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Abstract: Microalgae, with the ability to harness solar energy to fix CO, and convert it into
organic compounds, have emerged as promising green cell factories. With the rapid
development of cutting-edge biotechnologies, the research and application of photosynthetic
microalgae have been expanding, leading to comprehensive and in-depth engineering of
microalgae. The synthetic biology and genome editing technologies have enabled the
applications of microalgae in medicine, agriculture, food, energy, and the environment.
However, the survival and spreading of engineered microalgae in the natural environment pose
potential safety risks to ecosystems and human health. To curb the risks caused by the spreading
of engineered microalgae in the environment, biosafety policies should be formulated for
engineered microalgae and the prevention and control technologies should be developed.
Toward this goal, researchers have developed biocontainment systems, including positive
strategies such as the design of toxic protein-based kill switches and passive strategies such as
knocking out essential genes to construct the strains with nutritional deficiencies, thereby
spatially containing engineered microalgae. This article summarizes the application of
cutting-edge biotechnologies in the engineering of microalgae, the biosafety risks and
management regulations associated with the escape of engineered microalgae, and the progress
in novel biocontainment technologies established for engineered microalgae. Finally, this article
gives insights into the future development direction of microalgae biocontainment.

Keywords: engineered microalgae; cutting-edge biotechnologies; biosafety; risk management;
biocontainment
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B0 B AR BN 20 G 8 S50 4 HOR B H PR
Wl TR A MBI RGN KDY, B A
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e AR AR N DI B (Nuc A BRIl Py 1) il
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T LAREA# DNA ffgifEstr:, EIREPOEH
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Table 1 Biological protection system

Stage of the central Containment system Advantages Disadvantages
dogma
DNA level Construction of natural (1) Easy to implement The required natural

nucleotide synthase
auxotrophic
Knockout essential

Unnatural base pairs or
xeno nucleic acids

(2) Resist mutation escape

(1) Easy to obtain
genes (2) Resistant against mutational escape
(1) Highly resistant to mutation escape

metabolites might be obtained
in the natural environment
Key essential genes require
large-scale screening
Difficult to develop and apply

(2) Natural organisms cannot replicate or

transcribe any released gene fragments, which

can prevent horizontal gene transfer

Transcription level ~ Using synthetic gene
circuits

universality
Translation level Construction of natural
amino acid auxotrophic  mutations
Non-canonical amino
acids auxotrophic

organisms

(1) Numerous available effectors
(2) The containment system might be

Resistant to escape caused by key gene

(1) Strongly resistant to mutation escape

(1) Prone to develop mutant
escape strains

(2) Signal crosstalk may occur,
leading to system deactivation
Possible acquisition of required
natural metabolites from the
natural environment

Difficult to develop and apply

(2) Tt is possible for all kinds of natural

FREBIR, B HEIL R T COL W4 HLI (CO,
concentration mechanism, CCM), k& mESTEE
1 8% TCH LA 12 1A B SE DR Sl TRk — BIL ], DA
BERA — A WL CO AR YERF IEH AR
Clark S5 g il = ¥2 5670 26 11 (1AL i 240 74
FBRPE(Synechococcus) PCC 7002, HAEZ S H
FEEHRATF 5x107/CFU, KT 35 [ 6 57 1A A
%t Bé(National Institutes of Health, NIH)& i fY
1x10"°/CFU. BE(P)Z I AR LFTFHIITLE,

WEER R (HsPO,, Pi) M HRETE AR AT h K Z
G/ I DR L = W 2 W R a i NV XN 2 2 N
DA AR 4 S 8% BR #h (H;POs, Pty Fl K B R b
(H;PO,, HPt)Z: HAh#i 4k &% . Motomura 21134
XA PUHP HOBIVEDLI S I AR, 1
i 7O BERRELE SR A A W B bk . Pt [F4k
AE 1 1 #3A Pt i A i (Pt dehydrogenase, PtxD)
FINR PR 3k i 1 2 1 R R RAS, ik S L PR i/ i
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2 B 2 BR i (Synechococcus elongatus) PCC 7942
Wi Pt AR Pis SRS BRI INTE PR B
pst Fl pit ZE[H, Frig RIS E & AR Pt Z 5k
H&FET P AL SRR SR BAE K H R
128 d WA T AARAT IR SR A K IR Ty 3.6%
10"Y/CFU. Br T Ednm, WRERRER AN T L HE
FRE S C N T HAB B C. reinhardtiit'>!
IR ETIPR = W R SR S v )
(Picochlorum renovo) H8 - Slattery 251 ]
CRISPR/Cas9 W h4kE 1 P. tricornutum SR IE |

HARR A EOAREY G Mgt h L Kk T
JE DRI T AR BFE L, I8 T2 P. tricornutum
PRI AE Pl A T — BT B o R R A it
il DRI ) S8 TR BB B TR AR, WA — R i 7
Z Fh o &% B J& 40 79 81 BR & (Nannochloropsis
gaditana) 1 ¥ ¥ 7 $ Bk # (Nannochloropsis
oceanica) ' 'R L Kz P. tricornutum Hat g
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R TR . WHTSCANR, DNA KSR A9 BT
RG22 B0 B IR A T TR AR A B ST (3R 2),

DNA /KR EAAA AT LIS T DNA /KAy
MRS, U Celesnik 25V A4 4
J& & 1175 5 8 2 K35 Ok A ) 3 (Anabaena
sp.) PCC 7120 MFEFESPE DNA/RNA 2 [
NucA K HAMHIFH] NuiA, 7635 FFILELE RIS
TIERL T AR A MR KR SR A B AR
T DNA B4 N A, BERESE B 40 iR A5
W BER IR I AL W) B, AR R KT 6 8 118 UGS o
3.2 IREMEHFREEMNHERAR

TE RNA F5 58K F 0 A B 5 R 3T
B U PR L B R, 5 BOH B rh iz A A
PR AR S RIS RCR , —Fh ik
SR A YRS S FHEG TAs RGE, TERF K
VAR AR R R R MR S,
PR MR AE A R FR IR BT Hp e Z Prag R pe -]
(K 2), HRIZFI TAs $IF & FTFAE 8 P+,
Celesnik &AL AUE 31T PropB #4HiKVE

F Synechocystis 6803 1Y slr0664 75 2 , 4 51
Ja sl F PcopB ¥l HXH N PR ; MHEAYE
WRAERRIE BG-11 Hp HLIBFAE AR Kb, e b
F¢ 4 umol/L 4% 1) BG-11 H 572 R AR KA
fio R TA REEMEMAZREER, (HiX
Filt 2% K A W] DAAE Ay s 2 it A% 1A 19 e i 5%
PR Zhou Wik T LA 48 B ik RS
BT, NP e th— N8 T AR A kB Tl
Ja 8+ PisiAB, AT 4 A R TER
TA ZFR %4 ssr1114/dr0664 . slr6101/5lr6100 .

sepAl/sepT1 il sepA2/sepT2, i ] v 4 B 4H i
RS B+ PpsbA2 RIAHN PLEER , MEMH T
S elongatus PCC 7942 425 — A~ P A 43s il &
4t ; Horb sepA2/sepT2 FF6 At A8 500 = 18 il
RGEHIARE , Z2 500 1 e S IR A R 36 A 2 1
F 107/CFUPY, 55—l 5K B
F I SR 7 8 T FOAR L 0 A 543 45 il b 75
FEA Y2235, Hoffmann 25OV ok I £ L 4 PR 1k
P& T 3 NEEF(SPC110, DIS3 il RRPA6)E K&

A e ) B GMO Natural organism
Thymidine or O Athvd — —
thymine y Py £

\"_.\_""/ Unnatural base pairs { «—— e
l Escspe . b= Escspe L —4
—= T =

A Xenonucleotides &

Thymidine or i T
thymine X 5, AHU’D

Replication

1 EREFEEEDHFHRNBF

—
-

— —

171 171

Transcription No replication No transcription

Figure 1 Two examples of biocontainment in the level of gene replication. A: In Sreptococcus lactis, the
deletion of the thyA gene renders it capable of growing only in an environment with exogenous thymidine
supplementation. B: Genes containing heterologous nucleotides can be replicated or transcribed in the
engineered host (left side), but not in natural organisms (right side).
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Table 2 Types of auxotrophic strains

Description Permissive condition Host Effectiveness References
microorganisms
Knock out thyA Exogenous thymidine or Lactococcus lactis When deprived of thymidine or [46]
thymine addition thymine, the viability of strain
would drop and prevent its
accumulation in the environment
Mutation of relA Express the relA gene Escherichia coli Without relA, bacteria could — [132]
not survive in a nature
ecosystems, because they are
unable to synthesize ppGpp
during amino acid starvation
Delete carboxysome shell High CO, concentration Synechococcus The abundance of carbon [133]
protein (>5%) PCC 7002 dioxide in the surrounding
environment is too low for the
strains to grow normally
Disrupted two indigenous Introduce Pt dehydrogenase S elongatusPCC  The strain can not use Pi and  [134-138]

Pi transporters (PtxD) and hypophosphite

transporter (HtxBCDE) genes

Use Cas9 to knockout the
PtUMPS gene and the
PtAPT gene to create
adenine auxotrophs

Plasmid-based copies of the intact
PtUMPS and PtPRA-PH/CH genes
can complement the uracil- and
histidine-requiring phenotypes
Nitrate reductase Ammonium supplementation or

deficient strains gene complementarity

7942, C. reinhardtii, would rapidly lose viability in
P. renovo and the absence of Pt
P. celeri

P. tricornutum

N. gaditana, N.
oceanica and
P. tricornutum

The knockout strains can not  [139]
survive in the absence of uracil
and histidine in natural
environment

The strain in nitrogen-starved  [70,140-142]
state can not survive in the

culture medium with nitrate as

the sole nitrogen source

T A REAR o A B — BE R A AE S AR B bk i A=
K ., Ishikawa 25! A R 5l #1 i (Acinetobacter sp.)
LRI MMBR T g 075 SRR 1Y bamA L[]
MFIR T 52 Pu R B FHEHI A& A XyIR
7Y bamA JE AR AT [k, Gk 3] T b g
RARRE P
3.3 IRWEIEFERNHERAR

WE RO B rP A EEBE-tRN A 5 A
(aminoacyl-tRNA synthetase, aaRS)%x -5 HAH W 1)
tRNA 454, @ﬁﬁ%*ﬂiﬁﬂ%l/\e/\ﬂkmﬂ
aaRS, JFPR st & %M F o 4 B gh JE R AR
Fi (non-canonical amino acids, ncAAs), @EE frﬁ
F BRI TN ncAAs, HEFFA ncAAs

&: 010-64807509

BB R TR bR, PTSE B BRI A . 8
ncAAs #5rHL A TE EAWLT 92 R % E%%H%u
B R R A A U PR 3A), Bk
A U TR A FL 25 2 58 AN R A2 RE
FIIREN T, W hrE 2R CUG %051ttt
225 JR(1#] 3B).7E C. reinhardtii -2,
WA —AEAEEEH TLIEFMF UGA, W
PEHAT DIVERIRTER A A28 T H, 2l 5
SYTRL I SURRS A BB . Young S5
¥ E. coli ffmsng i 2 B3R crCD £~ TGG
FE BN TGA B+, Bl H7E E. coli
F g Y TRk, BiJS1E C. reinhardtii
HF A LAY (RNA K TGA 0%l b

B<: cjb@im.ac.cn
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R ——

El2 ERSHEINIAIEEBL
Figure 2 Genetic circuits with toxin pairs. After the engineered strain escapes, the activation conditions for the
antitoxin (A) gene promoter are no longer present. Consequently, the accumulation of the toxin (T) results in the

demise of the engineered strain. a: Antitoxin protein; t: Toxin protein.

Correct folding Wrong folding

B3 AMIERATEREFRIERE

Figure 3 Two non-natural amino acid auxotrophic strains. A: When non-canonical amino acids (ncAAs) are
assigned to the stop codon UAG, upon the escape of the engineered organism (left), the absence of externally
supplied ncAA will lead to the lethal premature termination of essential genes. B: The standard leucine CUG
codon is decoded as serine (left), which leading to protein misfolding when the modified gene flows to other
organisms.
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R, MR DD ReYK A o FH X R A O ik i a0
T, BRI R AV AE KA T ncAAs ISR
HERY, IRFNA Wi A RCR . DI REYE PUIK A AL
TR A A R 3R T s AR
Jr 22U WY N B BRI A I DR A B A i
TP Rgn”, 162X 4 E R N R
T FAREERS 1), Venetz 250 H Wik 14
(Caulobacter crescentus) 785 701 bp HyEE K 4 Hh 5]
AT 133 313 DM, B2 T 123 562 4>
L T
34 IREMEEMHEEARE

FVR 2 P4 AR A a2 TR e 1 0k 36 4 %6
FHERA, B SRR AR B R G R AL
SO A e N 1 S R e e S PSP |
HE FRERIE T B bR, P BB 233l 1 AR5 o Ath A
7= A T i ke A A, HAERS
] B8 PR Sy e PR K P 5 A% [l M 21 45 I B ) ik
PRI, R #E 2R B A ARy ik T2
TGS, LRI RE R T35 3R 2R 11 2 IR A9 28 728 T SR il
FrkE. L, 75 EAKT T & B 2B 1k TR
P b A ) HE it

THEMLE AR & S it — P HESh T AW B3
RGBT S R e A Yy B 4
ARG FAE A5 % . Blazejewski 2O H
T —FfiE e, AR R B AR R
FERZYRBAL AT B o B AR L5 2L 5 )79
=4 o4 2L TaBE T VA i SO W o S R DB e 2
ZBH . Blazejewski ZEH ORI B 3 Fl oy 245 7 25 ik
ik A BT, Stz him R 2R SR
BE, il T i AL g As - A ki,
o i AR BE R 2 R 9828 2R 2L Il o X
Fh 7 AT RAEERE Z I &, A TR A8
P& B T RENKBETT, ATREE H T 1T

&: 010-64807509

FRGREEAESRAL A 7= 7 TR 13 ] o Chen 28175
TR T, AR & R
KRB, P R RS B A . X
R )T IR A BRI Sy il 2, S B Y
AP, TR Ll 2 A 7 T Rk
— i A8 ] F-Bt . Chavez &I & T —Fh
RAWIKE RZGE, i Cas9 &1 MM DNA F
FIh R AR AL, RIS R I RIG LA, LA
B L1 67 1T 228 B 2 A o Xt R — R R R K )
FoEAROY, FHEA 2 RGN, EH
T TR K P AR TR E 409 B
VL2 AMATT L Sy Z BB A R i 5 kR
1 DNA 5 2 428 il FE AR L PR 110 28 28 33 o m 2 42 il
SR BRI TARANMG, i 2 ki R K E] 107'%/CFU
PUFM, 5341, 7E B ki i b 2 S B K e
S HL ARG, Bl kA R K
FEIRFEH 1R TR

4 B &

AN\B=

FURI, 0 8 G T B RE i A DR 19
ARHEE, BCrSRE Y G B EEIR AL Al
EMIHOR B 5 A AT , tE— A2t T R
{01V S VA E I (A G R R QI 7 € S &Y E|
SR TR JRURE o 5 AR TE bR TR i DA S 36 28 A
BRI B Tl A= v, b 2005 R ifk DR X 26 1)
o R, R HOBT A SR A IEOR, ARk
(A= Wy B 4 e Bt b A R RITTT AR I BOR Y
DRI T | Sy Sy TR AW 1) A 0 088 1l (R 2R e
Sk 1T B BRI A R T B, AR KRR E it
T AR B R R o BT TR OB ST AR ) i
ARG RIEAE TR BB, i 77 2N B4k
B4 AW, ARS AR JZ i bk TR
OB TRAE I A= ) 2 A B
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