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R FE R B SRR O 7E S 1% ) %9 B8 19 19 Kuhl
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Figure 1. The cell growth, lipid production and glucose
consumption in C. sorokiniana at different conditions of nitrogen
supply. (A) Cell growth under KNO; ; 8g/L and KNO, ;: 2g/L
conditions. (B) Lipid production under KNO,: 8g/L and
KNO,: 2¢/L conditions. (C) Glucose consumption under

KNO,; : 8g/L and KNO,: 2g/L conditions.
FRIEFRFZANT, C. sorokiniana 1) 33k %2 & Az K ]

A A ) T AU 8 IR A T RS R A A A
Yt (B 1-A) , 0D, 73 51 2 28.97 +0.45,24.87 +

119, 33 55 4 49 B AT AE B — B0 (I 1-C) L 1
#2296 h I, TR F0 L 5 IR A F T 1 4 AR A R
HH4.32 ¢/L £ 0.51, ] F &5 5] 89.2% ; i &
B FRFM T AR AR 11,22 ¢/L +
137, RIHZER T1. 7% . R W38 1 5 55 440 &
5 W C. sorokiniana W) £ K @ R, Sk M, C.
sorokiniana FE RO R LM T HEBRHEFE 21
Wi (B 1-B),96h 1Y %5¢ 0 58 B8 3] 17 414.52 «
8. 18 il M At 50 7 2 35 75 A 1R T Y 2t i T A
166.27 £13. 15, 4 A 22 2. 49 % R AU 30 1Y
IR R A RERG AL i C. sorokiniana K FR MR .
2.2 BERANFEEK de novo B

N T REWS T f# C. sorokiniana i I & WL AH G
F18 35 DR KR L g AR i AR, R MR TR [ 5 R SRR
B A 84h 1 B, 4°C B0 U AR AN N, AT
[Mlumina Hiseq2000 Xy , 23815 49,269,563 fK)
raw reads, 23 WAk ¥ 5 K45 44,058,382 H T de
novo PF3E ) & i 2 19 clean reads, (5 raw reads [
89.42% (F£ 1), ¥ A 1 clean reads F] [ de novo
BEZ B PF Trinity (12013-02-25) " # 47 de novo $f
$2, Kmer 16 HIERINE 25, S 3L R15 49885 e A,
K B2 [l 300 - 4100bp, NSO g 1941bp (£ 1, &
2-A),

% 1. C. sorokiniana JEERHE R

Table 1. Summary for the C. sorokiniana transcriptome

Contig measurements Raw reads Clean reads
13,719,355 12,217,431
KNO3.2¢/L
13,650,626 12,217,431
10,972,576 9,811,760
KNO3:8¢/L
10,927,006 9,811,760
Total 49,269,563 44,058,382
total trinity transcripts 49,885
total trinity components 29,189
contig N50 1,941 bp

2.3 IhEEERE

PREAS 2 1Y BT A B 5 AR T BLASTx 545 78
NCBI # Nr 8l i v AT He X, E-value f 15 1 3% 5
10 77 47 26480 A5 s A (|5 Fir 47 % S AR 14 53. 1% )
REAE A N PErp (77 90 X B (3R 2) o 7 Xt 3y
5 fir J@ W Fp i Chlorella variabilis ( C. variabilis) &5
T 81.77%, subellipsoidea  ( C.
subellipsoidea) &5 T 7. 08% , Volvox carteri (V. carteri)
7 1.83% (158 2-B) o AR 4 BLASTx iy LU 45 2R,

Coccomyxa
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Table 2. Annotation of all transcripts

Number of Percentage
Database annotated of annotate
transcripls transcripts/ %
Nr 26479 53.1
UniProtKB/Swiss-Prot 16748 33.6
GO 17240 34.6
COG 13786 27.6
KEGG 5851 11.7
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FIH KAAS X Pf 3545 2 (9 it A 7% AR 04T TR
WA IERE, 2357 DR ARE I X 4R E T EC
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B TEM Y B N B RS, W TS
R IE AR, 4 i A OC il 17 % S AR HE C. sorokiniana 1)
e BB A AFTE (R 3) .
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Figure 2. De novo assembly and BLASTx results. ( A) Cumulative
transcripts length frequency distribution of the C. sorokiniana
transcriptome assembly; ( B ) Top-hit species distribution for

BLASTx matches for the C. sorokiniana transcriptome.
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Figure 3. GO annotation of all transcripts. Best hits were mapped to get GO term, and 17240 transcripts were assigned to at least one GO term. Most

transcripts were grouped into three major functional categories, namely cellular component, molecular function and biological process.
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Figure 4. COG annotation of all transcripts. All transcripts were
aligned to the COG database using BLASTx algorithm and can be
classified functionally into at least 24 groups. ( A) RNA
processing and modification; ( B) Chromatin structure and
dynamics; (C) Energy production and conversion; (D) Cell
cycle control, cell division, chromosome partitioning; (E) Amino
acid transport and metabolism; ( F) Nucleotide transport and
metabolism; (G) Carbohydrate transport and metabolism; (H)
Coenzyme transport and metabolism; (1) Lipid transport and
metabolism; (J) Translation, ribosomal structure and biogenesis;
(K) Transcription; (L) Replication, recombination and repair;
(M) Cell wall/membrane/envelope biogenesis; ( N ) Cell
motility; ( O) Posttranslational modification, protein turnover,
chaperones; (P) Inorganic ion transport and metabolism; ( Q)
Secondary metabolites biosynthesis, transport and catabolism;
(R) General function prediction only; (S) Function unknown;
(T ) Signal transduction mechanisms; ( U ) Intracellular
trafficking, secretion, and vesicular transport; (V) Defense

mechanisms; (Y ) Nuclear structure; (Z) Cytoskeleton.

%= 3. C.sorokiniana #FAFTRBRINEEREIER
Table 3. Essential metabolic pathways annotated in the

C. sorokiniana trancsriptome

Pathway Enzyme Known
founded enzymes

Photosynthetic carbon fixation ( Calvin cycle) 12" 13
Glycolysis/Gluconeogenesis 10 10
Pentose phosphate 5 5
Citrate cycle 10 10
Fatty acid biosynthesis 6 6

TAG biosynthesis 4 4
Starch biosynthesis 4 4

“ the enzyme Phosphoketolase was not found in the C. sorokiniana

transcriptome.
241 EEMBOEMESHER: X THME C

sorokiniana %% F H B R F B, K M T C

sorokiniana TE i JI R 1955 1 I K6 Ak v 1) 2 B9 AH OC il
HUHe A S E A A 2 DA 455 KEGG
1 EE X 45 R S A T A el AR T R 4 AR WA R AR
(FES) o WekeErh, & B0 i 17 R /Y B L B o &k
TEmM g ik b, A C16:0 (B R ) #1 C18:0-ACP
(acyl carrier protein, BEILH5i2 % 1) , R g H i — &
YERTIAY 2 5 ks (3222 = b)) 2k
Y& . C. sorokiniana (73 #r 45 R, & i A i i
Wi BR B 5 — A2 0k £ Wt CoA ¥R fL i (ACC, EC:
6.4.1.2) AL M CoA FIRREREE (HCO, ™) A= BN
Tt CoA By I, SR 5 TN T CoA-ACP i BL 4% 7% il
(MAT,EC:2.3.1.39) {4679 — Wt CoA F AL HiN —
WE-ACP, 7E R )5 B9 g 17 B % 5 AE 1 Sz 07 o — k-
ACP B 5 by i A A 55 Bt 55 -ACP (B £ Wt CoA) K=
— ZR 5 H I I HE-ACP 45 g (KAS) K 7] T i i Ak
SE 4R B Lo B — 45 A S B- T T -
ACP AT (KASTI ,EC 2. 3. 1. 180) 4 4k - A sk
B4, SR 5 B BE 3£-ACP & 1 (KAS I, EC:
2.3, 1. 41) gl Az S B B - 75 Bk 19 AS () B i 1K
W=, fieJm B~ Bt 5&-ACP & il 1T (KAS I, EC:
2.3.1.179) fi fk C16:0-ACP #E K % C18:0-ACP,
1€ Eustigmatos cf. polyphem ( E. cf. polyphem )"
Dunaliella tertiolecta ( D. tertiolecta)[]z] 1 Neochloris
oleoabundans ( N. oleoabundans) (3] B 5 3 b
EBA LT it B-TR BEHL-ACP A 1 A9 %% kA, 1
TEAR W 5T H I K M\ C. sorokiniana W) ¥5 5% 2H B0
KRGt B-HAmEE-ACP & 1 M5 kA, —Ik
A5 SRR G P 1 B - 15 Bk -ACP, 4K 5 IR
2 ik i -l Bt 2E-ACP it 7% ( KAR, EC:
1 1. 1.100) fE A % 4 38 J5 B BE . B-3 Wt i 7K i
(HAD,EC:4.1.2.59) it fk & A B 7K &N B o T -
ACP i J5UiE (EAR ,EC 1. 3. 1. 9) fi# fk & 1 38 J5 S 17
Joi , B R U AR D R O 2E R — %8 0 ik B A i
g — UG BRI 0 TR 2 SE i 2 A Bk i 1, A R AT 6
W 7 ARG 5 43 ) A i C16: 0-ACP A1 C18: 0-
ACP(IE'5) .

JIR I TR Tk B 114 3Bt 23 72 DL R R AL 2 0k (1) T
FL-ACP fiBEEE (OAT,EC.3.1.2. 14) fiEfb Bt 5
ACP 73 855 (2) Bk %:-ACP & g B A ( FatA, EC:
3.1.2.14,3.1. 2. -) /K fg# Tk Fe-ACP I B IR W R
(3) W HE e 7% it 1 42 45 JIg 10T BRI\ ACP 56 7% 2 H b -
3-BREMR B I H I -3-BE R . XF TS A 1 i D
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Figure 5. Fatty acid biosynthetic pathway reconstructed based on the de novo assembly and annotation of C. sorokiniana transcriptome. ldentified

and unidentified enzymes are shown in solid and dashed boxes, respectively, including: ACC, acetyl-CoA carboxylase (EC:6.4.1.2); BC, biotin

carboxylase (EC:6.3.4.14); MAT, malonyl-CoA ACP transacylase (EC: 2.3.1.39); KAS Beta-ketoacyl-ACP synthase ( KAS II, EC:
2.3.1.179; KASII ,EC: 2.3.1.180) ; KAR, Beta-ketoacyl-ACP reductase (EC:1.1.1.100); HAD, beta-hydroxyacyl-ACP dehydrase (EC:
4.2.1.59); EAR, Enoyl-ACP reductase (EC:1.3.1.10); AAD, acyl-ACP desaturase (EC:1.14.19.2); OAT, oleoyl-ACP thioesterase (EC:
3.1.2.14); A12D, A12(w6) desaturase (EC:1.14.19.-); A15D, A15(w3) desaturase (EC:1.14.19.-). The fatty acid biosysthesis in C.

sorokiniana produces satured, C16:0( palmitic acid) and C18 .0 (stearic acid) , and unsaturated fatty acids C18:1(9) (oleic acid) ,C18:2(9,12)

(linoleic acid) , C18:3(9,12,15) («a-linolenic acid).

C. sorokiniana B%% 5% 20 vh W 77 78 4 B B 10 R 2
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2.3.1.16) . JRWTBRTESE A B-4 Ak % 12 T S 76 Mt A
CoA AT (ACSL,EC: 6.2.1.3) {4k F 55 CoA
AL CoA SR 5 &t E Ak KA &S U
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LT CoA W] LA 2 5 #7452 R 1 B4 Ay 4 i AF K 2 1L B
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Figure 6. Fatty acid catabolic pathways reconstructed based on the de
novo assembly and annotation of C. sorokiniana transcriptome.
Identified enzymes are shown in boxes and including: ACSL, acyl-
CoA synthetase ( EC:6.2.1.3); AOx, acyl-CoA oxidase ( EC:
1.3.3.6); ACDH, acyl-CoA dehydrogenase (EC: 1.3.8.7);
ECH, enoyl-CoA hydratase ( EC: 4.2.1.17 ); HADH, 3-
hydroxyacyl-CoA dehydrogenase ( EC: 1.1.1.35, 1.1.1.211);
ACAT, acetyl-CoA C-acyltransferase (EC:2.3.1.16,2.3.1.9).
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Figure 7. Triacylglycerol biosynthetic pathway reconstructed base on
the de novo assembly and annotation of C. sorokiniana transcriptome.
Identified and unidentified enzymes are shown in solid and dashed
boxes, respectively, including: GK, glycerol kinase ( EC:
2.7.1.30); GPAT, glycerol-3-phosphate O-acyltransferase ( EC.
2.3.1.15); AGPAT, 1-acyl-sn-glycerol-3-phosphate acyltransferase
(EC:2.3.1.51) ; PP, phosphatidate phosphatase (EC:3.1.3.4);
DGAT, diacylglycerol O-acyltransferase ( EC:2.3.1.20); PDAT,
phospholipid: diacylglycerol acyltransferase ( EC: 2.3.1.158 ).
Dashed arrow denote reaction (s) in which the enzymes are not

shown.
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Figure 8. Starch biosynthesis and catabolism, and ethanol fermentation pathways reconstructed based on the de novo assembly and annotation of C.

sorokiniana transcriptome. Identified and unidentified enzymes are shown in solid and dashed boxes, respectively. Enzymes involved in starch
biosynthesis including: PGM, phosphoglucomutase ( EC:5.4.2.2); AGPase, ADP-glucose pyrophosphorylase ( EC:2.7.7.27); SS, starch
synthase (EC:2.4.1.21); BE, 1,4-a-glucan branching enzyme (EC: 2.4.1.18) ; and HXK, hexokinase (EC:2.7.1.1). Enzymes involved in
starch catabolism include: B-AMY, B-amylase (EC:3.2.1.2); a-AMY, a-amylase (EC:3.2.1.1); 01,6G, oligo-1, 6-glucosidase ( EC:

3.2.1.10) ; and SPase, starch phosphorylase (EC:2.4.1.1). Enzymes involved in echanol fermentation via pyruvate include; PDC, pyruvate

decarboxylase (EC:4.1.1.1); ADH, alcohol dehydrogenase (EC:1.1.1.1). Enzyme PDHC Pyruvate dehydrogenase complex (EC:1.2.4.1,

2.3.1.12, 1.8.1.4), transforms pyruvate into acetyl-CoA which may be then used in the lipid biosynthesis pathway.
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Table 4. Different gene expression involving in lipid metabolism

Gene products ?2PI<gh//II) I(Tl;Kg]\fI) Different expression
BC ,biotin carboxylase( EC:6. 6. 4. 14) 24. 81 10. 17 +2.4°
KAR, Beta-ketoacyl-ACP reductase (EC:1.1.1.100) 4.92 0.45 +10.9
HAD, beta-hydroxyacyl-ACP dehydrase (EC: 4.2.1.59) 39. 65 14.72 +2.7
GPAT, glycerol-3-phosphate O-acyltransferase (EC:2.3.1.15) 8.07 2.53 +3.2
AGPAT, 1-acyl-sn-glycerol-3-phosphate acyltransferase (EC:2.3.1.51) 7.61 2.41 +3.2
HADH, 3-hydroxyacyl-CoA dehydrogenase (EC:1.1.1.35, 1.1.1.211) 24.54 55.69 -2.3
ACAT, acetyl-CoA C-acyliransferase (EC:2.3.1.16) 0. 47 1.58 -3.4
HXK, hexokinase (EC:2.7.1.1) 4.04 1.1 +3.7
PDC, pyruvate decarboxylase (EC:4.1.1.1) 99.15 47. 69 +2.1
ADH, alcohol dehydrogenase (EC:1.1.1.1) 59.25 22.8 +2.3
PDHC Pyruvate dehydrogenase complex (EC:2.3.1.12) 76.49 35.95 +2.1
PDHC Pyruvate dehydrogenase complex (EC:1.8.1.4) 92.11 36. 31 +2.5

+ : upregulation; - : downregulation.
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De novotranscriptomic analysis of Chlorella sorokiniana .
Pathway description and gene discovery for lipid
production

Lin Li"?, Qinhong Wang’, Hailin Yang', Wu Wang'"

'Key Laboratory of Industrial Biotechnology, Ministry of Education, Jiangnan University, Wuxi 214122, Jiangsu
Province, China

’Key Laboratory of Systems Microbial Biotechnology, Tianjin Institute of Industrial Biotechnology, Chinese Academy of
Sciences, Tianjin 300308, China

Abstract: [ Objective | The paucity of genomic information limits the metabolic engineering of non-model microalgae
Chlorella sorokiniana. Our study aimed to elucidate the fatty acid, triacylglycerol and starch biosynthetic pathways in the
microalgae C. sorokiniana based on de novo transcriptomic analysis. [ Methods ] We cultured C. sorokiniana with
different nitrogen concentrations ( KNO,: 8g/L and 2g/L) , then sequenced the transcriptomeusing Illumina Hiseq2000
platform. We used Trinity to de novo assemble the reads so as to obtain transcripts, aligned all the transcripts with Nr
database, UniProtKB/Swiss-Prot database and COG database to annotate the function and classify using BLASTx
algorithm, and assigned the transcript with metabolic pathway by aligning with KEGG database. Then we used RSEM to
calculate FPKM value, and used it for preliminary analysis of different gene expression in the related pathways. [ Results ]
Over 49M high quality raw reads were produced with the length of 100bp, We used Trinity to assembled these reads into
49885 transcripts with an N50 of 1941bp, ranging from 300bp to 14100bp. 26479 transcripts were annotated through
BLASTx similarity search, 2357 transcripts were assigned with EC number, and 207 metabolic pathways were assigned in
total. Based on these analyses, we reconstructed the fatty acids, triacylglycerol and starch biosynthetic pathways in C.
sorokiniana. We also identified preliminarily different geneexpression in the pathways. [ Conclusion] Using RNA-seq
technology, we reconstructed the metabolic pathways involving in the fatty acid, triacylglycerol and starch biosynthesis in
non-model microalgae C. sorokiniana without genomic data, which is consistent with those in model microalgae
Chlamydomonas reinhardtii, and compared the gene expression level under different conditions. These information is very
useful for the metabolic engineering of C. sorokiniana and other microalgae to enhance the production of lipids.

Keywords: microalgae, Chlorella sorokiniana, triacylglycerol, starch, RNA-seq

(AL E257)

Supported by the Key Project of China National Programs for Fundamental Research and Development (2011CB200900) and by the Ph. D. Programs
Foundation of Ministry of Education of China (20100093120002 )

" Corresponding author. Tel/Fax: +86-22-84861951; E-mail:wangwu@ jiangnan. edu. cn

Received: 23 December 2013/ Revised: 7 March 2014





