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High efficient assimilation of NOs;™-N with coproduction of
microalgal proteins by Chlorella pyrenoidosa
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Abstract: The aim of this study was to establish a novel technology using microalgae for NO3;~ removal from high
concentration wastewater and conversion to algal proteins. The effects of cultivation modes and illumination modes on the
biomass yield, NO;™ assimilation rate and algal protein yield were first investigated in shaking flasks for mixotrophic
cultivation of Chlorella pyrenoidosa, and subsequently the scale-up verification in 5-L photo fermenter was successfully
conducted. Fed-batch cultivation without medium recycling was the best cultivation mode in shaking flask system, in which
the highest biomass yield (35.95 g/L), the average NOj™ assimilation rate (2.06 g/(L-d)) and algal protein content (up to
42.44% of dry weight) were achieved. By using a staged increase of light intensity as illumination modes, the specific growth
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rate of cells could be significantly promoted to the highest (0.65 d™*). After a 128-hour continuous cultivation in a 5-L photo
fermenter, the highest biomass yield and the average NO;™ assimilation rate were reached to 66.22 g/L and 4.38 g/(L-d)
respectively, with the highest algal protein content at 47.13% of dry weight. Our study could provide a photo fermentation
technology of microalgae for highly efficient treatment of waste industrial nitric acid and/or high concentration nitrate
wastewater. This microalgae-based bioconversion process could coproduce protein-rich microalgal biomass, which facilitates

the resource utilization of these type wastewater by trash-to-treasure conversion.

Keywords: Chlorella pyrenoidosa, fed-batch cultivation, nitrate-nitrogen, protein, photo fermentation

TAESR, ARGk A B & R S5 TE e
B ARV IR K B R 5, . AR R
T PR RENS 7853 1 2 K v i A WL S T L A B A
HEHBAK, 1 HIS R X e E B R YR
BR Al Sy v B L™= 0 s SRR | B AR A
A B P g P RN RS TS Y R R, A A 2T
B EURT 2R R A b At g R, T
M PR K A ok T 4T R R, R E
PR T Z MRS ROKFIE . R R A H
) NOx LA K% K i e A g - K ek, ™
B TN R A AR S IR .l R Tl R K
NO;™-N 5 &4 200 mg/L, it r=KEzh . fbAE ., 3
08 2 W o =) | B A Y| 47 e !
NO5™-N % 5 4845 1 000 mg/L 21, 2546 13k 2 i il
PRk F B I R K B HER R A SR KR, W] fEs
KK SRR AN, SR ERLEAAE .
AEE . AR AT S, s o
—HIMRIKAR R & B SRk, SR AR RUK RS
%, Hur, FENIMEPERYRREL R KBk RSy
S WAk Ak S AN A Al A 3 Ak A PR A AE A
s B e Rt — AP AL PRAE R R A=Ak A
S A S A Al o R T R AL, (HARERJR IR,
W7 1 N IR IR IS G . AN, A Al R S R
AR AR, WE—MEE EE KRR
o WPKR“ = JR7AR =527, RSP IR A H
P NS, TR e B 72 H R A B % 7K AT LA
MARAS [ g bk [a) @, EOE SR EUR K B9
AL A . HRIAE K BTG B T 9T 322 B9l
WG, R/ ER R, &
¥/NEk#E Chlorella pyrenoidosa 42 i & UL #/NER
WM Z — EAUERKRBEENR . BRI

&: 010-64807509

it 57 6 158, i HLE 2 KRR ST6 R
INERBE TS KA B A U0, ST K e
IR T A B Y BT

ARSCH e JR 25 RGEIE T A
i R B A R (O s 2 B o B 22 A ) 0o
HAR/NEREERY AR AR AR [R] b R e e M R
R R & B 5 SR A5 i I fe i 57 4%
fF, 165 Ltk BEREH T /MR IR, LU
Ak — 0 5 e A /N ER B[R] AL A PR AR 7 R
R4 T R R A%/ N B Ak BT i PR i PR
FR PR IFI™ e A e A ) I e R At K dls
MK SHEAL R A2 B R BT AR S

1 MRE7E

1.1 EMEARMIER

1% /NER B Chlorella pyrenoidosa Zdb 5t
FEFBRIGE P s, SR Basal BrgRSLibf it
FEARAR, fRRTIRE A 4 CPL
1.2 KEAFI RS

FIATME A TR N R Y 1R A S50 BT AR 4
SrHrali; AL104 BIH - K°F-F1 Seven Easy %4 pH
T F B+ Mettler Toledo /3% ; Allegra 25R
R S AR 20U A 26 [E Beckman Coulter 723
] ; DHG-9123A 7Yl $ufi i s W84 1 B it
—EREAL A BR A\l ; DHZ-DA AUE R+ K
RO BEAT s AMA240 R TR K #48W F
Yi[E ASTELL Aw; AW442P4 i =4 Mif g [
Fe [E DU vw & R FERT A PR A |l 5 HIB3200 £
BOK B A 08 A 2R HANNA A+ K9840
AL E ZAUE A E Hanon AFl; SBA-

. cjb@im.ac.cn



1152 ISSN 1000-3061 CN 11-1998/Q A4 T #£244f  Chin J Biotech

40D EWLIEERIA A IR A RHEBE; UV2300 %
Hh-0T WAy FEE BT B R ERFEAER A B A
1.3 WAHZE

1.3.1 FFEMERLE

ABFGE R FH e B9 Basal 15353006 J ksl
Ko i, 2B RN A R A1 R S IR 4R R AR A
VR, 00 A A A AR S I R T AR, iR AN
WSl 15 g/L, R K 15%00,

AF5E Hh 32 B AN [R]85 A =R BEAR Xy
FEELEMNGR, HRERRRE AR, 2miT
M ik 26 25 B A% /N Bk B AR KL TR AR TRIE
HR RPN RS Z A SR m,; RIGHE
5 L 9 A B o e e AR 25 AR b A 1 /R B FR B0 0E
AT A5 o i 25 280 R) b T S5 A g /N Bk e A= 4
HER,

1.3.2 AREFHREXWERILEFEZE

FEFEI R EAT 4 FhREFRB Y L, 4390 R
LR SR . 25%%% 57 3 B A RN R ML B 3R (R
LG 25% 81 3 £ R 3IE) L 50% 3 77 3 BT 3L 1 b
BRI (F SCSERR 509%[01 3 AR 41E) s
FREAR B AR R 3R (CF SCER R AR
HEHEFR) . MR WT : KR IREE IR A TR 4
1x10° CFU/mL $ A BB M | 1 SE 1 35 HIWI 4h 4
ZPHEAE A 50 g/L, 1M 25% (13 AR . 50%[0] 37
AMRE LR RN HE RS F5 4500 T W) 0R AT A AR
¥k 20 g/, BigEid LA 500 g/l AR AR
RIEAN T YRR R LT 10 gL,
AN AT 2 20-25 /L. BEFRES 4 K, BIE
25% 1] 37 A IRE 2L AT 50% 7] 37 A ARE 23 FE o 5 55
BRFLE) 25%f1 50%, #5005 i b i i 20 3
M. BEFRAFIRIY 6 d, BEFRIREE R (30+1) C,
PRE: A 150 r/imin, LR, JEHRGRE R
210 pmol/(m?-s).,

1.3.3 AEYCEERHREERELR

PR ERRECA RO R e, HAARR
FMEN: TEE SRR RS A 210 pmol/(m?s),
s GIR I AAE A 120 pmol/(mP-s). ) 1k 4 %5 b

http://journals.im.ac.cn/cjbcn

WEEYI S 20 /L. Bk =Xt s % i /N ak g
A 2 RIFUE, 4K 30 pmol/(m?-s), 45 4 K
BahnE| 210 pmol/(m?-s)jm BIMEFE S, [FINF, 7E
555 2.3 K40 1) v ot R X% 9 P R i
B2 20 o/l DREFWIIRIEFNEE B . AMIEACE %
T 4 R B 55 D B e xR AR ] 2
JeHE, i3 5d.

1.3.4  REEREAMEHERE S

INBREEATANEL P LR FRTE B L G R REE gk
7o MR EEWER 5 L 338 & B E e & ¥1 58 LED St
MAGHM, TR 35L, HAART:
W 3E5E 6 d BRI R 2564 O KA B 5 56
RBERE, Bt Ry & WEE AR 7%, F0R
TEERN B SRR S I R — 8, R R R
FHIE S TR IR AMEL b B 35, O REa BE AR 4f
AR LA AL N 120 pmol/(m?-s) A W fin %)
560 umol/(m?-s), 3% 32 FEH pH FILEE 43 51 H (6.5+
0.05) ‘CH1(30+2) C, #iH¥H%# Sy 150-200 r/min,
WA E N 2.5-10 L/min, 05 0.3%
(WIV), B35 128 h G4 i i35 .

B IRt AR o AN N i s AR B A%
INERBER AR KB OL, 4 12 h — Wk MEEsfin 500 g/L
HAMERERCE T 2= T1, DLBRIIESS I 56 b i SRRk
JEAE 20-35 g/L; [AlA , st AELR [ 8l 1 mol/L
WA R TR AE R & DR R, 4ERiEE 7256 pH
(A REAE 6.5-7.0 22 [ 5 1% 5 109 )3 15 5 71 30
Pl B IR P IR A A B, o SR AR 1 22 MUK I
T /NBR S 0 IEH A K
1.4 SHWAHE
141 HEYRIE

B I/ NEREE R A i R A T E R A X 4
FARVEA I . FTEYL: WE 2 mL RETE
HEFRFREL Y 2 mL 208, B0 )RR TS sk
FHAB ALK R TR O 2 R, B iR A3 i e
A 60 CHERBEAE rh T 2 I E L B 437 - FR
I REA R TR ER ., YRR (R



BOE FEARNBESYRAESEBR-HEER 1153

fii: gl(L-d)) IR AR A
PR = (DW, — DW,) / (t, - t,) (1)
Horh DWy. DW, 435I ty Fl to B[] s 1 1
IR
WA A KRS IE YR, R
CytoFLEXS it X 200 Ji SCAG 00 240 J 2% 32, i 1y
10 pL/min, B8 % & & SYTO j#i& 1 000 CFU/mL
BEH 30's, RSB R RIS B 4 i e
FoAe KR (. dhBHE R AR

AR = (InCy, —InCy) / (t, 1) (2)
Hrt Cy. Co 2 AR to Fl to B[] 5 1 41 i
WL

1.4.2 FEREWRENE

HETRIVE T R SBA-40D A= WA B BT R
PEATINE , B IETERIM 0.5-1.0 g/L. MIERT, HX
FEIUAE S VW, SR A (AT 6 #%(0.45 pm &
FEE)Se A T Ak 8, AR i H LR R 2 A A W U A
F% 1E S0 LN o ) 1.0 /L F8 46 2 W v RO A 7
br, fREtrlafs, FMEE TSR 25 b 7
BRAF I BIEWEATIE , AR EENNE 3 K
JE BRI, W SR EOR AR R E, B RE
T it ) A W R B
1.4.3 THERMRE FWRENE

{8 725 K F HANNA H183200 £ 250K i 4%
BTSN 7 s PR A P R 38 i PR AR - 329 (] b % (P
£ e gl(L-d)) AR B A 2

TERRART- BITH AR = (N, —Ny) 7 (t, —t) (3)

P Ny N 2350t At B [a) 5 A Al R
MR
144 EHFESEWNE

K FOSS 7\ A Pl G e A0 &
S
145 BERIFEWE

FRECA T 5 36Ky 10 mg T 2 mL M1
HOIFIMAGE B R PR, SRIF A 90% 1A il 745 i
1mL, WA E RE R R 4 2 iR G B
FIF RIS , RI E RO IR S 10 mL,

&: 010-64807509

6 000 r/min #5.0> 10 min, F-UIICE T e 75 2
10 mL, S5 B A5G AR SR B R — e W, A
FH 250 03 66 FE T 2 A 43 5 470 nm
646 nm 1 663 nm TR, RATF A
BARFIMLRER a. S E b ORI B R (AL
K ug/mL)rI,
C, =12.21x Aygy — 2.81x Agq (4)
C, =20.12 x Agys —5.03x Aggs (5)
C, = (1000 x Ay —3.27xC, —104xC,) /198 (6)
Hop Coy Co il Cap il Fon it 4K a, MR
b FIF B R
15 HEEHH
% H Microsoft Origin V8.5 Software Fl SPSS
Statistics X #5747 5 25 70 M AL E VARG B

2 HER5AW

2.1 ERIBEFHIEFER T HIRRE LIRS,
EERS5eZRESHHEMN

ARSZIEGFE 250 mL BRI PP/ NEREE A TR R
BigR, BT IR /N R AN i [ A
FRAR 52 o For, FERMRE LRGSR R &0t
REFRIE g, SR R DU RS 85 7 58 H il A B e 1 i
R AR B FRREE , B AL Tolki5 e b NO; H 4%
HefoAR It 15 mo/L sl a] 2 HE A R ad 40 mg/L
B R AT WHO 2017 4% 4Pk 7K H NOg-N Jii
W B B R AR (1.3 mo/L) BIARAE (BP K
NOg Ji ¥ & 7 50 mg/L)M 8, AfFsrr, K
[ 7 5 2 ) D o A s o 5 9 3 o A i R AR
FHATIRME R, BRI SR A PR AR B 4
TIEAESE G A 2 HHEEHE . LA RN 1 s .
PR 4 FhRE IR0 e s 75 . 25%0]
TANEL L . 50%[H1 G MEF - HE RN R LR 5

iE 1A F 1B FR, FEHEEFP R, RGN AE
RAFAE G BT A IET T, I RSt 15 5% 6 v SR O ke o
BT, ZINER I 20 I 1 R AN S R B A R
TR [B] 1 2B K 7 S BN BT B e s R, 7
AR SRR T, R SR S P R AR B i Y

. cjb@im.ac.cn



1154 ISSN 1000-3061 CN 11-1998/Q A4 T #£244f  Chin J Biotech

A
= Batch culture
40 ~—® Fed-batch culture with 25% medium recycling
| —— Fed-batch culture with 50% medium recycling
v Fed-batch culture ¥
35 - i )
30 | * A
e I A
2 20 '
g
.8 I
@ 15k
10 i
I Medium
5 g .
T recycling
L | 1 | L | L \:i L | 1 | 1 |
0 1 2 3 4 5 6 7
Culture time (d)
C

= Batch culture

—e—Fed-batch culture with 25% medium recycling
—&—Fed-batch culture with 50% medium recycling

v—Fed-batch culture |

T Medium |
S AN recycling
d \% H
&0 N
= 40 [~ “\\
.2 \
=1 y
£ \
= A\
§ 30 \,
5] | "
Q “N\
[ AN
@ ¥ \
S 20 Foss -
Q
S %
o Y !
N\ N\
10F  Add\\ | Ada ¥ A%
glucose.‘ lucose gluco% \
t0 20 g/L\ 2001 0¥
Ll NNy \ |

0 1 2 3 4 5 6 7
Culture time (d)

—=— Batch culture

8  —e— Fed-batch culture with 25% medium recycling
A Fed-batch culture with 50% medium recycling

7 | v Fed-batch culture

E 6L

=

0

O 5t

S

X

T4t

Q

el

£

23t 5

§ + A' “;/

1 TS—"‘? recycling
ol Ny
0 1 2 3 4 5 6 7
Culture time (d)

—=— Batch culture
14 - —e—Fed-batch culture with 25% medium recycling

| a4 Fed-batch culture with 50% medium recycling
¥+ v Fed-batch culture
12 =
10§
~ "
2
ERL:
S
Z 6
4t B\
2 F Medlu.m i \\!
recycling ! N "'{*
.|.|.|.\;|.k.\;.|
0 1 2 3 4 5 6 7

Culture time (d)

1 FEEFEXATEAZNDKEAREK (A). @BIREE (B) RIFFEFEHE (C) MR (D) RELL
Fig. 1 Biomass (A) and cell density (B) of C. pyrenoidosa grown under different cultivation modes with changes of

glucose and NO3™ concentration (C-D).
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Table 1 Biomass productivity and nutrient consumption of C. pyrenoidosa cells under different cultivation

modes

Fed-batch culture

Names Batch culture - - - -
25% medium recycling  50% medium recycling /
Biomass (g/L) 32.28+1.59 31.12+0.84 27.25+0.84 35.90+0.26
Biomass productivity (g/(L-d)) 4.66+0.12 4.53+0.10 3.34+0.06 5.34+0.03
Glucose consumption (g/L) 54.30+0.42 62.95+1.49 64.20+2.97 56.70+7.64
NOj3™ consumption rate (g/(L-d))  1.41+0.11 1.64+0.12 1.71+0.04 2.06+0.01
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2 fiR. R 2 010, fEfEE MR OEIR T,
B FUAZ /N BREEAE G SR 2 ok B, AETE
SR, /NEREENY Ho A KSR AN AR T2 [l fe s 3
TES 2 TR B, 73514 0.39 d™ F14.46 g/(L-d).
FEB AR AR B IR R, M5 — I R A
HARERD, RIREFRAE 2-3 KT, KoL REsm B
120 pmol/(m?-s)$ = 5] 150 umol/(m?-s), HiAil R AR
S35 R Al R B T B R AR, O B T IR
BT A 1 s B AR T 3 (P<0.01).
M 2 YN A BRI, [R) Ihf o' R i 4 v 2
180 pmol/(m?-s), BPI%IE4 3-4 Kit, /NERIERY
oA Ko AR B i R 0.65 d7, B 35 THEE
SR R AR A K % (P<0.01), HAHRRARF
Foy [ Ak 2% ik 2 5 T RIE A T A4 Do % R s
K (P<0.01). MIEFH 4-5 Kut, Biah=tsm A
8 E 60k 2 (8] 1 22 BRI W48 /)N, HeAE Rl 2 2 [
TmEHWER,

e, 25 AN ) B 2O /N R 1Y)
it T AT~ 247 [ A R R0 P-4 L A K i m] A, |
SE AR T A A TR AR SF- 1 (] £k 1 s 7=+ i
OB, [HH 22 0] A9 4 M- LA K R 2 T

TRENES . AUREY, CEMBEHITS
VEFR FEZRE ORI, JeiE SR RE Rk i T
KR E] NADP™, & i NADPH (48 Pk i i 1ings —
A RBEIR) FeAE ATP (B —85R), Al
A AR R L T B A M R . A FRIESE, 1
PGS TSI TR AR, SET R
FHRKHOR, ST E AR Bl R RE R B 0E
He ARG R, /BRI 0 A K R B DGR Y
BT AR 2 AR B ORI AT, /D
BRI Y Az K R B Y IR 5 A 38 i R R, T
RS DR Ak o A ' BRI BE A TR R G T AYTE
P, RIS 5 0 A 1 AR DG 1 €0 2 AN 22 BB R
P 2 T A A P R R 200 gyt T L
Xt F R A K B mE R, [, 6
HE 58 6T T ) e il PR A B9 R th EL A 5
Wi, A RFFT I, O A SH B G 184 2 B2 v fol i [
TERSBR AR %, 3 AT R R Ry /INER 8 7 A1 SR
Wi 28 T2 R L A B B AL A TR U AR N
figfr, IFHABEN AT RS HER
EIEMXRERP Fr, ARIRW LI, 75
BT, WSSl LIl ok Calvin-Benson
96 25 Sy 240 6 S0 A ] £ s 48 1 AR 2ot AR 4R AR
GYER A/ ATP. 4iflid )77 NADPH FlEk
WEE T (Fd), M 2 4 & i e s A Ay 1R
fLgE K28 Bah wA B TE i, EARE R4
PR BRI R, ' R a8 R A 34 vl DL A0 i Y
WA TER, (EaF sean sy 2485 RE 1, AT
RE TSR PR IR A R, X S5 ABESE

F2 EEMHHRBEXNT &L KRR HERR TR LR R KRR

Table 2 The average NO;™ consumption rate and specific growth rate of C. pyrenoidosa under constant and
staged illumination conditions

Average NO3~ consumption rate (g/(L-d))

Average specific growth rate (d*
Culture time (d) 9e sp 9 ()

Staged Constant Staged Constant
0-2 1.86+0.49 2.70£0.60 0.23+0.01 0.31+0.01
2-3 4.48+0.07 4.46+0.20 0.27+0.04 0.39+0.07
3-4 2.19+0.32 1.70+£0.41 0.65+0.13 0.12+0.10
4-5 0.56+0.06 0.73+0.68 0.28+0.07 0.27+0.11
0-5 2.19+0.23 2.46+0.11 0.29+0.01 0.30+0.04
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RILEEFR S 2-3 KU = R e 2E /N ke 4 il
Az K RIS R AR [R] Ak 3 A 25 S S AR — 2. [R]
AHIF 5T A K BRSBTS i A A i R AR
-B5 [R) A o 6 1 22 S A S WA A /N, I AT R
2 R Ay A R %8 R A SR N, S8R T A R =z A) ) A
YERT, BEAK T 40P 30— A0 i) O B sm B2, A
TR 1 S PR R 2 %o 20 A K g 5 1201

PP AS [ 't R X6 8 P A% /N ke 4 Jif P
BRAE TSmO K 4 FoR. 7B
GRS, HEA G TEM 44.01%, WH
RGP RGN T 3.66%. {HZ, FEM R
JEERT, /NERBEMIN B D RALE AR Y
TEMASHE RSN 0.73%F 3.83%, EF
i FEE G (P<0.01). HEMX A] fEJ& RN E E
GRS, G v R T A ) i AR HL A
e, ARITFMHRENEG N, RIS
JtRE UARE B B AE , TR A RRRE M-SR IA 1Ok
AR T A AE R s MAEAOL R 2] 5
HERIZE WAL R, IRB PR, —&
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Fig. 4 Contents of pigments and proteins in
C. pyrenoidosa cells under constant and staged
illumination conditions.
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Beat B, RERIE AN AR, R4 &
FEl PR pH {E. I 5 AT, 7ER5FF 0-24 h
BF, ZINBREE Y AR R B T A S, TR ES R 3
R R R LT B BT A, /NBREE R LA IR
MR R4y 2818, Bi9% 24 h )5, 5 49 FE T
B, AR A AR, AR RRRE IR A
HHEvR FEEE 25-30 g/L, MBI R FAAZ /BRI R T
i Bt A 2 B R A B R RS, A
112 h ik B RAE (66.22 /L) ; /MR R Y PR AR K
5 R A TR AR [R) AL 3 28R — B0 o /NERBEXT i
PR MR A B K TRl A R B 64 h, FE 12 ] B d
KAETF 5% 35.10 g/(L-d); ZJ5, 7E 72-88 h I,
INERPE P RS TR AR [F] AL BRI T R, Ki R b iy
TR AR AE 88 h )5 A P B S 15 4E , {H 88 h B}/
BRI 0 A it PRIk B i KA 24.35 gl(L-d).
0 FL Ji R AT R R 4 SR B AL B AR L
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Fig. 5 Changes in glucose and NO3~ concentration with
biomass yield in the fed-batch cultivation in 5 L photo
fermenter of C. pyrenoidosa.
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0 h % 128 h (AL FE FE, R A%/ NEREEY
RS RRALE R k3% Jy 4.38 gl(L-d), iKFIEE Y
W [R] A % H A9 4 T8 A0 e A A X T i
1R AR 19 [l Ak 1% 2.08 g/(L-d)7, TiACHIFSY 25 51
B TG, XU SR AR /N ER R ik
[Fi] Ak il P AR R A 8 4 2 7= 0 R P T 5%
EER/NEREEAE 5 L 6 BERE T JET T AR 2>
a5 SR 2 A b G L R R B AR AR Sl an il 6
Frn o ML 6 R, 2R 5T 5 bl % R e R) Y 3
i, KRB MG T REABEE. SR
SRR 2R RS SR A R B S R
SRR, FFHAERSRRE 720, BEE
KAE, 495 TED 3.07%F 0.57%. [RIAHF5Y
PR RS TR IO A5 T L a0, ke W R IR /N Bk
HAEPN R R AR MRS RIEE T
W [RISCHRXT HE AT 0, He 28 25 i /N e
UEAh, R e /NER A0 A 9 A s ] Lk #
THE 47.13%, EHEMMEHARFELZN TSRS
Yyo AH R SCERXT L AT AL, AN SR R
200 A PN ) R 1B (T 2 A SRR o ) 2R
PR/ INER ST 2R (U i (R ik 500% L) )P,
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Fig. 6 Changes in pigments and protein contents in the
fed-batch cultivation in 5 L photo fermenter.
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