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JBp38 R Rk 50% LA B HA R RAF . IEAERBEE =
38 5 0 ¥ Tllumina Truseq™ RNA sample prep Kit (RNA-
Seq) 1A H U, X5 i i Sp 28 A TAGIN B Ay 00
WA HB FBE T Miller 25 408 T 36 B AR B N A= K
It 44 A B £ 254K . Boyle %5 L RNA-Seq 34T
B RSB A B T A TAG B9 B B T4
BRIERIBT 9T 2N HH

TE N Wi T ORI A B B AR T 2 5 SRR,
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FRFAEAC I % ARk, A TAG A s, RIS
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A SE K B FH 2 BR 38 GIEC-38 (Chlorococcum sp.) H
I RREBE T M AR DRBIE 5T T A 4 T e AR AL A Ab S 0
Sy et Tt

KM BG-11 15 37 B A7 15 37, HO 4Ll « NaNoO;
1500 mg .K.HPO, - 3H,0 40 mg.MgS0, - 7H,0 75 mg F7 45
& 3 mg P75 IR Bk B 3 mg . CaCl, - 2H,0 36 mg. NaCO;
200 mg MgNa,EDTA - H.0 1 mg. f{#H#7CE 1 mL I % &
F7K 999 mL,

T SO R W 19 LAY R - 100 mL ZE Rk &
H:B0;286 mg . MnC1,-4H,0 181 mg.ZnSO,+TH,0 22 mg.
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CuS0,-5H,0 8 mg Na;Mo0,+2H,0 39 mg Fil Co(NO,),+6H,0
Smg,

N Wi FiF2 05 BG-11 B5 523 A NaNO, (BG-
11_NO) , HoAp#h—2L,

cDNA 3 E##ZE 1 Nlumina i F

T 8 A R B0 B0 SR AE BG-11 1 BG-
11_NO 85 5% 1 3 40 M, FH TRIzol (Invitrogen) 35 #2HX
JBCRNAM . B =200 ng/pl, ODawnse /T T 1.8~2.2 2
[A] )L RNA S g, R BAEREE 73 B mRNA, Jr BLAL, 78
W SR A T SR A OWUEE ¢DNA JFAITA End
Repair Mix #pF, 7£ 3’ ¥ 6% 3& A 3% #% index 4% 3k
(Truseq™ RNA sample prep Kit) , i@ id PCR Jz i § 3%
(15 DMEFREO , 2% HUIEHE I I B 1Y 254 (Certified
Low Range Ultra Agarose) .  TBS380 (Picogreen) # 1T
JE B S TE cBot E#EAT M A, AE K clusters, F1
[lumina Hiseq 4000 -5 #£47 2x151 bp MJF .

FF oI HHEmER
HT T 5 00 e S A0 2 I 4 Sk R 4 AT
B E AN R E RO KK, ™
SR S A T . O PRIE S 224 W0 {E B 2T Y
WER IR, 7 S X DR I e s AT DR, BRI R
G e A% e 6 5, A5 2w A IR 2 (clean
data) , 2R i % A Trinity de novo assembler (b N =
trinityrnaseq_r20140413) WA ST e A BE e . ff A
BLAST F2 51 Bf 42 T 15 /9 unigene 5 GenBank JETUAY
BB or JEAT IO (E<1x107°) , I 28 U AR T
B, f#iH Blast2Go HBAf 345 GO (Gene Ontology){g,%\ R
oy T IR AL 3 A W X e A R AT 42
A KEGG T R Ay Ak K D REAR ., X BE P 2 45 p A
AT AT
14 BEERZEERHNSN

L) unigene LA MA SR, R RS
4 RSEM X # i Lb X 3k 15 19 read count %% H i 17
FPKM %4, i 10 45 21 L 9 35K F . il 3 edgeR
X RSEM St it th iy v BB R AT 2 — Ak, IR Bk A
RIKZE S o SRR FIB bR 2 Rk AR T 2 4%,
R R R (FDR) /NT 1% . R goatoolsGO Tfj HE X
FE R A D B E AT B 22 Rl R, ] KOBAS
Xof AR % 2 R B AT 0T, B Fisher M5 864G

1.2

1.3

R AT . AR SRR AR, R BH #4722
H # ¥ (Bonferroni, Holm, Sidak F1 false discovery
rate) , 4 283 B IE Y p (H (p_fdr)<0.05 B, A b L Dy fE
AR R W AN O

2 FR51TR

2.1 EFANF HHEMER

W AT K B AE BG-11 F BG-11_NO H 5321
LRERPE GIEC-38 W7 7= A= 1 JE L B e ik B 2% 50T
AHTEEG 43 3KA5 79593640 il 69176164 4% 100bp
KF 5], it BLASTx Sk e AR U 8 1 P kAT
R XS Blast2GO #5219 GO 7 85326 .COG &
FI B 2R [ U6 7 B8 T 6 A S AR E AT T BE A 2K D
KEGG & FERXT R & B, 2 R 35 40 0F T 4 i 2
S FE IR BB SE AR 74605, 3 65984 A FE [R5 2 1
B HR AT BG-11 £535 F , N a6 (5 75 358 40 i 74
A 14817 NP FRIK FH (15282 DR FRIKN T, 75
A0 A6 A 19 25 9 3 72 (Biological process) | 4l fifd 21 4
(Cellular component ) I 43 T I fig (Molecular function )
3 AL 41 ASTHRETE R, X 23R IA 25 T Y SL IR AT g
S 1R 40 0 R AR A AR R AT, (AR N Bt
TR IR A & BN E] 50% L) F

22 SitlEABEXHNER
TERCBE AN | IR DS 10 5 180 % -5 M A 3k 1 A

b Chlamydomonas reinhardtii DL 1 S A AR AR A
Xt GIEC-38 3 241 v i 17 1R 45 hi i A28 rp A O e o
AT %08 L il i KEGG & ERS £ (£ 1), K5
134 A 3K W35 B0 A o IR TR A5 LR 2 1
Ao T T e A A 5 S A6 Ok 4 1 R T R S HE )
Ji R, SR S BERTE A RIEEE(EC 6.4.1.2) K AR LAE
FIE BN —BEAEE A SR HR B, Y IR B 0 Tt
FERAREE 1 (ACP) v, B0 i 17 2 75 FUIE (FASN) B —
AN o X 2 i A W R N I BE-ACP AL T
e RR A K o )5 ACP-BR G (Fat, EC 3.1.2.14) )
Wi 1 16 BBEA 18 B HE A i D R IOk BB , BRI R i D
g, A X SR FE BER GIEC-38 TP fF7E, Jf HY
I — AN SRR S TR AR W) R R A A TR L
TAG WIEXAFTE, R B R 55 PR S | R K
g, K TAG i EEMAATEIEA, BT L TAG 1Y
A A SR R DA SG
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Table 1  Identified genes encoding enzymes involved in lipid biosynthesis in Chlorococcum sp. GIEC-38 transcriptome

i ik %;; KO BG4
accA LT A FRACBERIL R I S o 1 K01962 6.4.1.2
accD LT A FRACBER IS B AL B 1 K01963 6.4.1.2
accB, becP LFE-CoA AR R R BMER 1 K02160
accC LA A FRACHG A= W) 2 IR AL 2 K01961 6.4.1.2.6.3.4.14
ACACA L TEA il o FRACRE/ A= W) AR IL G 1 1 K11262 6.4.1.2.6.3.4.14
fabD (e LR 1 ] -8 - BEAE Fo Il 3 K00645 2.3.1.39
NG fabF 3-SR - [ EAEA AR 1 5 T 5 K09458 2.3.1.179
4% fabH 34 - [ e AR A 11 ) i I 6 K00648 2.3.1.180
B 3-SR - [ Pt AR 11 13 ity 5 K00059 1.1.1.100
fabl 940 IR - [ ot BE AR AR 1 13 i il 2 K00208 1.3.1.9.1.3.1.10
fabZ 3-JR g - [ ot A2 A -2 1 K il 1 K02372 4.2.1.59
FASN PR TR & Rl 4 K00665 2.3.1.85
FATB L - ik A A 11 B G B 1 K10781 3.1.2.14.3.1.2.21
FAB2,SSI2,desA 1 MtHE- [ b B AR 1 10 UG 8 K03921 1.14.19.2.1.14.19.11,1.14.19.26
ACSL, fadD KAEMEIE-CoA A Ll 20 K01897 6.2.1.3
DESA M- [ Bk AR 1 | R e 8 K03921 1.14.19.2
SCD, desC A9 JR TR 251 Rt 6 K00507 1.14.19.1
Hf% FAD6 A12 R AN 7 K10255 1.14.19.-
f;:’;in FAD2 A12 [ iR 2 i Al 1 K10256 1.14.19.-
ACOX1,ACOX3 IEHE A A E LB 8 K00232 1.3.3.6
tesA PR A GG 1 1 K10804 3.1.2.-.3.1.1.5
KCS 3-FAREE-CoA £ il 28 K15397 2.3.1.-
TER,TSC13,CER10 HAKHEREAHG A if )5 1 K10258 1.3.1.93
Héﬁﬁ PHS1, PAS2 3-FRFEIRIL-CoA JBL/K i 3 K10703 4.2.1.134
iﬁ MECR, NRBF1 S -2- T -Co A 38 il 9 K07512 1.3.1.38
PPT Al gt 25 1 P 1 K01074 3.1.2.22
KCS 3-FBEIE-CoA £ il 28 K15397 2.3.1.-

X9 GIEC-38 4l TAG £ 138 78 vh bl S 5 5%
BT %2 8T KEGG & RIS 11 DRk
B E R SREARME 2 FiR . TAG AW G —4 &
PH L T A ) 5 2 i ) IR M 4 B el
fitt A I SR IG R UGHE RS A R H MM E 1.2
L A 1, 2- TR -sn-H I -3-TE R (WEBE R ) L IS
TE— Bk O RERR I (PP, EC 3.1.3.4) 1 F #E 47 20 1k

Ak S A CH il R (DAG) L e J5 55 3 Rl I i 7 —
Pk 56 H 9 O- Bk 3 7% B i (DGAT, EC 2.3.1.20) (9 /F
T DAG B 3 M B IE L TAG, 7E GIEC-38
R DGAT 1) 3 M sA . S B 1T 1 A
FHBERR A B TAG 1 [7) 5 R85 B = — Tk % 1 i 7 ik
5 (PDAT,EC 2.3.1.158) (55 s AR
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Table 2 Identified genes encoding enzymes involved in TAG biosynthesis in Chlorococcum sp. GIEC-38 transcriptome

L filiik M SEARUE KO 45 EC %5
glpK, GK Hm e 3 K00864 2.7.1.30
GPAT3_4, AGPAT6  THM-3-B5R O-Mt L% 41 3/4 1 K13506 23.1.15
GPAT Hil-3-BERR I L il 1 K13508 23.1.15.2.3.1.198
PP BENRTR BRI 2 K15728 3.1.34
DGAT RS H I O-BE L R il 1 K00635 2.3.1.20
DGAT 1 TREE T O-BE B AL 1 2 K11155 2.3.1.20.2.3.1.75.2.3.1.76
PDAT BN : RS M I R il 1 K00679 2.3.1.158
23 NEMETGIEC38fE XA HERMES X (BG-11_N0) # 17 GO 1 KEGG B &£ ¥k, K W 1E

TAG & LAY 442 Hh AH S B ) 6 3k 4 A W i AR fb
XN AR GIEC-38 Sl iy ip ik 22 57 i 25 a3 (4N 3 iR .
R3 NIMETEIKEGIEC-38 SIEXRESMBXERNRIZET L

Table 3 Changes in genes related to lipid biosynthesis in Chlorococcum sp. GIEC-38 under nitrogen deficiency stress

" KEGG 3£ [H —-— RS —Ak BRI ZERAE

HFR gE BG_11 453 _BG-11_NO  log.FC
17074 _gl accB, beeP ;ggﬁ%ﬁ%%i%ﬁ 104.298 304.445 1.5455
¢47579_gl accC YRR 79.521 155.811 0.9704
¢32135_gl aceD R A SRR B R iV 53 57.243 121.131 1.0814
¢26249_gl B3GNT5 SRl B Al 0.563 3.020 2.4233
€55490_g1 PDAT ARG : I SE TV I L B iy 40.909 121.273 1.5678
¢12696_g6 fabF B-TRNEEE-ACP A RETIT 11.370 49.897 2.1337
54753 _gl fabG BT g EE-ACP i J5 ik 31.565 109.512 1.7947
¢18049_gl fabH 3-SRt RE- [ B A 1 )5t I 13.565 22.146 0.7072
5598_g2 fabl W NEIE-ACP A J5 1 114.925 206.286 0.8440
¢49320_gl fabZ 3- PR - [ P -2 A28 1 K g 44.759 23.496 -0.9298
¢17056_gl FAD6, desA  A12 IR 21 AN 207.020 91.826 -1.1728
¢9820_g2 FASN PR n 1.565 3.749 1.2603
¢26142_gl KCS B-FRfiEmE-ACP AT 0.315 1.341 2.0899
¢12246_g3 KCS B-FRfEmE-ACP AT 9.118 18.930 1.0539
¢12383_gl KCS B-TRNGT-ACP 7 il 14.240 27.405 0.9445
¢55040_gl KCS B-THJGI-ACP £ i 47.674 80.055 0.7478
c15452_g2 KCS B-TfEI-ACP £ i 41.854 24.296 -0.7847
c14580_¢2  plsC -G e H i -3- W IR - L L AL 1 1 2.195 19.205 3.1292
¢12049_g1 plsC - HIh-3- R - B A I 1 16.413 30.985 0.9167

TR A BRACEEE R BRI BEAE N a3 A (fabG) G g WE-ACP 8 L 1(fabl) , #2315 54 1 & J5
T 3 A5 AL IR SN 1Y 8- TR I B - ACP 3 J5 it Kl 3.5 45 FN 1.8 4%, [ B AL 55 — 25 45 & I L 11 8-
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JEEE-ACP A Hiff 1(fabF) , ik 1 4.4 f5. fENE M
i 5l S0E 1) B R RS A A 1 T B- T I 5 - ACP
A (KCS)TE N g T ik L 2 50 Lo &%
TAG 5 H i1 -3- 5% 118 - O- bt 225 7% A% 1ty | 1- 1k 3% H v -3- 16
iz -0-BE S Bl (plse) SF R ABFN S 5, £ 2 £
B — L ZE R AT, N Bl R GIEC-38 H plse ik
HOETE BG-11 #5352 55 F N 1) 8 f5 Lk I, 1l PDAT (3%
TR 3 %, 00 4l 3 R 3R A Y AR AR AT HE 0 S
AR A Y 7 AT A AE N B S 40 A T S
N RN

24 TAGHEYIERERMER

ok X SRBER P GIEC-38 g A Feak il fdL A
I 5 5 0 R T E SR GIEC-38 Zi il TAG &
AR s AR 1 PR, /1 SRR T HE R R
HAE N AT GIEC-38 Hh ik [ AL, X se 3t
HZ5T TAG &M P 12 M558 X 12 4
A YRR I BN EL AR R BE S 00 A B, 15 40 AR A4 Tk B
T BN, X UM R R T E N JBRAE T A0 i 9 AR
BN ORI, [, 7 P9 A 6 3 PR o R E
Py TR HRAE e BT X R TG i A o — S S il 1Y
3 HE AT Ao e R I I A S I AR I gE © /N i
J& | 8 7 3 RE VR A5 P A T IR A RIS BT LA
AR SCXE SRR I AR AR T SO AT 5 R B
A T WA A O A ) 7 I R B AR SR ) L B 4
NPT i

\TP
ZEABA {
\ o L-» TR
ATP4HCO,
i mgnm 23115

L

a
—ﬂA i

4
Acp |1.3.1.35 |

T 1 -sn- H 13-
-

1,2- " FkEE-sn- 13- BRI

N\ C18:1-[ACP]
'\ C16:1-[ACP] s
N T 12- = isn-

¥ €18:0-[ACP] E

. C16:0-[ACP] T
., A
"! 1
NADH+H® e
| 3%
| TAG
%—. TR

NADPH<H"
Pl 7 HE S GBI 1Y) EC 25, SRk HEACIRAE N E T 2)BR
GIEC-38 H LRI 5 E I HEF G T IR RN
E1 NP FEERYE GIEC-38 | R GO TR 15 7]
Fig.1 Reconstructed TAG biosynthesis pathway in

Chlorococcum sp. GIEC-38 based on de novo

assembly and annotation

2.5 NAMET GIEC-38 4HR{C i@ = 20T

XF N AT GIEC-38 B4 ik 22 57 B35 iy 2k
PIHEAT GO Hl KEGG U #% & 470 B , K AR 4 i A=
Kad oG R SENE R A A B2 (R 4) . X
LeAR AL S RRAKAL B W R B A B A A
PIHAK

F4 NEME TEIKE GIEC-38 i 1 F A B 1518 8%

Table 4 Metabolic pathways up-regulated in Chlorococcum sp. GIEC-38 under nitrogen deficiency stress

PR KA FR(1d) R AL Fik W E V22 ST (P-Value )
HEVEH-REE N ko00196 19/45 1.81x10™"
KR AE ) 6 B k003008 24/127 2.62x107"
A g e W) k00330 16/114 8.34x10°°
RNA 451l k003020 8/36 0.0001
RAACHS k000910 7143 0.001403
IR EYA K k001230 19/256 0.002722
Vil S AW k000860 9/83 0.003981
HAE1EH k000195 10/110 0.007694

EAAEZENE, LA MEH (A k00196 Fl
ko00195 ) 2 B 41 M W IR BHAE , K CO, FIaK AL A Bl
Y, Sk 4 % A i B K A A W R R 0. 11k
i, MR R BEAENPREENAR, N
a5 N QSR ARG R Tk 5 R ER A I T

A, MGE AR AN 2 AR A G A A 28 385K 45
A BER R R UITE N WA T A ok A AR
FUT AR R A T BE 32 B — ], oK b & P
P A e A B A0 o) 1 240 M ik S S R A 3
T i e 0 2 D R R
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GENE EXPRESSION RELATED TO PHOTOSYNTHETIC
CARBON-SEQUESTRATION AND LIPID ENRICHMENT OF
Chlorococcum sp. GIEC-38 UNDER NITROGEN DEFICIENCY STRESS

Feng Jia', Zhu Shunni', Xu Jin', Wang Zhongming', Yuan Zhenhong'*
(1. Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Key Laboratory of Renewable Energy,

Chinese Academy of Sciences , Guangdong Key Laboratory of New and Renewable Energy Research and Development ,
Guangzhou 510640, China; 2. Collaborative Innovation Centre of Biomass Energy, Zhengzhou 450002, China)

Abstract: The transcriptome and gene expression of Chlorococcum sp. GIEC-38 were sequenced by an Illumina sequencing
platform- based RNA- Seq approach. The metabolic pathway and gene expression related to photosynthetic carbon-
sequestration and lipid enrichment of an original algal strain cultured in BG-11 and BG-11 without nitrogen were analyzed.
It was found that 14817 reads of genetic expression were up-regulated and 15282 reads of genetic expression were down-
regulated in algae cells under nitrogen deficiency stress. The gene expression levels of metabolic pathways such as
photosynthesis, chlorophyll metabolism, and nitrogen metabolism had obvious changed. Gene expression including Acetyl-
CoA carboxylase and other important genes involved in 12 steps in lipid synthesis pathway were significantly up-regulated
in Chlorococcum sp. GIEC-38 under nitrogen deficiency stress after reconstructing TAG biosynthesis pathway. All these
changes promoted the synthesis of lipids and increased the lipid productivity of GIEC-38 cells.

Keywords: photosynthesis; lipids; gene expression; microalgae; up-regulated



