area ( l 8). 

(.'ultures were grown in a mediun'l with 6(1 g/l, gtucosc, 0.7 
g/1. corn steep liquor (Wake Pure ChemicaI Industry Ltd., 
Os;~ka, Japan). 2 g/L (NIt4)2SO 4, and 3 g/L KH=PO 4 in artili- 
cial seawater at a half salt concentration. The effects tfl agita- 
lion speed and impeller shape on growlh in a fermenter 
IModel LS-5: Oriental Biotechnological Systems. Tokyo, 
Jap~m) were ~1,<~ examined. To obtain higher DHA pm- 
,.:luctivity per unit volumc of i'nediunt, the optir~luln amounts 
or carbon (glucose) and nitrogen Icorn steep liquor and 
{NH4)zSO.I.I sources were studied. Tile varitms culture media 
tested arc listed m Table I. 

Lipid r Culture brolh was h:trvested every 12 h, 
until the stationary g]-owth phase, and the celIs were washed 
with water by centril'ugadon. The washed cells were dried at 
105~ for 3 h and weighed [t~ t~btain the dry cell weight 
IDCW). The dried cells were then suspended in 5 n'd, of  
methylene chloridc/l(l% melhanolic HCI {1:1. voI/vol) for 3 h 
at 50~ As an internal standard, ] mg of  eicosantfic acid 
(20:0) was added tt~ the inethanolysis solutiol'~. After cxtrac- 
lion with 10 mL n-hcxane, I'ollowed by evaporation, the fatty 

TAI]I_E 1 
Cul ture  M e d i a  a 

M{!CFiLlm 1 2 ~ 4 5 

(.;lucos{, (g/Lj (~l) t{(l [00  120 15U 
(:{~rn s te t 'p  Fi{lu.~r tg/[ I (1.7 ('U,~ 1.2 1.4 1,7'5 
,.NI t.lj ,5('} 4 [~'L_I 2,(1 2 .2  ,I.,3 4,[.) 5.(./ 
K H , I t ) (  )4 I~/I[.  I .{ i [] ~ . (} r , ~ } ~ I [ ) ] I [ } 

f / 2  A r l i f k i , d  ~,Ca w a t e r  d . l  l [ I 1 [ 

"~(:~.'t1~, wl.'r[! ~:L.Jl[tJrr.,~J il~ ,l ll.!rr']](,n~(,r wilh ; L (]1 e,~ch medium. ~.JJ](l~.!~ []K' (:(]n- 
ditkms ~i :",(][) rFm% aeraled ?, I/nun. 2~{' [ ,  ,rod [)~14.(). 
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acid methyl esters were dissolved in 0 .5-I  mL acetonitrile 
and then subjected to gas-liquid chromatography (GLC) (Shi- 
madzu. Kyoto..lapan) on a TC-70 capillary cohunn (GI. Sci- 
ences, Tokyo, Japan) with temperature programming (170 to 
220~ at 2~ The fatly acid composition and total fatty 
acid (TFA) content were determined from the peak areas rel- 
ative to the peak area ofeicosanoic acid. 

Lipids were extracted from freeze-dried celIs as described 
previously {18}. The extracted lipids were fractionated to 
polar and neutral lipids by liquid-liquid partitioning in 
hexane and a 90% methanol aqueous solution. The content of  
each lipid fl'action was determined with a thin-layer chroma- 
tography/flame-ionization detector (TLC/FIDI analyzer 
(latroscan MK-5: [atron. Tokyo. Japan). The phospholipid 
profile was determined by TLC (Kieselgel 60" Merck. 
Darmstadt. Germany) with acetonitrile/methanol/phosphalc 
(900:95:5, vol/vollvol) as the mobile phase, The phospholipid 
Fraction was then subjected to high-performance liquid chro- 
matography (HPI.,C.} (.LC 5A; Shimadzu, Kyoto, Japan) on a 
TSK-gel  Silica 6(.)column {Merck) with a refractive index 
(RI) detector (Shodex R! SE-61: Showa Denko. Tokyo. 
Japan) by using the same mobile phase. The phosphatidyl- 
choline (PC) fraction was collected. Five mg of PC was 
treated with 50 units phospholipase A2 (Sigma, St. Louis. 
MO) at 25~ for 3 h in the reaction solution (5 ml.. ol 'edlyl 
ether/methanol (98:2). 0.5 mL or 0. I M Tris-HCI. pH8.0, and 
0.01 mM CaCI.,). AFter the reaction, 5 m t  water was added 
and mixed by vortexing. The ether layer was collected. From 
the resultant solution, all lipid fractions were extracted with 5 
ml.. chloroforln/mcthanol (2:1) solution. The extracted solu- 
tion was then charged onto a TLC plate and developed with a 
chloroform/methanol/water  (65:25:4, vollvol/vol) solvent 
mixture. Both frcc fatly acid a['Jd lysophosphatidylcholine 
(lyso-PC) spots were scraped from the TLC plate. The free 
fatty acids and lyso-PC were then mcthylated and umflyzed 
by GLC as described previously. 

RESULTS 

Growth of  strain SR21 was studied in medium 1. With an 
increase in the agitation speed in the fermenter from I00 
rotations per rain (rpm) to 300 rpm with a six-blade tui'birte 
impeller, growth rate increased (Fig. I). A1 500 rpm with a 
turbine impeller, growth was depressed. In contrast, at 500 
rpm with a propeller-shaped impeller, the growth rate was not 
depressed (Fig 2). 

Strain SR21 was cultured il; media 1.-5 (Tahle I1. with a 
turbine-shaped m7peller at 300 rpm to sludy its DHA produc- 
tivity. When the arnounts o f  carbon and nilrogen were in- 
creased, both DCW and DHA pmduclivity increased (Fig. 3. 
Table 2). Wilh medium I. strain SR21 produced 21.9 g/L 
DCW and 5, 1 g/L DIfA at 65 h. With medium 4 (with twice 
the amounts of  carbon and nitrogen as in medium I). it pro- 
duced 48,1 g/L DCW and 13.3 g/L DHA at 96 h, And with 
medium 5, it produced 59.2 g/L DCW and 15,5 g/L DHA. hut 
under this glucose condition, the growth was somewhat de- 

FIG. 1. E(tc'cl o1 agitation ,rm Ihe growth ~1 S,..qtizr.,chytcitm'~ ~1 ). strain 
SR2[: i--i. ]{l{) rpm: ~.., ",OFF rpm; (), St'Jr} rpm. Snlid data points show the 
absorbar~c~' at 650 nm. ()pen dala points sh{)w the glklcOse c~mcer]Ira- 
fion in Ihe t:u]ture medium. 

layed compared with that in other media. TFA m cells anti the 
DHA content of  TFA were also measured. With medium I. 
strain SR21 produced 14.8 glL TFA, 67.6v,~ TFA/DCW. :rod 
34.5~ �9 DHAITFA. With medium 4. it produced 37.3 g/1. TFA, 
77.5r;~ TFAIDCW. and 35.6c~ DHA,q'FA. 

The lipid content of strain SR21 increased with ceil growth 
(Fig. 4). In the early growth phase, neutrai and pillar lipids 
were produced in about equal amounts, and thcn neutral [ipids 
increased with cell growth. The lipid profile bccame eventu- 
ally 95% neutral [ipids and 5~7~ polar l i p i ds  in the stationary 
growth phase. Neutral lipids were composed of 35(;~ DI[A 
and 6% DPA. On the other blind, polar lipid was composed of  
63.5% DI[A and 24,7% DPA, The HPLC chromatogram of 
the polar lipids fraction showed five main peaks (Fig. 5), 
Peaks 4 and 5 were identified as PC by nuclear magnetic res- 
onance (dam not shown). Analysis of  phospholipase A2- 
treated PC showed that there were 74.4~ DHA. 13.9r;i �9 DPA. 
and 8c/~ palmitic acid in the free fuuy acid spots, and 429~ 
DHA. 3.0'~ DPA and 50~ pahnitic acid in tile lyso-PC spots 
(Fig, 6). These results indicate that the main PC molecutar 

FiG. 2. Elleels ol agi[ati(m and impelle. shape nn growff~: 7, prc~lwller- 
shaF, ed impef ler a~ JO[', rprT]; ,,2,, s ix-blade mrbi] ]e-shaped irnF'uflh.'r ,]1 
50(} rpm: (],., six-h, lade lurbirl,t'-'sha[.'aed impell,..,r al St.:,,{l rpm, S,ulirJ dai,~ 
points show Ihe al)sorbance at 650 r i m .  Opell daLi pMms sh~>w the glu- 
oJse cOnoL'r'~lr,]tior] in the culture r'~i,odRJnq, 
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FIG. 4. l fA and lipiil <:cmlenl al '.arir~us gr<lwlh ph,tses of slrain SR21 
DC\'\,'. dry f_ell weighl. Sue Figure .i 1or other abl~reviali~m. 

FIG. 3, Effects ~f glucose concenlrafion cm IAI do{.~sah~txaer~M(_ acid 
,:I)HAI yiuM, (B.I to!a] fatty acid ~ IF A> producert. the amounls rff carbon 
,m.rl ni~'rog,._'r~ vvcre increased in. prop.r~rlior~, as ]isted irt Table 1: i .  
nlt',rliLm'~ N~. 1; 4), N~,, 2; 0, N~, 3: .Ilk,, No.  4: Ir, No_ 5, 

species are 1-pa lmi toy l -2 -docosahcxaenoyl - l~C and 1,2- 

d i d o c o s a h e x a e n o y I - P C .  

D I S C U S S I O N  

DeLong and  Yayanos (22 )de t ec t ed  I)HA in a psychrophi l ic  
bacterium, Vibrio martinis. Yano <'t g~f. {2 1 ) also t'Ottlld that bac- 
terial strains (Vil. 'i~ sp.) from the intestines o f  it deep-sea fish 
produce DHA. one of Ihem producing 0.g mg/L Dt tA. Kyle el 

a/. {12.16) reported that marine microalgae produce I)HA. 
1-hraustoclwlr ids  are k n o w n  as DHA producers .  B~tjpa{ 

e; al. { 13.14} ob ta ined  510 ingfL DHA in 40 h with soluble 
starch as the carboll  source. Kendl-ick and Ratledge ( ]  5) ob-  

t a i ned  4(10 m g / L  DI-IA in 3 d. Li and Ward (17) reported the 
product ion of  850 m g / L  DHA under  f luorescent  lighl in 5 d 
by Thrau,vtochvtritmr rose . . t .  S ingh and  Ward (20)obt;.tilled 
1433 mg/L DHA in 8 d by supplying starch during tile growth 

of  7: r(*.~emn. Singh e~ aL (It)) reported produc t ion  of  707 
mg/L DHA By T h r a . , ~ o c h v ~ r i , m  sp. ATCC 20892.  A11 of  

these I)HA produc~_hm trmls were performed in flask cultures 
heo'msc of  the Fragility of  the cell membrane  xvflh a high con- 

lent o f  PUFA. Previott,qy, we a l so  tried cuJtivation of  7: a~- 

twu., in a Iernlcntcr ,  btlt p roduc t ion  el" DHA in :~ fe rn lenter  
was ]owcr than that in a flask culture. 

We reported previously that strain SR21 produced 2,0 g/L 

DHA per day in a fe rmenter  I18), This  product iv i ty  was the 
highest ever reported, and we concluded thaL slrain SR21 was 

a superior  source Ibm" microbial  DHA producfitm. In tile pres- 
ent study, ,o,,e found that strahl SR21 grew well with a high 
concentrat ion of glucose and produced 15.5 g/L DIfA in 5 d_ 
DHA wax accumulated mainly as triacylglyccrol (TG) or stm-- 
age lipid. Fish oil also conta ins  [ )HA in the TG form_ fhcre-  
fore. the lipids extracted I'rom SR2I  are in Ihe same ['ol-nq. as 
in fisl', o i l .  

Increasing the :lgitation speed from 10()]pro to 300 i-pn~ ~"e- 
stilled in a higher L4rowth rate. indicating that oxygen tr;.t.llSpOl't 

TABLE 2 
Analytical  Results 

Culture time th] 62 72 *):! 
Dry cell weighl ,,g,"l.., 21.9 ',2.q.) ]7.7 
Lipid ccmtent I%!" fl7_6 (>~,-(t ~;2,1~ 
I)t-tA omlent r162 ~4.5 :,4.7 ',.3.3 
DHA yield ig/I., :~.1 7.(~ 1{t.4 

'TcJt,;,I lalty a,, iditJry c ,tq] w,pr~hl. 
t'r.)F L&/u,,ta] fd.tly add. ,,%hbr,,.Tviatkm: [)H,',,+ douo:,,aht,• ,t,"iri. 

.18, r :.%2 FIG. 5, k|ngh-Fx, rfl.man( (, liquid ~ hrc>rnalt~gr.qfl w ;ftl'l.(: t hror'r~,aEi> 

77.~ 70,.~ warn ~r lUfl, lr lipids. I'.~lat lipids wvrc ~ h,tfgud ~nlct .~ -rSK-get Silk a-r162 
:Sq,~ 37,3 ,MerL k, DdrmSl;ldt, (,(.'rl~ll~ll\:i It1'1 (: cohm'm, vviih a(lqqlnitrd,.:/nlel.h 
I "1 ~ l:i,S .lr~rd!l~ho'.Ffln,lh' ',r a~ thu solvent, and cJete~ tc.tl with ,~ r<qra..Iiw.. 

index dek!~.l,,,~r. Peak 1 is phnsphaqidylin.~sil~d: Peak,; 2 mu] ~, ph~.~- 
]~hatidylethanohmlir~t,; Peak~. 4 and q, phosphaudyh holine. 
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FIG. 6. Gas b,quM chmr'nat.ograr'n ,ui phmphr~[il~.asc A2-[realed F.hOs- 
phalidyl,,.h.~fline ~I:'CI. IAJ Free iattv a d d  irar_:tJ~m; [[~J lys,uph(~s, pl'l,~.lidyl- 
c. ho[ine lr,Lcti~m, DPA: docosapentaermk: acid, I or ~tht'r abl)rcvidlion 
~('e Figure {. 

is a l imil ing I'actun-. [I1 ten-ms of  the impel le r ' s  shape, (he pro- 

peller type suh.iecls the cells to lens shear stress thall the turbine 
impeller (231. At 500 rpm. the turbine impeller, but m~t the pro- 

I)etler-shal~ed impeller, depressed the cell growth. 
Strain SR21 mainly accumulates PC in its polar lipids, Over 

70C/,. of total PC was I-pah'nitoyl-2-doco.~ahcxacnoyI-PC and 
1.2-didocosahexaenoyl.PC. DI-IA exists in the htmlan brain as 

I~tlospltolipid (21, Tl~erelore. strain SR21 is a g,,xld sottrce for 
DHA production not onl}, in TG but also in PC fonl~. 

We are current ly  inves t iga t ing  ]an-ger-sca[c fel- i11erl l :diol t  

for the production ~t]" DItA. 
Cow, pared to other Thraus tochy t r ids  such a~, T. au reum.  

SR2 1 seems to hnve higher tolerance t(I shear stress bu( is I'lOt 
as s t rong :ts yeasls  or bacteria,  for which speeds above 500 
rpm genera l ly  give high growlh.  Cons ide r ing  the high con-  

tr of PLIFA in its PC. tile Illahl compOlle111 of the cell ir~eril- 
brahe,  SR21 was revealed to be :m excel lent  source to t  mi- 
crobial DHA productior~. 
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