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The enhanced docosahexaenoic acid production by
thraustochytrids through environmental stresses: a review

WANG Yangyang', LI Jiagian', ZHU Xingyu', LIU Lu', WANG Guangyi "*

1 School of Environmental Science and Engineering, Tianjin University, Tianjin 300072, China
2 Qingdao Institute of Ocean Technology, Tianjin University, Qingdao 266200, Shandong, China

Abstract: Thraustochytrids, capable of producing multiple high-value natural active substances,
such as eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), squalene, and carotenoids,
have been recognized as an excellent source for commercial lipid production. Firstly, this paper
briefed the ecological roles and biotechnological values of thraustochytrids and summarized two
biosynthetic pathways of fatty acids. Secondly, we introduced the effects of NaCl, temperature,
dissolved oxygen, and pH on the growth, lipid accumulation, fatty acid composition, and DHA
production of thraustochytrids. Thirdly, we reviewed the research progress in the strategies for
enhancing the DHA biosynthesis ability of thraustochytrids by osmotic regulation, staged
fermentation, and alleviating oxidative stress based on environmental stress factors. Finally, we
pointed out the existing problems in the current research on the molecular regulation
mechanism, staged fermentation strategies, strain improvement, and metabolic engineering of
thraustochytrids under environmental stresses, provided solutions for these problems, and
prospected the possible development direction in the future. Overall, this review aimed to
provide a practical reference for efficient industrial production of DHA by thraustochytrids.
Keywords: thraustochytrids; environmental stress; lipids; docosahexaenoic acid; adaptive
laboratory evolution; staged fermentation
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Figure 1
Nile red staining.

The photos of thraustochytrids under the microscope about (A) nutrient cell morphology and (B)
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Table 1

Comparison of DHA production results by thraustochytrids at different fermentation scale

Strains Carbon and nitrogen

source modes

Fermentation scale and

Biomass Lipid = DHA DHA References
(g/L) yield yield productivity

(gL)  (gL) (mg/(L-h))

Schizochytrium sp.  Glucose 14 000 gal fermenter 171.50 - 35.32 409.00 [25]
ATCC 20888
Aurantiochytrium  Glucose, glycerol; yeast 5 L fermenter, fed-batch  88.32  74.05  32.36 337.10 [25]
limacinum SR21 extract, monosodium fermentation

glutamate
Schizochytrium sp.  Glucose; yeast extract 50 L bioreactor, fed-batch 151.00 103.60 44.30 369.10 [26]
HX-308 fermentation
Schizochytrium sp.  Glucose; yeast extract 5 L fermenter, fed-batch ~ 100.60 48.60  15.60 324.10 [27]
SH103 fermentation
Schizochytrium sp.  Glucose; monosodium 7 000 L fermenter, 90.10 49.16 19.72 136.90 [28]
CCTCC M209059 glutamate fed-batch fermentation
Schizochytrium sp.  Glucose; yeast extract 50 L bioreactor, fed-batch 117.60 58.90  31.00 258.60 [29]

HX-308 fermentation

7 000 L bioreactor,

128.30 74.80  39.20 326.50

fed-batch fermentation

Schizochytrium sp.  Glycerol; yeast extract
S31 fermentation
Schizochytrium sp.  Glucose; monosodium
HX-308 glutamate

500 L fermenter,

30 L fermenter, fed-batch 151.40 79.74  28.93 301.00 [30]

12237 69.83  38.42 320.17 [31]

fed-batch fermentation

—: U B DR SCHR A AR WL AR B8

—: The corresponding literature cited did not specify specific data.

C18:0 HHCAEA9 . A12 FIALS FA0 A/ F
TR AR, C18:1, C18:2 1 C18:3, BfJGTES
FiE K RN M I (A6 . AS FIA4 L1 FI)
HIVE T A2 B €22:5., C22:6 % PUFANY tt4h,
FAS i2IABE LA N BERIEG A MHTIARS B C15:0.

C17:0 A ERI AR NIER " . PKS i1 A I
FH R , R AL DHA 58 PUFA 1Mk
F s 3 ARG AL B
MWH OHWMMNZIRER & RS, AW
A1 5 A [] 1 25 ) 38 [ B- i 15 2 5 188 (B-ketoacyl
synthase, KS), N 4G A:ACP P 546 72 il
(malonyl-CoA:ACP transacylase, MAT), M5tk
&% 1 (acyl-carrier protein, ACP), B-li 3 iA Ji i}
(B-ketoreductase, KR), Jii/KM#(dehydratase, DH),

% K K ¥ (chain length factor, CLF), Mt JL%% F4 i
(acyl transferase, AT), #ftid 5 (enoyl-reductase,
ER), i 7K [ / 5+ ¥ i (dehydratase/isomerase,
DH/D)], H— FRIIE AR LIS A FN
T EEEEE A (malonyl-CoA), &id4id . )R .
0 N 7 VR oA R B 7 N | BE 5 ) o A S g 1]
M 2 Mk, B4 DHA % PUFAM™Y,
FAS 3& 1% Fll PKS #4845 i DHA H 38 7 5 14
DL 2,

Z IR R U], WP R A1 N Y FAS 3%
BRI, HWREARER A12 1R 2
MG oE adi sk, HAEE S B DHA %
PUFA™ 1 JiB] PKS iRAR7E X LR HE P £ B¢
PUFA W& . 74, FAS 484 DHA %
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Figure 2 Schematic diagram of fatty acid synthesis pathway in thraustochytrids

1391 KS: B-ketoacyl synthase;

MAT: Malonyl-CoA:ACP transacylase; ACP: Acyl-carrier protein; KR: B-ketoreductase; DH: Dehydratase;
CLF: Chain length factor; AT: Acyl transferase; ER: Enoyl-reductase; DH/I: Dehydratase/isomerase; G3P:
Glyceraldehyde 3-phosphate; DHAP: Dihydroxyacetone phosphate.
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KF R NaCl X4 a0 i g o LR A
RE MR B RE W RS EL T 12 R . N Tk
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striatum ATCC 24473 | C16:0. C18:0 ¢ SFA
Frirde s, PUFA 1Y F 285> ARA (EPA #l DHA
& R, Schizochytrium sp. HX-308 7E
30 g/L E¥SE NaCl 2544 F Big o™ g ot &
EIICT I NaCl 544, SFA H1f¢) C14:0 FlI C16:0
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26.35%. 17.13%F1 5.64%5), L) E@F5R &
A AT SFA R R F PUFA AR,
IXAT BB T UG AN IS 1 3 S04k LAY /b Na™ ()
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6.61 g/LPOV Mg R B N 0 g/L 341 30 /L i,
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420 gL, Mk, WRGRERRERET
(RIRE DT RRZE LS AL AT DHA 7= 7E N [/ ik 22 )
HA 25 SR HET A 58 5 F K E i dr
NaCl FASHIER A& 2 R R SE R, RAF Jiang
GV [R] 3 15 R S5 AR 1) 7K I 3 T
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ET R D A B A3 B AR A P LB o AT 2
22 mEME

R JEE B DA Ay 2 5 M o 0 i T A K IR D 7R
HERFEEMARNFZ— REHET, 4
MTEAS . AR sk . WS M AR (T
YIRS F OSSN RERs 22 32 31 i 5 >,
ULk, AR 3G ks S 5L v 1V il R E, X
A Fl Al 40 e I AR PO SRR, B
P2 T AT LATE 15-35 °CHY TR T8 BBl P A K 2
g, oAy R T R TR, E R AR
FERF IR E R PN, R 2 B TR FI
W AR AR iR B, SRR AR B By
AAE 25-30 °CZ[a], (HZAEA [ R Bk 22 (8] A
25t

T LR AT LIS C16:0 25 SFA [ 510067
FAAR IR B AT L3S i DHA 45 PUFA & &, (H2
S PRAIR A Wy RSB 7 g OO ke TR AR
AN [R] B oI 36 1 M I TR AL B AR Ak R R T
T M3 S R, b E T3 N SFA % '
0 20 TR ) TR AR L TR A T R R 2
PUFA J&0 T $&m 40 R (Rt stk , DR Uk 4 A
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Table 2 Optimum temperature for the growth and DHA production in different thraustochytrid strains

Strains Culture Optimum Maximum  Optimum Maximum References

temperature temperature for biomass temperature for the DHA yield

(°0) the growth (g/L) DHA production (g/L)

O &Y

S limacinum SR21 10-35 25 - - - [49]
S mangrovei Sk-02 25-40 30 17.60 25 3.50 [53]
Schizochytrium sp. HX-308 15-35 30 84.40 30 4.00 [57]
Aurantiochytrium sp. FN21 15-35 28 41.41 28 7.42 [58]
Aurantiochytrium sp. shy 10-35 25 8.01 - - [59]
Thraustochytriidae sp. Z105 4-35 25 16.74 20 1.32 [60]
Thraustochytrium sp. FIN-10 15-30 28 13.60 - - [61]
Schizochytrium sp. ZR-01 20-37 28 23.50 28 6.90 [62]
Aurantiochytrium sp. PKU#SW7 15-30 28 - 28 - [63]
Thraustochytriidae sp. PKU#Mnl16  15-30 28 - 28 - [63]
Thraustochytrium sp. ATCC 26185 18-33 28 6.30 - - [64]
Schizochytrium sp. HX-308 15-34 30 - - - [65]

—: F2E R DG SCHR AN SE a3 br B BAR B 8

—: The corresponding literature cited did not provide measurements or specify specific data.

TR MALE . kAl B R, AR X
Schizochytrium sp. TIO01 /¥ PKS i&f& oz, {H
J& FAS if2 FE™) mifiiR T Aurantiochytrium
sp. SD116 1) PUFA 5 J il 1) 55 X 6 15 i W 5 1
i, AR T BRI R A Rkl Y i R 2R 8 1 0
25U UL ARG M0 R AN [ i 2 A A )
WIS N R A s A2 ML A E 22 5, B
B B B 52 v A e B AR 41 DHA A Y
BRI

T DHA &N, XlRes|ik
DHA =t AR AR b, i, W 37 °CR&
%) 25 °Cif, S mangrovei Sk-02 i DHA 75 &
1 26.70%3% /115 40.30% , DHA 7= & 1.60 g/L
P El 3.50 /LB, SR — S TR R AR AT
DHA j™ it ()i B % 5 TR 15 i & DHA & it
I . Thraustochytriidae sp. PKU#Mn16 7£ 16 °C
T DHA & i, (HJE 28 °CHMF T A
% E ) DHA 77 9.40 g/L, XZH k28 °C4
PF T A A 8 R TRA &5 B 5 1 16 °CAF 1,

Schizochytrium sp. HX-308 7E 20 °C414F F K
DHA &, N 51.28%, {HJ2 DHA F7HH7E
30 °CH fie i, M 4.00 /L, iX & RN AR TE 30 °C
T A YRR e s Ik, DHA 7=
HAMNYE DHA S EAX, a3y . I§
7 i TFA & R sEm o A6 SCPRA = L s
JEFRARIRE IR T DHA S IFA TS, T4
5 7% TEARIR 38 X A= 1 1 i TRA R 2 BR il 38 1
) DHA J= & [ {%

WAL, MR 5 T IR R X A A TR N U R 4
O3 AR AR I 5 S BT X EE A AT L E2 A
FEE R D77 1R 21 43 R0 4 B P i D7 TR 2 43 %o 4 B A A
[l A= PR S, AR BE iR 3 2 5 e it it A
A, T R R R 1) 4K A B P B
FOHCAE PR 0 30 S A DG, AR ] [ B30 3 XoF
£ e S 0 41 P i s R L 72 A P 52 i) 1)
TEFIE, DISEANX —BFIE 25 125 Bl
23 @mEkhE

VER— R S, WA i A= K
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TR E—ENAR, FILIFERNEEREA
Pz 2ok i 1 S S B o PR 2% i Vs S 3
104 3% A A VT RS A T R b, T R T
MM PeER A, g R BRI, AN 10%
A 50%M, Thraustochytriidae sp. PKU#Mn16
R A K RN, 7E 0% B AT
A AR Wi 68.98 /LU SR H 4R
Vs S IR S AR i — 3 0 3% A 50 r/min
P2 %) 120 r/min B, T. striatum ATCC 24473
AR 4 £, (AR EE A — 2 B n 2
200 t/min 1 300 r/min {5 4= ) W& REEAR
Schizochytrium sp. S31 7E L4 (600 r/min)4&F T
PR A K TR A e A P i 5 R A IR 4E((450  1/min)
SRPFARIE S DR bk s A SRS T X 4 A A K
AF], T DR AT RE R T B BTN ) SRR
ARG T3, I HLad i 09 ST e 2 0] 40 it s
VAR AR, DN A A

ST SR AR AR 1 M T . il
Schizochytrium sp. HX-308 7£ 400 r/min F) = it 45
ST ERENIEF & 67.31 g/L, HTIER
HER ST 1Y 58.66 /LU, {HJE Schizochytrium
sp. HX-308 7£ 1.0 vvm B H SIS T g™
e, N 5530 g/L, BESEREANE 1.5 vwvm
i A 5 7 WA B AR TY 5 Schizochytrium sp.
HX-308 7EIABUA ML R EU(Ka)k 88.5 h' i
SR AUKF T BT 3R A 5 (I ™ i 32.40 g/L,
M Ka THE o 150.1 h' iR & i o i R Ay
24.80 /L, R, ¥ R 2 R R T
FEaL, R ORI T R A R T A A Ak
BIR AAE, I B E T G il S e R
2 Ji W93 0 o 22 1 A HILIR o R IV S R, )
FEASH T Bg  g AL R U7

RESHEAATMRAERMIERRZR,
HEFRAR A A 255 = DHA % PUFA 3 &7,
WA H 30%[ 2 10%H}, Aurantiochytrium sp.

PKU#Mnl6 /) DHA j7& M 4.70 g/L #mz|
6.00 g/L"*1; Aurantiochytrium sp. T66 f) DHA
ERERASE TR 52% 7 Waiirk,
FAS A2 H 1 A AR T 2800, BT LIARER
F PKS i&4%, FAS i 42 o (1) R MBS 1 E 25 5
Z RN AR BE 52 5T Aurantiochytrium sp.
PKU#Mn16 W% 2152 3 A =W, #E A FAS i&
RIS A M DHA ) SFA S7EARAMLN T
y U R, (RIS R ST FAS i
A AR FTRE B ER U b, T PKS iR A2 1R
S MR E FT RE ML FAS AR IERR, MM
5| H ZHRIEIEA PKS #1248 DHA, &
DHA % PUFA (X & 34 m T,
2.4 pH B

pH & B A7 [ & [ F h BB S5,
£ 7 R M A0 A A A K AR . REFR LA pH
DR 20 S A o A R B, R 2 T IS
P, DT 52 00 4 SO ) 2 AT 5 3 i R 240 L ) G a6
BN YA A A L R, S A
JfL 285 B R 0, % R R B IS AN T T
[Fi) B 248 2 0 b — LA B R e, i d
FRIEM) pH KA, BN, KRR 6T
BRI FE LA RO PG 20 8 1 A LR 2 BRI
T pHTSS S SR AR A R T RE S B
FRFERLASY 2 IR 5 38 3k S A A T T S o
T W R BEL FE R R B pH AW L, &
KRN pH 2 Tilglh pHPO* S, Wik, %
MEW ) pH A8 5 kBB Br . KigRSLdl oy . Ky
IR FE Z TR A

3 REET RS A K i tE pH, KZ
B 9 76 T A K 1 e fE pH E M 1E 6.0-7.0 2
B, BRME pH {H(<5.0) L K Bd 4 pH {H(>8.0)= &
e R A A K P X AT AR R O T
PE pH IREE T MEEEEE &, A A TIRY 0T
FERMANMA s mimRbE pH 25200 41 I ) 3
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R3 TRMRTFEHRERERRE DHA &R 1E pH (&
Table 3 Optimum pH for the growth and DHA production in different thraustochytrid strains

Strains Culture pH Optimum  Maximum Optimum pH  Maximum References
pH for the biomass for the DHA DHA yield
growth (g/L) production (g/L)
Aurantiochytrium limacinum PKU#SW8 3.0-9.0 4.0 6.49 4.0 1.00 [33]
S. mangrovei Sk-02 4.0-7.0 6.0 18.30 6.0 3.90 [53]
Aurantiochytrium sp. shy 6.0-8.0 6.0 6.77 - - [59]
Thraustochytriidae sp. Z105 3.0-9.0 6.0 14.55 6.0 1.22 [60]
Aurantiochytrium sp. PKU#SW7 4.0-8.0 6.0 6.96 6.0 1.40 [63]
Thraustochytriidae sp. PKU#Mn16 4.0-8.0 6.0 6.79 6.0 1.43 [63]
Schizochytrium sp. S31 5.0-8.0 7.0 6.01 7.0 0.31 [83]
Schizochytrium sp. AB-610 4.0-8.0 7.0 62.63 - - [85]
S limacinum SR21 6.0-7.0 7.0 139.10 7.0 20.45 [86]
Schizochytrium sp. HX-308 4.0-8.0 7.0 97.11 6.5 23.36 [87]
S limacinum SR21 6.0-9.0 7.0 44.90 7.0 0.58 [88]
Aurantiochytrium sp. FIKU018 6.0-7.0 6.0 13.93 - - [89]
Aurantiochytrium sp. SA-96 4.0-8.0 7.4 12.40 - - [90]

—: B2 R O SCRRAR I 5 s R AR

—: The corresponding literature cited did not provide measurements or specify specific data.

BYEREEIGE, BE pH 2FRAR -5 S P A ¢
&I BT e T YRS T, AR T
A, K pH E M HPERRALE] 5.0 2% 6.0
A LR e A A TRA S22 SR, L
Pk 12 M B YR 15 3% S limacinum SR21, pH {4 7.0
I} TFA & feey, 4 pH {HFFEE] 6.0 il TFA
FEHERRAR 40.00%°0, 3 id A I i R R 2R 0 F o
pH {H 2% S 55 5 H 40 5 952 00 FF pH {E A 7.0
K&K %) 4.0, Schizochytrium sp. AB-610 55
Sl 37.88%F2 5 42.01%; % H#FRTE pH E
7.0 BHAT fE AR 62.63 g/L, pHEH N 5.0
IF A= B s AT FAAG, pH N 4.0 A= 8 2
WA, 37508 51 DHA 7 5t bl 2 B,
P, R TR 242 & i i fl DHA & &,
(B2 TR A A R AF], i DL &SRR
JiFl DHA M7, W5k 3 PR, B ETE
pH {H} 6.0-7.0 REME K15 5 =1 1) DHA 7 i, 1M
HbE R S5 ERME A pH R RE BRGE A R T AR
Schizochytrium sp. HX-308 A1 S limacinum SR21

TE pHAEH 7.0 B S iR i, 4304 51.76 g/L
#1776 g/LB* | Thraustochytriidae sp. Z105 7£
pH {E>H 6.0 AT e g T it 4.07 g/L, 4RTfi
HET DA BFIEEN R pH R 2T R DHA A7 (1)
Y FOLELRTIT, B DARR M PR I 2 g ot AR 2R AN
DHA & B 53FHLHI R AT AL, AR AR B2 2
THIEAMNX —WFE NS R EZ , AT A4 ey
204 DHA A7 1 pH SR Z B

52 AL T NaCl, HE . A M pH
X4 FPEAEE A X iR i A L g R
R DHA A= 77 U 5E0 , 432 T 2R 025 3 &R
BEW . o BOK BEMIZE A AL 3 5 T
CRR BT IR A ) R B RIS FE SR = DHA 7
T TH AR BUIR (A 3).

3 BT IR M oy & B SR

3.1 EiEEHTIRRS
Rk FE NaCl X A& Tl A 5m 20 ) S Ve
AT F K B 24 W A S A e g, i il A
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' Effects of environmental stresses on '
i DCW, lipid and DHA accumulation |

e
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Thraustochytrids

— @l —
1—®—>
—~ G

%

Wild strain

A YA VAN

3 INERE T ETEEE KRN RPN RETINEMIE R & B SR ag

ROS: Eth%; T: #iE; DO: R

The first stage The second stage
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!
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High oxygen-low oxygen;
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Figure 3 Effects of environmental factors on the growth and lipid accumulation of thraustochytrids and

fermentation strategies based on environmental stresses

species; T: Temperature; DO: Dissolved oxygen.

RS 5 ok P AR R Rk 2 B i A T A 1 AR

DRI, i BEAIGHE BE NaCl 257 T 58R B R4
KA P B T B B AR T R A 7 A BoA
P X, Thraustochytrium sp. ATCC 26185 Fi
Aurantiochytrium sp. TWZ-97 ¥4 8 75 1% Hk JiF
NaCl ZF T AR REFIF HAR R 20 M 805,

WiE 3 5I7E 5 g/L NaCl f1 7.5 g/L NaCl ¥ T~ A e
BT 123.60 mg/L FT 140.40 mg/LP0%,
X % W B S0 Bl 4% A TR B AR AT LA S ARk
NaCl 254 T 1) &K B4 7 . itk ACEM C . ACEM
A Tl ACEM E TEARWE NaCl 451 T #5520,

FHH #& BESRERPR 2 & A% 5 500 mmol/L

4] DCW: Dry cell weight; ROS: Reactive oxygen

NaCl FHS B &K, AR I AR KA
2L ARG Lo B s s B e s
10 mmol/L Ik NaCl ¥ B [ 15 57 3 o s fin pea #n
HEBEEIT LB SR ERAEE, 7 L E
ACEM A ) PUFA &itf 33.00%43 3134 %)
45.00%7F1 48.00%", X FHIFFE NaCl ¥ & If:
IR ERIRZ Siopn [0k 3via RN 1 S S Ky
Peo IEAk, AR AR B & —Fh ]
TR . 1% B BRI 2% M1 #h 1% 5+
Schizochytrium sp. S056, 335302 % )&
1 346 mOsm/L f& % 857 mOsm/L, {H &40/
&M 34.76 g/L #2155 38.93 g/L, DHA ;=& M
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6.61 g/L 32 E37.95 g/LPY 2 bR {KHe E NaCl
SN A NS B W R NG L /SN
TR R A 77 L PR T AT AT AR A, H2
AT EE B A A R B — 2 0 IE
32 SDERABKRE

BRI AR E S R T R, (A1
A LUE Yy 0 AR, B F i iR DHA 7=
w2 YRR, TR A B A
K e A v — BN IR BT R AN BB AR AT A
Yy a AR T . W T Y & R R AT L
SN 2 BB B 1 B B AN A P A K By
B, A AN A A R, RS E R
FIHAEHR I, MR R R B2 B
BURNR R B B, YAIRAER S 4T 4h K
AR, REARRIEREECT, i, AR
2 T A DA 14) R TR A Bt o — 2 PR R )
(T i B, = B B i T S e s/ T LA M0 g o
AT BRI, BIAE 20 6 A K o B AR A T Y
B IRHNE B IR S LIRS B S B i, fE
i ot AR 8RB Bt — S 1 BR 8% R D) DA iF
DHA FIIEFE AR, 2 4 XTELR B IR B . v
A pH 195 B B K 5% 5 W A $5E R I AT 1
DHA 4 R AT T 545

R AT DU A A K, AR T DL
DHA &1, Fir LAy i SR Y 23 B B 28 i e 45
SRS B T LA BRI R B 3R B AT SR G AR B i e
DHA B R BR . 7ERE L - 15 7% Aurantiochytrium
sp. FN21, 5% JH 28 °C (0-84 h). 25 °C (84-108 h)
115 °C (108—120 h)i) =By BeAa i ok, ie&afiis
B S 28 °CIEIRIG I, DHA &M
40.94%3% 5 5] 46.39%, DHA F= M 7.42 g/L #2155
3] 8.29 g/LP¥. ] 250 mL #&Hi}5 3% Schizochytrium
sp. HX-308, %1 30 °C¥53% 32 h F1 20 °CH; 33
12 h WP BRI, 31519 DHA & it
51.98% (TFA)F 6.05% (DCW); {HI&7E 30 °CI¥

fEIRME T, ZHERRG DHA S EAERFE 30 h )5
ikF| 52.02% (TFA), 353 42 h J5i6% 5.82%
(DCW)P, AT DL HIZ A 5T Hh 11 728 38 5 s I TG
BEH A, MRS A A
IE A 7= DHA AT 58 62000 FH A s il SR s
R i % Al T 7 R I 3o R R AR R R
AR AL, DR E T AR AR K IR AR
i DHA iy RLEE, BFFE A GO R s A ST
s Ao B R TSR s ) BOR AT TR ST . TE
50 L & Bt 1% 9% Schizochytrium sp. HX-308,
K Kia #HI7E 150.1-h™" (040 h)Fil 88.5-h™
(40—160 h)HYy M [ Be x40k M, AE )& A1 DHA
A RAE] 92.72 ¢/L Ml 17.70 g/L, H Ka
y 88.5-h ! I HEVE A AT R R T 26.84%F
63.89% ), JAF MATHEAT T — 24 B R
MBS, I HZE S 2B i i DHA 7= it 7 1 A
B MRCR, (H X Sy 24 h T S0 %/
AR, X T R BE 73 (0 AT T AN B
WA o JUHOR KA A ) S R 25 1 o IR 352 25 5
AR, BR T REEMVIGR B, — B IR
T % TR TR %) v s SR P X LA S B O R,
B B A3t A2 TR Wk %) 0 L AT A TR IR AT TR IR IE
R PER) pH AR TREREAK, [
fik pH RERS L & I B F DHA & i, X —4F
SRR R E R pH [FAEE R T
B 5 Al DHA 7= 42, L 8 mol/L ) HNO; fil NaOH
VSRR RE SR pH, pH (EHEEHIAE 7.0 K5
60 h 2RS¥ pH (ERFALE] 5.0 4k2L45 5% 60 h 1)
W B R BE RIS , i Schizochytrium sp. AB-610 [
N7 k5] 26.00 g/L, DHA P~ k% 11.44 g/L,
439 FL TG pH $55 il 5 1% (21.85 F119.36 g/L)#E R T
19.00%7F1 22.20%*°1, B4R pH Y53 Be i s o s
X T2 i A R A DHA PR —E SR (H
SV Z WA R AR K I B I R 17 pH
PP ECE N pH #ERI7EE h AT, DHA A7
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x4 FIANEHERSWETE DHA £ 785 M B & BRI
Table 4 Staged fermentation strategies of the enhanced DHA production through environmental stresses in
thraustochytrids

Strains Staged fermentation strategies Fermentation scale and Biomass DHA yield References
modes (g/L) (g/L)
Schizochytrium The aeration rate was set to 1.0 vvm for 50 L bioreactor, 151.00 44.30 [26]

sp. HX-308 48 h then changed to 0.5 vvm for 72 h fed-batch fermentation
Schizochytrium The temperature was set to 30 °C for 32 h 250 mL shaking flask, — 51.98% TFA [57]
sp. HX-308 then changed to 20 °C for 12 h batch fermentation 6.05% DCW
S limacinum  Dissolved oxygen was controlled at 50% in 5 L fermenter and 37.90 6.56 [77]
SR21 a 5 L fermenter for 40 h then transferred to 250 mL shaking flask,

250 mL shaking flasks for 200 h batch fermentation
S limacinum  The aeration rate was set to 1.0 vvm in the 5 L bioreactor, fed-batch 122.00 15.25 [86]
SR21 growth stage then changed to 0.5 vvm in fermentation

the lipogenic stage

The aeration rate was set to 1.5 vvm in the 141.40 20.64

growth stage then changed to 1.0 vvm in

the lipogenic stage
Schizochytrium HCI1 and NaOH were used as pH regulators, 5 L bioreactor, fed-batch 98.07 25.85 [87]
sp. HX-308 the pH was set to 7.0 for 36 h then changed fermentation

to 5.0 for 84 h

Citric acid and NaOH were used as pH 106.44 30.80

regulators, the pH was set to 7.0 for 36 h

then changed to 5.0 for 84 h
Schizochytrium The temperature was set to 26 °C for 48 h 50 L fermenter, batch - 6.50 [96]
sp. ATCC 20888 then changed to 22 °C for 96 h fermentation
Schizochytrium The agitation speed was kept at 400 r/min 10 L fermenter, 92.00 21.00 [97]

LX0809 for 40 h then shifted to 300 r/min for 56 h  fed-batch fermentation

Schizochytrium The aeration rate was controlled at 0.4 vvm 1500 L fermenter, 71.00 15.76 [98]

sp. CCTCC for 24 h, then shifted to 0.6 vvm until 96 h, fed-batch fermentation

M209059 and then switched back to 0.4 vvm until the
end of the fermentation

Schizochytrium Dissolved oxygen was controlled above

sp. FJU-512 20% for 48 h then reduced to 5% for 72 h,
the temperature was set to 28 °C for 96 h
then to 25 °C for 24 h

—: A2 AR DG SCHR AR I 7 mbr B B AR

—: The corresponding literature cited did not provide measurements or specify specific data.

15 L fermenter, 103.90 16.00 [99]

fed-batch fermentation

[RIRESRAS T 8P i 4 S0 iedh, pH I35 71
AL LA LTI pH 3 75 550 1T Ay A ) AR 1)
ALV AE 5 SRR R Z 9, B LA i A RERf
SEATIZ A 14 06 B

BINTEZ, BT WEM pH BB
B I sk vl LU 5 SRR A Y DHA Tk
PO FISEBR SR HEAR 4, (B SE s 1

$& s DHA 785 i R BCR A —, IF A7 —1
[, —J7 T, B3R I e BRI DN - 2% 1R ARG 1
I AL ME LB SE , AT I 1 S P A Ao ME 2 5

F—J7 11, AR X S BRI KT R BE 2 M N AR
A o I, AR 2 RRE e T A e A B4 1L 4%
F N W REHE PAT A (1 DHA 77 &, KUY A4y
WrBe kK BEEdR = DHA 7 i J7 T L3I A R
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i, IZR IS 15 RE W TE R IR & 9 A Sus 1y
IF HEUS B MRCR A T i — 225
3.3 ZMEEMNNHIRS DHA & rYR B

MMITEA SR T 2 AN AT At ) A 35
4 (reactive oxygen species, ROS), 7EfaiE 5514
T, ROS By A G BRAL TP AR, IX K
T2 A & SRR R g R AR T, R
AL P 251755 ROS fb i AU R, DT at B 2
A AR R 3O ROS AR A P A 5 ik SR A
AT R A PUFA IR S5 A 6, Tl HL 23 X DNA
AT DL R A R S AR A A5 45, R i 2 i
(A IEH DI RE, B2 b kA st T i gE R
e 8 7 TR TE S ) PR JBh 38 T 24 e e S AL T i
DR B 2 TR KPR S e A AR i 5 o, DA T
e A B 4B Ak R ) ARRAEN AR AL B (R 5)0 TE
Tl R A Bt R, AUHKREE 20 i B B i e
AL BE T AN J2 D22 i S I8 A i o it 4
b, X AH 75 A5 BT F1 DHA 77 i 47 76— B2 B A 4t
&, (HRRZI R M . I A2 T
22 Fh 4 e 20 M e AR AL RE T 1 SR e DL 2 i g T ik
A4k, MM = I8 R DHA #9776
331 BENEREEHEL

iE NP 52 5 = i f (adaptive laboratory
evolution, ALE)J2 %] B A it Il 4 a2 ol 4 1 4
PR EREE I g, 78 401 4 3% 22 AL AR5 35 hox 4

ML, 253 B UL R IR L TE
U ALE AEG% 6 YL Y 1 72 P ozt 7 2 1 4 e
Xof PR TR AL PR TR 2 T RIGE IO, R TR A i A
KA R A DA RORE, BHCN BTl
A E A ) TR,
Hl, —Lef5%is Fl ALE 3E 5 i d ik
WA AR, BERAE R A HA & A A
B ML AR, R & &l K
RATE A ALE B2 PR T RGO g/L
NaClh)X} #k Schizochytrium sp. HX-308 HEfT
150 d ) 9Il{L 515 2 L # Pk ALE150, ALE150
) £ T A A B i 0 A B 134.50 /L AN
80.14 g/L, LLWIGR RPE$E R 32.70%F1 53.31%,
[vi] FRH ARG 0 1) ALE 150 45 58 25 () s BT B AL BE T (total
antioxidant capacity, T-AOC)FIH{Ef ROS 7KFP2,
N1 34.5 °CHY & il YL R #k Schizochytrium sp.
CCTCC M209059, it 70 d kg2l L bk
ALE70, ALE70 7F 34 °CAAE T 5533 i & 4 il
T E PR w4k 3 74.30 g/L A1 31.00 g/L,
LU B TR R 2 5 78.39% A1 148.00%; [H] isf ROS
TP R T 8 1A 2R R7KOF BRI, BRRE 1
FHRAE S W HEERIT L 230 r/min (7R AN DERE
& 194k Schizochytrium sp. HX-308, &3 40 4>
TEIE AL Bk ALE40, Hi4 s T3 1 DHA
I HAE] 84.34 o/L FN 26.40 g/L, HEIAE

x5 WEZTHEARIMEMETHEAEEBRERNREER
Table 5 Expression of antioxidant enzyme genes of thraustochytrids under different environmental stresses
Strains Environmental stresses Control Antioxidant Differential gene expression References
condition  enzymes levels compared with the control
Schizochytrium  High salinity of 30 g/L NaCl 0 g/L NaCl SOD Increased by 3.30 times [13]
sp. HX-308 APX Two genes increased by 2.31
and 1.84 times
Schizochytrium  Low temperature of 15 °C 28 °C SOD Increased by 8.84 times [56]
sp. FJU-512
Schizochytrium  High oxygen supply of 400 r/min 300 r/min ~ CAT Increased by 1.54 times [72]

sp. HX-308

SOD: WA EfLHE; CAT: idALER; APX: LI ALY
SOD: Superoxide dismutase; CAT: Catalase; APX: Ascorbate peroxidase.
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PREZED 19.10%H1 34.83%%6 B T BA—Jipif A1~
) ALE, A WF5FFH Z R P00 U R T
WA P R AR ET T34k o fFildn, XF Schizochytrium
sp. HX-308 & 4 °CAIKif# #1 30 g/L NaCl =k B
HIBIFEALE F ALE Selg , AR A2 5 DHA
it R ARy AA AR T, Zad 30 A
190 dyfSEIMFELTRIE ALE-TF30, Hifm K4
T DHA P20 514 126.40 g/L 1 38.12 g/L,
A3 HCAITHA TR R R 27.42%F0 57.52%'01,

2 BRTiR, ALE 159 2] 08k AL B R AT DL B
AR IR I $5E v ol 208 A )l 4R Ak I 38 P i 2 4
PTG 1 25 3 5 40 M i Bt A Ak B 0 A
T 980/ A 1 A A 104 DA AR R A i R, (]
BT A 406 408 i 2 T JR) 01 9 EL AT A v e B i TR 1Y
BB A DHA 427881, MIMh DHA KA AE
PR T R AT AT I B MO
3.3.2  SMRRINLE AT

A 258 5 300 AT DURE SR I AR Y ) g
MR, Hdr, Pra bR se s 1 22 F 1k b
W, AR AR R A B AR K 1 [ B s i o e AR Ak
B AR B 2107 S AR B — B AT S L U
TNHL A Ak 0 G 72 St e A0 A A K R R R
7o TRV 9 g/L HLIR IR J5 , Schizochytrium sp.
HX-308 Wi R4 T8 . A5 & Fl DHA /™~
TN 106.72, 65.50 F1 34.59 g/L, FLXFREZ
P2 16.16%., 14.46%F1 30.44%, [A] A 460 21 2
[ HA B R T-AOC FIHRAY ROS /KM, 78
Schizochytrium sp. HO16 fit 1% 37 3k v b 75 ZM I A%
1 mmol/L BIZ KB, ANAAYH SR A1 DHA
PR A F] 17.24 g/L F1 7.56 g/L, FLXFREZH
HEE 53.52%F1 78.30%, I H 2 FRE AG A B
ST AR T-AOC, F#MIK T ROS KFEN 4t
AL B TR N Fg Tk Ik B R Il LA
$ 7 Schizochytrium sp. S31 4= ¥ g Fi K
ST e Schizochytrium sp. SP1 A 3% 37 L b R

TN FRAFIRARAST T 0 e A R e U X e A
FEHRUE B SRS I S A 300 T DA Sk 2 8 v A
MIPLA R T, 83 I 4 N A ROS /KA
RO 2% K e R v R Bk Ak, AT 42 &1 B
JiFl DHA 74, {HJ2HARR/E DL A
R Jibh, BT B AR 2 Y e
TR A i A2t AT 32 = DHA =i,
333 RigIHE

R TANEAS IR, o RA R AR
PRI e B v ML b L AL 8 T o 7E Schizochytrium
sp. PKU#Mn4 i 3258 S8 AL AL i (SOD1)
LR EHWERRT), S AR KM,
R7 /Y SOD1 %M E 5.20%-71.60%, ROS
[% 7.80%—38.50%, PUFA ;=4 (1.23 g/L)iEm
32.90%, FfH R7 i T-AOC IR & T8 A4 R
#RUE FE Schizochytrium sp. ATCC 20888 Hijt
ik 6 Fl ROS I BREGFIRE R W PR SEEIY ,
HE 22 TR TR R LA 34 5 4 i XoF AT g K 1 19 A
Ae ., HP MR OaldH-gpo-trxR i i A 4 i+
& . J§FF DHA #4042k 50.50, 33.10 Fl
1330 g/L, IREPRIE I 18.50% . 80.90%F!
114.50%° Ht, o Fekbi E AL BESRE R 4 1
R R W R 8 B R AN M ) BT A fL BE ) il DHA
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