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Abstract Microalgae have great potential in the biomedical and pharmaceutical industries as a
new type of bioreactor that can produce proteins for specific purposes, including recombinant
proteins, pharmaceuticals, and industrial enzymes. Despite the production advantages and
importance of microalgae-based expression systems, studies on secretion efficiency are limited.
In this study, for stable expression and efficient secretion of the heterologous protein (human
SCF and human INFY) in Chlorella vulgaris, we constructed SP:hSCF:His and SP:hINFy:His
plant binary vectors using the signal peptide (SP) of Chlamydomonas reinhardtii, and we obtained
stable transformants through the effective agrobacterium-mediated transformation of these vectors.
Transformants with accurately inserted ASCF and AINFy demonstrated stably increased mRNA
and protein expression using RT-PCR and western blotting under the same culture conditions.
Following the analysis of the proteins secreted into the culture medium using ELISA, it was
confirmed that hINFy was effectively produced in the transformed C. vulgaris culture medium.
The overall findings indicate that the combination of heterologous protein and SP may be crucial
for ensuring the expression and secretion of recombinant proteins in Chlorella culture systems.
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B AT AM8-3F Chlorella vulgaris AG100322]
W A= 718429 0.5% glucoses 3713 BG
(Blue-Green) 11 [30] Wl A& AF&-3lS T BG11 A
"l A (pH 7.0)= NaNO; 1500 mg/L, K;HPO, 40 mg/L,
MgSO47H,0 75 mg/L, CaCl,-2H,0 36 mg/L, C¢H;00s
6 mg/L, FeC¢HsO;NH,OH 6 mg/L, Trace metal
solution 1 ml/L (Na-EDTA 1 mg/L, MnCl,-4H,O 1.81
g/L, ZnSO4 7H,0O 0.22 g/L, Na,MoO4-2H,0 0.39 g/L,
CuSO45H,O 0.08 g/L, Co(NO;),"6H,O 0.05 g/L,
H;BO; 2.86 g/L)2] 71& =X 02 F7184Y 0.5%
glucose S F7}8ke] A Z3F T A X A= 121°
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S C wulgaris® ©]23FaL, 25°C x4 5¢
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Bio, Korea)2 PCR 3} T} ¥H-g 272 1 @A 98°
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Invitrogen, USA)E % RNAE FZ3}1, M-MLV
RT-Kit (BR122-10k, BioFACT, Korea)Z cDNAE &
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™ M| E(hSCF_F/hSCF R primer sets, hINFy_F/hINFy
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Table 1. List of primers for this study
Gene Primer

Name Name Sequence (5> — 3°)

hSCF hSCF_F |ATGGAGGGGATCTGCCGGAAC
hSCF_ R |AGCGACCGGCGGGAGCATG

hINFy hINFy F |ATGCAGGACCCCTACGTGAAGG
hINFy R |GGCCCTGAAACAGCATCTGGGA

185 | 18SrRNA F |TTCTATGGGTGGTGGTGCATG
rRNA | 18S rRNA R |GCGAACCAACCGTGACTATT
TTCTTTGCCCTCGGACGAGTG
ACAGCGTCTCCGACCTGATG

hptl]

hSCFe} hINFy @ e S4gskr] s vt
H ] ol 4] His-tag ELISA detection kit (L00436,
Genscript, USA)2] A ZA} vl 7ol wel S35+
T} [34, 35]. His Tag Standard®} W%} S- His Tag
Plate®] ZF welloll £53}3l, Anti-His Monoclonal
Antibody H7} & 7ol A 304 i<, 49 Al F 513
T} Antibody TracerE 2l 204 F7F2 4 Al
Z 5}l TMB substrate 713 10837 ¥H-&A121 H

Stop ¥ E ¥l 450 nmoll Al ZA s ETFFA
3 3 A Ade JEEd EEEAE LAY

T wFz=dolA FAAZE C vulgaris A3
ol = dulz dadS glsr] ¢ 94

F AsdE AAsa, qALLE A A x8)h
2% -5 YA (Micro-Electric Pestle)Z A =33}
Atk @ E F=F WFH (50 mM Tris-Cl (pH 7.5), 100
mM NaCl, 10 mM MgCl,, 1 mM EDTA, 0.1%

Nonidet-P40, Protease inhibitor cocktail (GenDEPOT)
£ 93 g5ollA 1083 §AIR & A4 Ee 5t
I AF A 3]4=51o] Pierce™ BCA Protein Assay
Kit (#23227, Thermo Scientific, USA)Z T2 & 3
ZFotdth AeFE S-S 15% Polyacrylamide gel
of 30 WA 293t 179 F(Bio-rad, USA)= X133
st A7lgsol B4 Polyacrylamide gel=
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Trans-Blot® Turbo™ Transfer Starter System, Midi
PVDF (#17001919, Bio-rad, USA)2] {2 transfer
39tk 5% Skim Milk (#44230, Difco, USA)Z
blockingalal, 1% A Q] Anti-6xHis tag antibody
(#137839, abcam, USA)Z 1A|ZF ¥H-3-A171 & PBST
(1% PBS, 0.05% Tween 20)% 3% A2} st} 2%}
4?1 Goat Anti-Rabbit IgG H&L (HRP) (ab205718,
abcam, USA)ZE 1A HESA]7]31, 39 AMH %
Optiblot ECL Detect kit (ab133406, abcam, USA) A] ¢F
o2 ¥&AIZl F Odyssey Fc Imager (Li-Cor, USA)
ol wet A3E 1A

8. 34 24

HolE oA B4S 918 SAS AZE o (H

2 9.)E AL 2T, Tukey HIZE(p < 0.05)F
AZs Ao
2 gt #

B AFod A= C vulgaris TAA 2o A] hSCF
o} hINFy 2d S7F 2 882 aid &Y f &
E 93l 7IE3E C  reinhardtii CA19] SPS};
hSCF:6xHis Tag®} hINFy:6xHis Tag A E-& A3}
of, pCAMBIA1302 HWE o] =3}aL, colony PCRI}
A gtE A R (Fugure 1C-1F)2 53l SP:hSCF:His9}
SP:hINFy:His #E] & A 2}5} 3 th(Fugure 1A, 1B). ©]
£ WEE BE 244 A4 FRL fESE
Cauliflower mosaic virus (CaMV 35S) ZZZ X H [36]
oF AR Fhuetel Al WA AL, T-DNA =
A Al slo] 12 uto] 4l WA /-7 A (hygromycin
phosphotransferase I, iptl)7} A= 2l& violH g H)
Eloj T},

A Z-# SP:hSCF:His®} SP:hINFy:His®] DNAE
Agrobacteriumel]l =U3t3, LB AWl A (Gen',
Rif’, Kan?)olA A ZF=Ys 7zt =g
hptIl/hSCFS}Y hptll/hINFy 5-©]% 3Z2}o]| ™ (Table 1)
= 27} Ab83+S] colony PCR 821 A3}, hptll/hSCF
oF hptll/hINFyoll thall Z+2F 495 bp/964 bpot 429
bp/964 bp AHES &%13 A Th(Fugure 1E, 1F).

C. vulgaris FHATE 93 C
Chlorella sp., Symbiodinium sp., Nannochloropsis sp.

reinhardtii,

5o mAl R Fo FEHS ARE-EH I = [37],
(A) (©)
SP:hSCF:His SP:hSCF:His
BstEll
(kb) iV
3
1
0.5
(B) (D)
SP:hINFy:His SP:hINFy:His
ATG  TGA Seal
ko) I

LB hptll CaMV35S CaMV3
Spel

ISignal Peptide:hINFy:6xHis Tag|

(E)
_ SP:hSCF:His_ _SP:hINFy:His

hSCF_ hptll hINF hptll
M 123 3 2 M
500bp) 500bp|
400bp 400bp)

Figure 1. Cloning of the binary vector used for C.
vulgaris transformation in this study. (A-B)
Schematic representations of the binary vector
constructs, SP:hSCF:His (A) and SP:hINFy:His
(B). LB, T-DNA left border; RB: T-DNA right
border; Aptil, hygromycin resistant gene; CaMV
35S, Cauliflower Mosaic Virus 35S promoter;
His tag, 6xHistidine epitope tags; NOS polyA,
NOS nopaline synthase terminator. (C) The
BstEIl digestion product of the SP:hSCEF:His
plasmid. From top to bottom, the positions of the
9892 bp, and 495 bp fragments are shown in that
order. (D) The Scal digestion product of the
SP:hINFy:His plasmid. From top to bottom, the
positions of the 6255 bp, 2966 bp, 849 bp, and
495 bp fragments are shown in that order. (E-F)
Colony PCR of the SP:hSCF:His (E) and
SP:hINFy:His (F). The orange arrow indicates the
495 bp, 429 bp, and 964 bp fragments of ASCF,
hINFy, and hptll, respectively. Lanes M, the 1
kb Plus DNA Ladder; Lane 1, the negative
control based on H,O; Lanes 2, the E. coli liquid
PCR products; Lanes 3, the A. tumefaciens liquid
PCR products.
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ol =ute| g w7 FEAE WHEE AL ATh
0.5% glucoseE H7}s BG11 LA H] X (Hyg", Cef®)
o A AYA| ] AFAHES Bol= C vulgariss =3
2] 43}l (Figure 2A, 2B), °]| &€& 25 (1A S =2 33
of X A& At wj et B AR C. ovulgarisE
o)A} © 2 (Figure 2C, 2D) gDNAZS FZ3190 d2
8 AR C ovulgaris®] F2A Wl hSCFS} hINFy
AR A s el Ao A Sold
Zelo]wE AHg-3te PCRE Z 3, SP:hSCF:His<}
SP:hINFy:HisZ &A% A7l C vulgariso A=
hSCF/hptlI2] 495 bp/964 bp AFE3 hINF y/hptl2)

(A) ©

C.vulgaris  SP:hSCF:His _  C. vulgaris SP:hSCF:His
- B Y % | 0
C.valgars = °° seee
Caog. o5t 12 ’; (O 00
(B) 2 '
1,3‘ w&”m“" 1:3
C.vulgaris | %,‘ 2 L5
QIIL - 37_
C. vulgaris  SP:hINFy:His
(E) . ()
SP:hSCF:His SP:hSCF:His

Tt T2 T3 T4 N M T2 T3 T4 N

Figure 2. Screening of C. vulgaris transformants,
SP:hSCF:His and SP:hINFy:His. (A-B) Colony
formation of Agrobacterium-mediated C.
vulgaris transformation on the selection plates
including 20 pg/ul Hygromycin and 150 pg/ul
Cefotaxime. (C-D) Stable transformants obtained
through serial subcultures at 2-week intervals on
the selective medium containing Hyg” and
Cef'. (E-F) PCR analysis confirmation from
gDNA of the SP:hSCF:His and SP:hINFy:His
transformants using the ASCF/hptll (E) and hINF
yhptll (F) specific primers, respectively. Lanes
M, the 1 kb Plus DNA Ladder; T1~T4, four
independent transformants; N, the negative
control based on non-transformed C. vulgaris.

429 bp/964 bp AHEo] 247+ ERIE T 18y 4
2] FAHS HA &2 C ovulgaris A= o]
e MEs HAEH A eskth. webAl, SP:hSCF:His
9} SP:hINFy:His 82 A&H C vulgaris G4A U ol
hSCFS} hINFy A2 T¢ ZA74E el
(Figure 2E).

C. vulgaris AWl hSCFS} hINFy2] =)0]
gl FHAAZAE FollA EFHE F 7 <l
(T1~T2)= AEste i A9 mRNA TS
A% A3, hSCF7Y =% A A SA(T1~T2) <
WNFy7F 599 F-AASA(TI~T2)o A hSCF2F
hINFy2] mRNA & ] Y7}y Z71= U tH(Figure 3A,
3B). °1& &3l C vulgaris 3AZZA ol hSCF}
hINFy 4;(].7} C. vulgaris G2A o AU= o
R P zﬂ}}xwo;ow»};

3 JZJJJW Sy

SR = e
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¢l WE Axrt AP ot [38, 39].
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100bp
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Figure 3. Analysis of mRNA and protein expression for
the hSCF and hINFy in selected transgenic C.
vulgaris, SP:hSCF:His and SP:hINFy:His. (A-B)
RT-PCR analysis of mRNA expression levels for
hSCF (A) and hINFy (B) gene in C. vulgaris
transformants. The /8S ¥RNA gene was used as
an internal control. Lanes M, the 1 kb Plus DNA
Ladder; T1~T2, two independent transformants;
N, the negative control based on non-transformed
C. vulgaris. (C) Western blot analysis of total
proteins extracted from cell lysates in the C.
vulgaris transformants SP:hSCF:His (left) and
SP:hINFy:His (right). Lanes M, Protein Marker
(3.5-245 kDa); N, the negative control based on
non-transformed C. wvulgaris. (D) ELISA
quantification of hSCF (upper) and hINFy (down)
concentration in the media. The data are averages
of three independent experiments, and error bars
indicate standard errors (S.E.). Different letters
over columns indicate significant differences
between groups (p<0.05 when compared to C.
vulgaris).
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