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Abstract: Very-long-chain polyunsaturated fatty acids (VLCPUFASs), including ARA, EPA, and DHA, are essential for human growth and
well-being. They are produced mainly by the Thraustochytrids, a group of marine microorganisms that are the most important sources of these fatty acids
for marine animals such as fish and shellfish. Although many studies have suggested the great potential of Thraustochytrids for the large-scale massive
production of VLCPUFAs, the mechanisms of VLCPUFA biosynthesis in these microorganisms remain unclear. In this review, the VLCPUFA
biosynthetic pathways of Thraustochytrids, the mechanisms of storage lipid assembly, and genetic engineering strategies for increasing VLCPUFA yields
are introduced. Specifically, emphasis is placed on the aerobic and anaerobic biosynthetic pathways and the mechanisms of VLCPUFA assembly as well
as the metabolic engineering applications of the pathway-related genes. This review presents a summary of findings from cutting-edge research studies to
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provide a better understanding of these biosynthetic pathways and their applications for VLCPUFA production. In conclusion, through the heterologous

expression of genes involved in VLCPUFA biosynthesis, microorganisms and plants can accumulate functional lipids such as EPA, DPA, and DHA,

which account for up to 5%~40% of the total lipids. However, through genetic engineering, the DHA yields of Thraustochytrids can be enhanced by

approximately 3%~55%. These findings provide a theoretical basis and guidance for the industrial production of VLCPUFAs.
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Fig.1 The effect of VLCPUFASs on maintaining human health
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Table 1 Composition and content of polyunsaturated fatty acids from Thraustochytrids

Re e snm, (&I E ) %

Wit SFA UFA EPA DPA DHA FBEZRE/C LK
(fafeflelrdt )  (MeflERER ) (20:5) (22:5) (22:6)
Thraustochytrium sp. 26185 31.8 64.5 22 8 53 20 [13]. [14]
Schizochytrium sp. HX308 21.2 72.3 1 20 50 22 [15]. [16]
Ulkenia TC 010 31.1 589 11.2 59 375 >20 [17]. [18]
Aurantiochytrium limacinum 37.8 61.25 0.25 6.5 54 22 [19]. [20]
Hondaea fermentlagiana 47.6 48.95 0.4 7 41 [19]
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2 ELAEMT R ETEERREMRTEKESC 2R
Table 2 Summary of elongases from different Thraustochytrids

P4 HER B R B K
Thraustochytrium sp. ATCC 26185 AS-ELO. A6-ELO. A9-ELO [38]
Thraustochytrium sp. ATCC 34304 AS-ELO. A6-ELO. A9-ELO [39]

Schizochytrium sp. ATCC 20888 AS-ELO. A6-ELO. A9-ELO [40]
Aurantiochytrium sp. strain T66 A6-ELO [41]

7E: ELO: elongase, &A%,
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Table 3 Summary of desaturases from different Thraustochytrids

G4 AR i o A KB Lk
Thraustochytrium sp. 26185 A4-DES. A5-DES. A6-DES. A8-DES. A9-DES. Al12-DES. AI5-DES [38]
Thraustochytrium sp. ATCC34304 A4-DES. AS5-DES. A6-DES. A8-DES. A9-DES. A15-DES [45]
Schizochytrium sp. A0231 A4-DES. AS5-DES. A6-DES. A9-DES. Al12-DES. Al5-DES [56]
Schizochytrium sp. HX-308 A6-DES. A8-DES. Al2-DES [57]
Aurantiochytrium sp. PRU#SW7 A4-DES. AS5-DES. A6-DES. A12-DES. A15-DES [58]
Aurantiochytrium sp. SK4 A-DES. AS-DES. A6-DES. A9-DES. A12-DES. Al5-DES [59]

v£: DES: desaturase, S4&f=f,

-8 pathway
A 15 Desaturaes s eeeeee
18:2n-6 v 18:3n-3  ALA
A9 Elongase
2 A 6 Desaturacs 3
= .
g 18:3n-6 ¢ 18403 20:3n-3
g .
Y
& A 6 Elongase A 8 Desaturase
20:3n-6 + 20:4n-3
.
A5 Desaturase
. g
ARA  20:4n-6 « 20:5n-3  ERA z
: i
A 5 Elongase 0
. 3
22:4n-6 22503 :
A4 Desaturase  « .
22:5n-6 . 22:6n-3 5
DPA . DHA .
feccscccscscesnscsccsssnnns 1

3 WETEEMEMF VLCPUFAs B EERIER
Fig.3 The biosynthetic pathway of VLCPUFAS in
microorganisms of the genus Thraustochytrium
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Fig.4 The biosynthesis of VLCPUFA through anaerobic
pathway
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Fig.5 Structure of polyunsaturated fatty acid synthase in Thraustochytrium
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RPN Photobacterium profundum (7= EPA &)
PUFA & 11 KS X35 Moritella marina (7% DHA
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Fig.6 Biosynthetic pathway of Thraustochytrids glycerolipid biosynthesis
E: OBEAE CoA 1&#1i842 (Kennedy i&£42 ): acyl: Bti; CoA: ##B& A; G3P: glycerol-3-phosphate, Hib-3-58:; GPAT:
glycerol-3-phosphate acyltransferase, Hd-3-BhELBLIL4E 4504, LPA: lysophosphatidic acid, & Akfg8EL; LPAT: lysophosphatidic acid
acyltransferase, A8 BABEI4E4585; PA: phosphatidic acid, #AEER; synthase: &-A8%; DAG: diacylglycerol, —BtHb; PS:
phosphatidyl serine, #5f8BL4 R EL; decarboxylase: A H4; PI: phosphatidyl inositol, AFASEHLALEZ; Other Phosphate Lipits: it BEL
fi5; PAP: phosphatidic acid phosphatase, #fsBR#;ELEE; Choline, f24%; CK: choline kinase, F2#%i#%84; Choline-P: #4BEiAZ4%; CT:
choline transferase, A2Z#k4%#584; CDP-Choline: CDP-f24%; CPT: choline phospho transferase, —BtiiHihfemmhensti48s, PC:
phosphatidylgly cerol, #:Ag&tAZ4%; PDCT: phosphatidylcholine:diacylglycerol choline transferase, #Ef8BtARGR: —BtH b ALaRA4A% 0,
DAG: diacylglycerol, —BtHih; DGAT: acyl-CoA:diacyl glycerol acyltransferase, —BtH hBtIL4E4504; TAG: triacylglycerols, =&t
Hd; Ethanolamine: ZB#; EK: ethanolamine kinase, ZB#Ei#tAs; Ethanolamine-P: A§ER LB M, P: ##%; PECT: phosphatidyl
ethanolamine choline transferase, A58 Bt LEZ A mA4458%; CDP-Ethanolamine: CDP-ZE&2A%; EPT: ethanolamine phospho transferase,
CBE R BR%% 458, PE: phosphatidyl ethanolamine, #%f5®BE L EEM:; PEMT: phosphatidyl ethanola minemethy ltransferase, #fg Bt ZBS
Je: F 454585, PDAT: phospholipid diacylglycerol acyltransferase, #f§ Bt BEE A58, QIFRMMBLA CoA i&4%: G3PC:
glycerol-3-phosphocholine, Hi#-3-BER A2 5%, GPCAT: glycerol-3-phospho choline acyltransferase, Hih A4 84 A2 45 4% 4% B4; LPC: Lysolecithin,
YRS, LPCAT: acyl-CoA:lysophosphatidyl choline acyltransferase, o P& fls 4545 8,
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F AL A 1.3520.5 mg/g i1 DHA F10.12+0.04 mg/g ]
EPA™Y, %5206 N R &7 EPA/DHA HIFLIRTEE
oL T4 N b S I ) B b SV liBl 7
AT TR 5T A

4.2 FAFEmAHE Y & - VLCPUFAs

WEMEYD, s, KERAGFEMER. MWHR
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YRR, SEKREMBEE AN H% DHA Y5
@At LIS RITR, HRERFMSHMDEE 2%M
DHA, UEBFEAEY)HRIAA A A R AR IS L A A,
AL DHA S5 Dh e RE R EY) - R U A
(AT REED . B, REEFOH IR b okt
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SOMEMEY) A EPAL DHA, 3-8 17— & 464~
Ty e I 1) 2 R R R E 1, R AN W i v H ™
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Y& R DHA 7K FREBRRRR) 12%, HlT%
PRI AN SE A X e R RS Sk, 3 B R R
EMEY I 2577 A — b AR TR DT R, An A T 2
GLA Fil ETA 251, S 5 i i A 2571 2215,
A ARG, BRAh, ATREH T IR ALY R
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x4 FIARETEEEEETIERE SR VLCPUFAs
Table 4 Production of VLCPUFAs in microbes through introducing genes from Thraustochytrids

IARH FwANIKE P4 FE Sk

Pichia pastoris TaA9-ELO ARA 38.57% [39]
Yarrowia lipolytica 1aC18/20-ELO EPA 40% [96]
Escherichia coli 1cPPTase and TeSubunit-A+ TeSubunit-B+  TeSubunit-C DHA. DPA 18% [13]
Escherichia coli Mmpfad. MmpfaB. MmpfaC. MmpfaD. MmpfaE DHA 5% [97]
Lactococcus lactis subsp. Shpfad . ShpfaB. ShpfaC. SkpfaD. Shpfak EPA 1.35+0.5 mg/g (DHA); (98]

cremoris MG1363

0.12+0.04 mg/g (EPA)

7E: BLO: elongase, *£-K&%; DES: desaturase, Z46Awf; Ta: Thraustochytrium aureum, #EEH; Te: Thraustochytrium sp.,
B% 4 B /&; PPTase: phosphopantetheinyl transferase, #4584 B 2444 84; Subunit: J£7T; Mm: Moritella marina; Sb: Shewanella baltica;
EPA: eicosapentaenoic acid, —+#XA}#L; DPA: docosapentacnoic acid, —+ =8 A }H#; DHA: docosahexaenoic acid, —+ =%
M E; ARA: arachidonic acid, 6.4 WIHER.
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% 5 HEHEPFEIEIE AL VLCPUFAs
Table 5 VLCPUFAs produced in plants

it A aZ Vi 3 LK
Brassica juncea A5-DES. A6-DES. A4-ELO. A5-ELO. A6-ELO ARA 9. 7% [99]
Camelina sativa A46-DES DHA 12% [100,101]
Arabidopsis thaliana A6-DES. A6-ELO. A5-ELO DHA 15% [102]
Brassica napus Subunit A Subunit B. Subunit C DHA 3.7% [103]

7£: ELO: elongase, #£ K #; DES: desaturase, /&4=84; Subunit: I.% 7T,; ARA: arachidonic acid, 124 v9 48 ; DHA: docosahexaenoic

acid, =+ ZBRIHER.

* 6 AFEWRETERMEMEERNESLER

Table 6 Summary table of genetic modification of Thraustochytrids microorganisms

At AR =4 Vi 2 LAk
Schizochytrium sp. CAA. A4-ELO DHA gAY 139 4% [104]
Schizochytrium limacinum Subunit C-ER ( B Z% ) EPA #®57 53.38% [105]
Aurantiochytrium PPTase DHA REHT 53.9% [106]
Aurantiochytrium sp. G6PDH DHA ®E5T 20% [107]
Schizochytrium sp. ®3-DES DHA REHT 3% [108]

7E£: CAA:acetyl-CoA carboxylase, LBt A 4485 A #4L#; ELO: elongase, 3£ K &; Subunit: %43 ; ER: enoyl carrier protein reductase,
HrBt A BARNE 18 BB, PPTase: Phosphopantetheinyl transferase, #%BARs 2 454%84; G6PDH: glucose-6-phosphate dehydrogenase, 6-

g

B H) BHELABS; DES: desaturase, H40f=B&; DHA: docosahexaenoic acid, —+ —#k-SH#88; EPA: eicosapentaenoic acid, —+

CEN IS
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Fig.7 Strategies for genetical modification of Thraustochytrids
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