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Abstract: Toxic metal cadmium (Cd) pollution poses a serious threat to ecological environments and human health,
and efficient, green bioremediation technologies are therefore urgently needed. The construction of efficient cadmium
biomineralization systems via synthetic biology is regarded as an important direction for future Cd remediation.
Tetrahymena thermophila can be easily cultured, its genetic manipulation is well-established, and it is naturally

endowed with the capacities for Cd sensing, accumulation, and conversion. Cd** can be efficiently removed from water,
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accumulated intracellularly, and converted into less toxic CdS. Consequently, 7. thermophila can be used as a synthetic
biology chassis for the construction of "Cd-conversion" cell strains. To construct a high-efficiency cadmium
biomineralization system based on this chassis, the functions and efficiencies of its key genes involved in cadmium
mineralization must first be evaluated, after which rational design can be conducted accordingly. In this study, the
functions of three key genes involved in Cd** conversion during Cd*" removal and transformation by T. thermophila
were examined, namely MTT! encoding the cadmium-binding protein metallothionein, 7tCSA/ encoding cysteine
synthase (a key enzyme in the de novo cysteine biosynthesis pathway), and 7tCBS/ encoding cystathionine-p-synthase
(a key enzyme in the reverse transsulfuration pathway). The results showed that although the Cd*" tolerance (ECs,) of
the cells was reduced by 74.8% by MTTI knockdown, the Cd*" removal rate and conversion rate were significantly
enhanced (reaching as high as 98.7% and 88.1%, respectively, at 5 mg/L Cd’"). The reason may be that after the
binding of MTT]1 protein to Cd”" is relieved, the bound Cd*" is released and then enters the CdS conversion process as a
reaction substrate. Cd’>* removal was not affected by knockdown or knockout of TtCBSI and TtCSAI, but CdS
conversion efficiency was significantly decreased, with a greater reduction being observed for 7tCBS1 (13.8%) than for
TtCSAI (5.4%) relative to the wild type. Based on these findings, the MTT! coding region was replaced with TtCBS! or
TtCSAI via homologous recombination, so that endogenous MT71 was knocked down while overexpression of 7tCBS1
or TtCSA1 was concurrently achieved, and "Cd-conversion" cell strains based on the T. thermophila synthetic biology
chassis were constructed. Among them, the EC;, of the MTT1 knockdown combined with 7¢tCBSI overexpression strain
was increased by 252.6% compared with the MTT! knockdown strain, and a conversion rate of up to 91.6% could be
reached at 5 mg/L Cd*". Through a single genetic modification, Cd** sensing response, substrate release, and conversion
enhancement were simultaneously achieved by this design, and a cell strain with high efficiency in removing and
converting Cd*" from water was ultimately obtained. The feasibility of 7. thermophila as a programmable chassis for
toxic metal remediation is validated in this study, and a new strategy for synthetic biology-driven environmental
bioremediation is provided.

5 mg/L Cd*
12h

£

Sensing
Over-expression

pMTTI

%
=]

Conversion rate of Cd** (%)

-1

Binding

*;\”‘?*\*‘i\*‘ox\*«},\*’*
N 1\("' 1\(—" 1\(5' 1\@-

Keywords: Tetrahymena thermophila; cadmium; biomineralization; synthetic biology; chassis cell

AReEE (C) FHmEE. FAME. 8 ayfes . SRsEtE R ERsS kR %Y.
FEEY RBNE RO EFORE N E BB GRY ERIERME T, R CEE TR A
o JTREE RIS R B m . K AL HMWBUE RS S EUTEAE, K18 Cd
KU EEARPIIT, SOV SRR R S 5 5 i B M Bk



%£7% www.synbioj.com 003

W, T AR A IR BT AN ON SR B A 2 IR IR
A TS Je A B 3 LG A FE AR R
AR B AT AR A = RS, o AR A e
WP IE Cd™ Fe A RS E I [BARA 4, AT 2 25 F
LAY o BRI BRI e /g . il it &k
VT B, W AR A AE AR R ROk
B e va B Ly ) T

IR, WEEREDFHIRE, FRET
Ji A= B A DY S5 R R S A i R e B
IR RN TTRE . W #U I B (Tetrahymena
thermophila, T. thermophila) & — ¥ 5. 41 ffl £F &
b, BE L TR BAEERAERRRAERS,
W HAE R AR 5 RIE R R
CUA BIFFEE S, W 4 DY B e e 08 v 5 25 B Kk A o
P Cd e MmN, HAEW C i vKE
CdS MR KAk aE 71 M. Rk, g FA DY s s my A
NIFRAEAEYEE RGBS BUAEY R A .
DAWE $ DY JIE 1 oy i A8 ) 2 v R A A 4 P bR, 7R
TS HOR SRR AR A I % v ) O B R R e
PR EAT ThRE Ml AT 5 AR VR, B A AL I OF
i 326 ey 20 e A, E TR T RN AT R B T
%,

FE AR e N 5 25 G D7 T, WE A DY T ) 4 e
# I (Metallothionein, MTs) HAGEEIFE Y,
WG AR JE o 36 TR 2 Fh MTT T 3 TR )R 3l AT % Cd™
i RN, I MTT A REKTE, #55H
X CA™ B SRR 1, 1T G2 A B 6 4 1 2
PERNE . BT SR W, g AR DY 5 il B MTTT %
Bl 5, HXT CA™ BT 52 14 R B, (EX K Cd™
)2 BRAE ) R afi 5 VT, X BEIR MTTI AT REAMY HL
Bedhif Cd, ] Re A ) 4 AR AR E SR B AL

TSR AL TT TR, 2Bt R & BN W8 A DY 5 R
fRER B HEEAEM ", PRERTTERES CTEA
fie sy, WAMENBIEH KA AR ES S Cd S
FAERR A R IR AR, DA R TR HLS 1)
FEATARIRE) CAS H4k 1™, Lv S5 75 W #4 I i i rp
% 5 R Bk -B- & B (cystathionine B-synthase,
CBS) #:[X 1tCBSI (TTHERM 00558300), CBS &
R RS AR I S B, AL 2 SR R 2
IOt S R i A A R DE R S o FE ER DR T -y - R A

By i = R R R R . iZF R LR S e T H
[MJHEH (TTHERM_00239430) F:[K, ZIhEEmF
F, UESEAZE H bR N AR A 1§ (cysteine
synthase, TtCSAD), Z5ML&pIEE. AL O-
LWk 2 A5 H,S ROV AE B IR R e X
fig 35 6e LA IR S BN, d i B-VH B Bl B-AUAR R
AL HLS A2 R 2

gx b, wE DY MR B R AR B & 56 B IR R
A AL L% MTTI R DL R G500 B 45 5 44
TtCBSI1 F1 TtCSA 1 ) 38 i i 2 2 B 2 R & 1 S Y TR
PEH,S AR, HEZ) Cd MK EE CS %4k . SR L
R B IR O ARG DY R R Cd™ L B H AR I
HARMER MRS T . AWFTE SRR T 18 #
VY 5 Ht & B CdS 90K UKL IR RE 7, 3 17 43 ol v ok
B M % MTTI. TtCSAI M TtCBSI, R H % T X
AN B R T AR DY B U AR S Ak CdTRE D I B
. fEMLERA b, AREEIULL “ENTIIRE . TRiE T
PR PR N LM, T LR IhREM T
R LRI A -R B R, ik I 4 e ml 1Y o s
LB I m o, RIS S8 37 pMTTL
HELSTZHESHENRBEMER S, WED G
B (1 1o 200 A VB B DY . AR 5T B TE RO
RIETRAEEDH U ES R EVMBEF &R
AT T BB S HEORFE R, HEBh & AR 2 A
IREE A HE AU B

1 MRHDTIA
1.1 HIEHRERK

g DY B o BF R R 4N R dk SB210 (T
thermophila SB210) ¥ 3 T 3% [H FE %8 /R K %
(https: //tetrahymena. vet. cornell.edu/) ; K 7 T
DHS o 8 52 745 B AR S T A6 30 SR E RN A TR A
7); 34K pneo4 LL L pCHX . pMTTI-neod H A< 5256
ERAE, YWHRAR NN

1.2 ERANRRIERTSGE

PTG A DU 5 1 SB210 K & AR Fh A A HL 200 pL
JH N A 10 mL SPP 35 7R 3 (1% & (A i,



004 BRENE BT7E
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Fig. 1 Characterization of CdS synthesized by T. thermophila SB210.
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Fig. 2 Growth curves of cell lines and curves of relative growth rate as a function of cadmium concentration.
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M. BEAiFrE et (B 1(e)] £ 300 cm A 46 5|
CdS HIFFfENE, Hugf 5 0 Sk —85 ™. B
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HOB R 10 mg/L Cd* (WT £ 40 9 D

100
Sk 1 /'x 5mg/L 6 h %
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~¥— TICBSI-KD —h— TICSAI-KO a0
i) 204 —w—TICBSI-KD .
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/ - /sﬁﬁog sof 10 mg/L 12 h ¥ {03
S o0 2 60 = -
2 = 1w
. bty _—:: ﬁ;ﬂ-xn = 404 - 5
—A— TICSAI-KO ::: ?ﬂifﬂ. 60
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1.000 | 0.024 | 0.769 | 0.592 1.000 [ 0.015| 0.747 | 0.837 1.000 | 0.215 | 0.503 | 0.052 1.000 | 0.071 | 0.332] 0.024 | WT
1.000 | 0.041 | 0.064 1.000 um_'r. 1.000 0,069. 1.000 _oml.-”m-KD
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() Significance of differences among different strains for measurement data at a single time point
B3 AR Cd™ I L BR A SRR o AR 2 AR I IR 5] 2800 2 Bk 3/ A 3 it 2 1k 4T 52 2 DB XX R 3R 5 2 0 #
ke P<0.010 ANFILHMIARAE [R]— I (8] 1) Cd™ 25 BR 3 K AL FRBEAT BRI T5 2 70 #r o)

Fig.3 Removal and transformation rates of Cd** by different cell strains. (Repeated measures two-way ANOVA was used to

10 mg/L 12 h § 1k #
A (P>0.05)

compare the removal/transformation rate curves over time among different cell strains.**: P < 0.01.0ne-way ANOVA was

performed on the removal and transformation rates of Cd** among different cell strains at the same time point.)
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Kl 4 fizn, JCEDTA-2Na i, 55 2 (5] i % 5 51 N
32% F123%; [ifi% EDTA-2Na iR JE Tt =, IR IR
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5 mg/L f110 mg/L 43 T 3 BR2A7E 6 h Fl 12 h AHEL
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12 h ) CA AR - TF, TrCSAT 8L TrCBS1 RS BY
WP AE 12 h AT WT 4 Bk L B35 R % (5 mg/L:
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KO 5 HAE RUAH L (b R BAR R I, HIF LR EZE
R ERYIMARR, TCIR 2 BN [A] S8 2 A
@, A TtCBS1-KD A #k 7F 10 mg/L Cd* b
THEWTZEREZE [K3W-D]1,

2.3 BUREMHIEHINIRRAGYETNINEEINIE

ORGSR, MTT i 4% v] 36 i g $ g JEs o
X CA I E RS AR ). RE TrCSATL i Bk 5L
TtCBSI i [ % Cd™ 2 Br LM R 52w, {H TrCBSI
P PRAC Ca i th, HAR 5B AR R B3F
Z5. FETULESER, A7 A R vg Y ik s cd
JEEN MTTI )8 8) ¥ 75 5 TeCBST J: A ()it ik,
P T RIAMMBE. WE 4R, B EA
B-gE G- Beig, DT S I v R e A g B Y
B CECZH R PR A 2

RN Tt AT LIRS, TrCSAL I FRIA AN
PR B A o A . A g A2 W B 2, TR K&
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24 h Cd" 255 EC,, ScI 45 R 5 s . 2 MR E 441
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1k TrCBS1 HE D5 5 B0 #4 DY i e 49 it 52 B 0 IR 42 T
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g B DU i AR T 52 B s i BRI 5 S [ 2
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% MTTI SRR/ . CA AL 5 TH, SR
ZiRmE 6(c-Difin. WHEHKR, 1£5mg/L Cd”
AEFE 24 h 464, TtCBSI-OE H A i ) Cd* # 4k
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Fig. 6 Removal and transformation rates of Cd* by different cell strains. (Repeated measures two-way ANOVA was used to

Ee

compare the removal/transformation rate curves over time among different cell strains.*: P < 0.05.0ne-way ANOVA was performed

on the removal and transformation rates of Cd*" among different cell strains at the same time point.)
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MTTI i BERR IO W R8T, i %A TrCBST %
BT MTTI Rk B Rk sei it 45 R 5 arid
i R/ % T R A AT B 45 VB AR ELEDAIE, #E— 2B S R
TtCBSI (I [A) G T i 42 SR BRI ) 70 W 4 DY s H 4%
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R B I R R AR, 4 BEE G MTT1. TtCSA1 A1 TtCBS1 3 [ 5 it 55 7 51 #3347 PCR 652 . LA
TtCSA1 I, M H 5'UTR 5 Neod 5| ¥4 B4 HitEFE AN Fr Br (1364 bp),  [A]IF7E B 248 B A Jg 2% 5y s AfEH
S'UTR 5 4mti5 X 51 49 14 TtCSAT1 JE K Fr By (555 bp), FEmiBRk A 264574 % . PCR HL¥k &5 R W& 2 fir ,
& MTTI1-KD 1 TtCBS1-KD 4l i bk BEAL 7 388 H Btk BE (698 bp 11216bp), {HMTT1 Al TtCBS1 $# 57 14
% (867bp Al 548bp) WK IHAFAE, UERHZRAG )& MTT1-KD Al TtCBS1-KD 4 itk (F2a)Fl(e)) . #HEHL
i PR AR FE B = I MTT1-KD A TtCBS1-KD 48 f ik H T~ f5 225558 . TtCSA1-KO 40 M ik sl Dh 438 th o ik Jv B
H TtCSA1 R S 52 AVH 8, R TtCSAT JE R A sl sh bk (B 2(b)).
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Supplementary Fig.S4 Cadmium recovery rates under different EDTA-2Na concentrations.
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Supplementary Fig. S5 Linear fitting curves for different Cd2+ concentration systems.
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i A, 22 RS &K G RS TrCSA1-OE Al TtCBS1-OE 40 i #k . PCR % 45 H s w: T TtCSAI-OE
Pk, M MTT1 5’'UTR 5 CBS1 4at5 [X 51 ¥ T 7 14 H 712 bp B3 A B, B AR B JE ok %58, (A1 A
MTTI1 5'UTR 5 MTT1 % t5 X 51 k60 I8 MTTI (867 bp) 4652k, R MTTI B 584 mil H TtCSAl
Whid ik . XF TtCBSI-OE #k, [FIFEATY 3 H 853 bp MU A F B, (HNVE MTTI %4 K524k, #R
MTTI R T4 W%, TtCBSTALSEIER 73 i ik, ik i rise PR A5 P52 650 van RO 40 o bk FH T i 4 52 5
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Supplementary Fig. S6 Schematic diagram of homologous recombination and identification results of cell lines (gel images) .
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Supplementary Table S1 Primer information for plasmid construction.

E/I S

EIE/EN FHME E.(5-3") T
’ % (bp)
MTT1 3'UTR F CCGCTCGAGCGGAGCTGCTCAAAACATAGCTCA o
985 Y HMTTI 3'UTR
MTT1 3'UTR R GGGGTACCCCTTTTGTTTTCAATTCTTATCAAATAAATCT
TtCSAI-Gene-F TCAATCATTCACTCGAGGTTTCATTATTTAATGTCTTCAAGTTGAG ) A
1024 ¥ 1 TrCSAT F P G i [X
TtCSA1-Gene-R ATACTAAACGTTTAAACAAAATGAGACAAAGAAACGGAG
TtCSAI-5'UTR-F  ATAAGAATGCGGCCGCTAAACTATTTTTTATTTTTTATTTTGTTCGAGATGT \
1001 F 1 TrCSAL 3 S'UTR
TtCSAI-5'UTR-R CGGGATCCCGTTGGATTTAGAATATGTTTGTATGTATTTAAT
TtCSAI-3'UTR-F CCGCTCGAGCGGAAAAAAAAAAAAAAAATATGTTGTGCT
1009 ¥4 7vCS41 # [ 3'UTR
TtCSAI-3'UTR-R GGGGTACCCCTCGCGAGATTACCAAATTATTGTTT
TtCBSI-Gene-F TCAATCATTCACTCGAGGTTTCAATAGAAAGGTAAGAGATCTTAGTTAGT )
2079 P TrCBST FE K 4 fig X
TtCBSI-Gene-R ATACTAAACGTTTAAACAAAATGTACGCCAGATAAGATCCTAG
TtCBSI-5'UTR-F  ATAAGAATGCGGCCGCTAAACTATTTTATACATTATCTTGCTTTTTCTTTTTAT )
1009 ¥4 7vCBS1 #:F 5'UTR
TtCBSI-5'UTR-R CGGGATCCCGAGTTAGTTATTTATTAAAGTTTCTAAAATTAGTTT
TtCBSI-3'UTR-F CCGCTCGAGCGGTGAAAATATTCAATTATTATAAAATTAATGT =
1094 ¥ 4% 7+CBS1F#E[A 3'UTR
TtCBSI-3'UTR-R GGGGTACCCCTTTTGACATTTTTTAAACTTGGATG
pMTT1-neo4-F AACCTCGAGTGAATGATTGAGGGCCCAACA .
6632 AL pMTT1-neo4 H 42
pMTT1-neo4-R TTGTCTCATTTTGTTTAAACGTTTAGTAT

TE: MRS B Rk S AR UN R RRE s R R IR B AL R B LR B -
BR2  FERA AR IR S (5 2

Supplementary Table S2  Primer information for validation of knockout cell lines.

- K .
GIEER s JFF1E B.(5-37) N %Kik
(bp)
MTT! 5'UTR Check F AGCTGCTCAAAACATAGCTCA 698 IOAIF 75 A MTTI-KO
CHX Coding Check R GAACTTGAGGGCGACCTTCT 2 A bk
MTT1 5'UTR Check F AGCTGCTCAAAACATAGCTCA k N )
867 IOAFE MTT1 5E PR e B A Il
MTTI Coding Check R TAGCTTTATCACCACAACAACATCCTTATT
TtCSA1 5'UTR Check F TTGCCTTTCAATTTGGGTATACTC i )
1364 IO AIE 2 75 A TrCSA1-KO 2 bk
Neo4 Coding Check R AACAGGACGACCTTGAGCAG
TtCSA1 5'UTR Check F TTGCCTTTCAATTTGGGTATACTC N
555 UG AUE TrCSAT HE R Rl 3 155
TtCSAI Coding Check R GCAGCAACTACAGTCATTCCTTTTCT
TtCBSI 5'UTR Check F GAAAATTGGAAGCGAGTTTGTTTAAAT i \
1216 ISAIF 2 75 N TtCBS1-KO 2 il ik
TtCBSI Coding Check R AACAGGACGACCTTGAGCAG
TtCBSI 5'UTR Check F GAAAATTGGAAGCGAGTTTGTTTAAAT i N ‘
548 B8 TtCBS1 % R R B 15 i
TtCBSI Coding Check R GCAGCAGCAAGAGATAAACCGATAC

i3 I RIEAARIAE S 15 B

Supplementary Table S3  Primer information for validation of overexpression cell lines.

5K

CIE/E N A5 B.(5-3) H/E
(bp)
MTTI 5'UTR Check F AGCTGCTCAAAACATAGCTCA i
712 Y5 AIF A 75 4 TrCSA1-OF 40 o bk
TtCSAI Coding Check R GCAGCAACTACAGTCATTCCTTTTCT
MTTI 5'UTR Check F AGCTGCTCAAAACATAGCTCA i
853 Y54IF & 75 A TrCBS1-OF 40 il bk
TtCBSI Coding Check R GCAGCAGCAAGAGATAAACCGATAC
MTTI 5'UTR Check F AGCTGCTCAAAACATAGCTCA o N
867 BOAIE MTT1 FE R B 155

MTTI Coding Check R TAGCTTTATCACCACAACAACATCCTTATT




