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Abstract: Algae has been proven to have the potential to be efficient biosorbents in the
detection and remediation of heavy metal pollution such as cadmium in the environment. This
study aims to enhance the cadmium adsorption capacity of Chlamydomonas reinhardtii by
expressing the cadmium-binding protein CADR on the cell wall by the surface display
technology. Firstly, the golden gate technique was employed to construct the transformation
vector PET-X-CADR, which anchored CADR to the cell wall with the cell wall protein GP1.
The high-throughput screening with the fluorescence signal of the fusion tag YFP resulted in
three engineered algal strains with high expression of CADR on the cell wall. Physiological
experiments demonstrated that the CADR displayed on the cell wall did not affect the growth of
the engineered algal strains exposed to cadmium with the concentration below 200 umol/L. In
the presence of 200 pumol/L cadmium, the growth rates of CADR-engineered algal strains were
three times as that of the wild-type, indicating stronger tolerance of the CADR-engineered algae
to cadmium. The protein lyase GLE released during the mating of Chlamydomonas was used to
isolate the cell walls of wild-type and engineered strains, the cadmium content of which was
compared. The results showed that the cell wall of the engineered strain exhibited an increase of
33% in cadmium adsorption capacity. This study gives insights into the application of algae in
the management of cadmium pollution in the environment, especially in the recycling of heavy
metals from the environment.

Keywords: bioadsorption; cadmium stress; golden gate; surface display
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I3z A GLE 45 1 [l i i s A2 19 Cd, SRl
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1.1 SCREARAIE I R0

Seas T FERR CC-125 5T Chlamydomonas
Resource Center (https://www.chlamycollection.
org/), T#:tk CADR1., CADR2, CADR3 Wi

1 B A B CC-125 MRS Btk = 2
P 14 R 5 (tris-acetate-phosphate, TAP)MO5% 33 5k
HIER R, JEREEREE R 30 umol/(m*-s), H5ik
4 120 r/min, HiF 22 °C. M5 TAP &5
S IR ELIE W Cd-P AW, TR Cd 4
P, BigR B p-Hah B R B X TAP Ki g
Serh Ry BEmRR Y, BI TAgP 53Rl Bt iR
JIT B3 A LA TG 7E 6 mol/L EhfR i iy
%, SRIE I Milli-Q Kk 5 k.
1.2 ik

Hff NCBI 1 GP1 2 ERIT51)(GenBank 5%
51 AAG45420.1) . CADR {4 52 7 41 (GenBank
RS WP 016502101.1), HJiF SADIp &
I8 SP7 435 B 51 (MTLRLAQLALA
TLGVLLLVLAPMPALS)#EA73E R G A, HXT R
WL 9 2 B S Ak 5 s s AR TR TR
(M) B A RA FG . ARpro JH 3+ . YFP
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YT . AphVIIHT LR . RBCS2-T & 1k
PRI A A2 56 =8 PR A A A f PCR 30k
15, BT a3 1 BioR. iz H golden gate 4%
AR R B A T E4 ik PET-X-CADR
(1A, i e v 3 7 W e A KA 1A
A2, TEPUE AR b Pk 1 FHPE TR R
PR TR, A8 A= T A TR (L) e dn A PR
8w AT o
1.3 HBEL

JERLAE LRI Xba I A1 EcoR [ i
Y], 3K1% ARpro-SP7-cadr-GP1-YFP-RBCS2-T-
ARpro-AphVill-RBCS2-T £k P4k A Bt . 250 uL
JE R 1x10° cells/mL BB 200 ng 2tk 1L
FEBORA VK BT 10 min 5 iEfr B 401, B
HAYS RO E N HEIE 600 V, HBH 1575Q, H
250 50 uFo A 1 mL YE43E R (TAP+60 mmol/L
BB E+0.4% PEG 6000+20%JE M) HE & 7,
KM AATEH 25 pg/ml B EER
(Sigma)i) TAP VAR b, FFE I TR 2AK
REAL T
1.4 F¥LFimik

AL PR R 96 FLARKT SR 3 d, ZIRERAL
B A 3R 45 (molecular devices) S HR B MK
P 514 nm, KGHEASBEE T 540 nm K1 YFP
EAYNES, JFES A RK 430 nm, A
P BN 670 nm K5l 4 R 2 (chlorophyll,
Ch)fF 51T di s —1k . 5 b+ YFP 11
96 AE 5 i AH XT 96 S H (relative  fluorescence
unit, RFU) (YFP/Chl)Z /R .
1.5 %% PCR

B 200 pL X ECH SR An M, 250 KB B
TUENMA 50 uL 5% Chelex 100 (BIO-RAD),
98 °CALH 15 min, #.0H2 pL b3 BRI HLER
FER AN . PCR {AF (50 ul): KOD Znhi
5uL. 2 mmol/L dNTPs 5 pL. 25 mmol/L
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Table 1  Primers used in this study

Primer name Primer sequence (5'—3’) Size (bp)
ARpro-F AGCGTGGGTCTCGEgctGCTGAGGCTTGACATGATTGGTGC 41
ARpro-R GTGCTGGGTCTCAcatcCTGCAAATGGAAACGGCGACG 38
SP7-F AGCGTGGGTCTCGgatgATGACACTGAGGCTGGCACAATT 40
SP7-R GTGCTGGGTCTCAgeccaTTTGAGAGCGCGGGCATG 35
CadR-F AGCGTGGGTCTCGaatgGCATGAAGATCGGCGAGCTGGC 39
CadR-R GTGCTGGGTCTCAacctGTGGCCGTGGCTGCG 32
GPI-F AGCGTGGGTCTCGaggtCGGGCGGCGGCAGCG 32
GPI-R GTGCTGGGTCTCAgctaTTCTTCAGGTTGAGGCCGACCG 39
YFP-F AGCGTGGGTCTCTaataGCGGCGCCTCCGGCCAG 34
YFP-R CTCCATTTACACGGAGCCTAGTCAGTCACTTGTACAGCTCGTCCATGCCG 50
RBCS2-T-F GCGCTCGTTGATCTGAGCCTTG 22
RBCS2-T-R GTGCTGGGTCTCGGAGGGCTTCAAATACGCCCAGCCCG 38
AphVIII-F AGCGTGGGTCTCGgatgATGGACGATGCGTTGCGTGCA 38
AphVIII-R GTGCTGGGTCTCAgctaTCAGAAGAACTCGTCCAACAGC 39
JYJD-F ATGACACTGAGGCTGGCACAATTG 24
JYJD-R GTTGAAGATACCGCCAGGTACACACTG 27

The 4 bp sequence of lowercase letters indicates the fusion site of the Bsa I.

MgSO, 3 uL. KOD i 1 uL. 10 ng/pL ¥t DNA
2 uL. 10 umol/L 5[4 JYJD-F 1.5 uL. 10 umol/L
519 JYJD-R 1.5 pL, H/ahn ddH,O b2 %
50 uLoPCR JZ 1 451 : 94 °CTAE Y% 4 min; 94 °C
A 40's, 60 °CiE & 30s, 68 °CHEfH 60 s,
30 MEH; feJi 68 °CCHHIE(H 4 min, PCR =4
T A Byt W e F KR 3 I i e AR TAE Y T
TR TR e A R w58 Ty
1.6 HHRERNELNL

B YFP 81 )43 Chl {55 FH Leica
TCS SP8 STED i/ HE SR AR WAl g,
KL SEEE . YFP ly 512/525-560 nm; Chl
Jy 488/563-570 nm.,
1.7 SRERENE

2% Hu W05 R BUK 3 58 A i 2 A
HEAT H 93 E1 35 (Western  blotting) K6 ), B 25
CC-125,CADRI1.CADR2., CADR3 #fffi /] GLE
EAERBLRER 30 min, BOEHILO G
R A A 1 240 J RE B 1 20 55 BRI A o

&: 010-64807509

A Loading buffer Z# 10 min, T Western
blotting Al . A5 H BT —Hi 2 GFP $Hiiik
(Roche), FiBEELH A 1:500; a-tubulin #i A
(Sigma), FiELLBHI 1:50 000; —FHih HRP b
I FEPL IgG (Abmart), i HIk 1:5 000,
18 AEKSHEN

i/l CdCl, fiff % ¥ (100 mmol/L, Sigma-
Aldrich) il %A [F] CACL, ¥ £ (0-240 pumol/L)iY
TAgP WIRKE I3 . s = 2 X500 )5, T
RS CACL K TAgP Rk, iR
WPl 1x10° cells/mL. £ INRERFL BRI F
%t (molecular devices)l| & 4f il 76 680 nm .
665 nm, 652 nm | AYCRE(E . B AR R A
FERRE A ()5

Casb (ng/mL)=1.44 OD4ss+24.93 ODgs> (1)

2 ALk B 4 AL 3T 20 (Beckman Coulter)

ME, PSI e Kb T =& Fv/Fm {HH
Phyto-PAM (Walz)ill i . A b S2 56 34715 # 3 4~5E
WE A, AR LOFIEAREZE (xes) s o
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A Bea | Bsa | Bsaly
Bsa | ¥ sa NNNNaGAGACK] GGTCTCINNNN
ot ['C'l'(‘:NNNN NNNNGAGACC g NNNNICTCTGG CCAGAGINNNN
CCAGAGENNNN M\M;‘L RS +

4 @
r 4 KanR
Ve T
y 4 0
BsmBly Y —com 1y  BsmBI y BsmBl  BsmBl,
CGTCTCg NNNN 5 NNNNeGAAGCG NN N GATATD COTCTEIMNNN
GCAGAGCNNNN NNNNgCTCTGC . NNNNICTCTGC GCAGAGaNNNN
t - ) e 4 - 4
KanR y . AmpR
TI
Bsaly + Bsa | v Bsa | Bsa |
GGTCTCg NNNN NNNNcGAAGCC NNNNaGAGACC, GGTCTCINNNN
cmmcmww'ﬁﬁl NNNNeCTCTGG NNNNICTCTGG CCAGAGaNNNN
t ¥ 4 4
B> | >
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[- ARpro’ ¥ Sr7 | CADR | i [ YEP-RBCS2-T |HVARpro" M Aphvi | RBCS2-T
P>
4 ]
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Xba | EcoR 1
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B

2o ., C 30 -
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RFU (YFP/Chl)

w S

RFU (YFP/Chl)
o = B

N
& o

1 MAMERAERRBESER CadR HIAMEFEHRIFIE A 4IERER/RMRL S EMA CADR 3
Aty @R & 8. ARpro. SP7. CADR., GP1. AphVill . YFP-RBCS2-T. RBCS2-T i # A4 i) A [] K& [K St 4. RFP
RLL TR, AN BURIh B e RFP, S i Avae b, SNhL . To 8 A RIRE £t
PE(KanR)HY 0 A, T) A EA AN EHERIUEAmpR)Y 1 ik, PET-X N HA AmpR (14 B4 il
Bk #iik, PET-X-CADR Ky #4154 H o an iz tb 84k, B: AT 19 YFP &
F2¢ 68 B . CADR KRR I A9 300 AN 4% 1L+, CC-125 Fom 6 NEEAIMEXTR. C: —#fEfb
T 5 CC-125 RFU {4 HL 4%

Figure 1 Vector construction and screening of algal strains displaying cadmium-binding protein CADR on
cell surface. A: Schematic of vector construction displaying cadmium-binding protein CADR on cell surface.
ARpro, SP7, CADR, GP1, AphVill, YFP-RBC2-T, RBC2-T were different genetic elements of the vector.
RFP was a red screening marker. If the gene fragment successfully replaced RFP, the transformed monoclonal
clone turned white. Otherwise, it’s red. Ty was the level 0 vector with kanamycin resistance (KanR), T, was
the level 1 vector with ampicillin resistance (AmpR), PET-X was the nuclear transformation vector with
AmpR, Pet-X-CADR was the successfully constructed nuclear transformation vector containing the target
element. B: Comparison of YFP protein fluorescence intensity in different transformants. CADR represents
300 screened inverters and CC-125 represents 6 repeated negative controls. C: Comparison of the RFU value
of three strains and CC-125.
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1.9 Cd 2EWNE

B 5 mL XTECANME, 3 000xg &0 3 min
£ EW, 50 mL Milli-Q H,O ¥R 4 1K, &
DUEETTTE . A DITE T IA 286 pL # 70%
HNO;, 7EEIRFIFE 24h 5, 65°CHFE 2h,
SRIGINA Milli-Q 7K, L EARLES] 10 mLY,
R MM 500 pL GLE iR FRE %
30 min, B0 HISCEETTTE (25 B 20 i B F5 o) 4
) 440 i 20 53 ) A 1 (AN IR RE 2 53y o DLOE A 3
%A _E BT o T I 7 MARS6 (CEM)ARFE |
W, HJE A Milli-Q B4 2 10 mL™, {#H
HL B 7 55 B IR BT 1% (PerkinElmer) Rzl 57 % 44
ffL, BRANMBELNN . 4nfaREh Cd WeE. LIk
SIS E 3 AT, 45RO bR
£ IR 18 SPSS 25.0 B X BRI T 2243
AT RIS A B, S ) 2 S B A 3SR FH
SEREA tAGHG, *. P<0.05; **P<0.01; n.s.: JG
mENES,

2 BER54

2.1 AFRERRIRSESER CADR BE
R IEA L E

AR5 K golden gate 4% A A4 3t CADR F&
IRk, FRAGAC B A0 i i Rk 4l & 3|
[1 CADR ¥tk ZERIMS A 4I5S ik SP7
AN RES € & 1 GP1, AT 5% CADR 4i&
EfRE 1B, [ A B UOLE A YFP,
FH P i ik B PR sE b . ELARM R BRI T
B 5P ARpro. CADR il RBCS2-T 4245
¥ . HWSEREMZAE 7o, Hoofdmim s
A Type s BUBR 4 N DI Bsa T DI &5 o
% Bsal il T4 DNA %3056 H ny 3L A
B 5 0 R (T, & Bsal BN A)i Pk
i, B R AR L A AR IC RFU, il
ARSI BRI ML TSR 0

&: 010-64807509

WAKEE . BRI Type s AYFR M N Ui
BsmB [ 1 T4 DNA iE#:0, 1445 0 M3k 19
(T, &% BsmB I B S)AVINE, B
P T, 244 (ARpro-SP7-CADR-GP1-YFP-RBCS2-T,
ARpro-AphVII-RBCS2-T), fHZ¥ T, KPR
JE i 5 20 ok PET-X-CADR (& 1A).

1 PET-X-CADR #AAL VAL G, i 2 A
B CC-125 ¥tk MR FHMEEEMEEA YFP 955k
EIUE SRS, (P BRSO 5% A0 5 Y e bk
PEAT R T Ve, M1 RFU EHKF 10 /B
EARE, M 300 AT R 6 AN FH
ML T, BHME R 2% () 1B). #:5 EHL RFU
{Efe = 3 #RE% L (B 1C), fiv4% A CADRI,
CADR2 #1 CADR3, 43rnlWIERH | HEMHE
il 3 ATy T H g — 2 e . SRR Z2 L
1E SP7 /) N 55 Al GPL A9 N i s 514,
T BE B AL T2 857 PCRG RES #8 H K/N A
914 bp M5k . Z5REW], 3 WL IhE
A3 H B %A, B XS B CC-125 Hhy
AE(E 2A), EHZH L, FIH GLE XA 4
HRURE A FADY, SREANIRRELL S0 2B), 5
& M1 anti-YFP $ii 505X 3 BREL AL+ 1 58 2 40
M F 40 I BEES T Western blotting Kl . 25 R 5%
B, 3 RELAL T B9 5 2 40 M A4 it B b 2 BEAS:
WiF| SP7::CADR::GP1::YFP fil & % 1% YFP {5
5, K/NA25kDa (F 2C), H CADR3 #1555
e, S EEAR UG i 25 R — (| 10), M T
HE G I AN EE | YFP 2G(E S, R
Sy HE R A B B WS¢ CADRI . CADR2 .,
CADR3 R4 il . 458 .7~ , CADR1,CADR2
CADR3 4iiffasEIE % T 565 1 — B YFP {5 %
(K 2C), #—1i8 T CADR::YFP Bl &5 E A E
o FABEANMEE | 25 b, FATEINAE CC-125
Y BE [ 35 CADR EE [, il & i il i 2% 1w
TN T RESEAR
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CADR
bp 1 2 3

Merge

CC-125

CC-125
1000 — _———

B
B\ i CADRI
1‘ “I GLE ?gg«‘
' Cell wall
Whole cell Cell wall less
Merge
C CADR2
CADR
kDa CC-125 1 2 3
95 | -“ Whole cell
YFP : Merge
Cell wall
2 - .I CADR3
50— DR 5 um

E2 WRRERRBESER CADREKRMEE A 3k PCR IIMSMEILK CADR BETER: L
THEAH . B: GLE £ 1140 356 B 20 T R 40 A B 2H 0 #1125 4 M BE A i 20 2 /s L. C e Aoy BN A
CADR::YFP il & 5 1/ #35 fl &5 8 1R/ 25 kDa. o-tubulin /E N2 EAERXTER, K/hR 50 kDa.
D: IRE BB CADR:YFP 5 8 M2 M5 5. YFP R AIIEAE 512/525-560 nm Ab 9615 5
Chl /R 4Hfi7E 488/563-570 nm F % 55 ; Merge F/n YFP FIM-S R (5SS . AR =5 um
Figure 2 Identification of algal strains displaying cadmium-binding protein CADR on the cell surface.
A: Algal colony PCR was employed to detect the integration of exogenous CADR in the transformer genome.
B: Schematic diagram of whole cell with GLE protein to form cell wall components and cell wall less
components. C: Western blotting was used to detect the expression of 25 kDa CADR::YFP fusion protein.
50 kDa o-tubulin was used as a loading control. D: Confocal microscopy was used to visualize the
localization signal of CADR::YFP fusion protein. YFP represents the fluorescence signal of cells at

512/525-560 nm; Chl represents the fluorescence signal of cells at 488/563—-570 nm; Merge represents the
superimposed signals of YFP and chlorophyll. Scale bar=5 pum.

2.2 YRERT CADR MEEACEEK
A

h TR KRR CADR J5 /2 &%
M 3 P A 5 1) IE B AR S, BEAILIE SR CADR3 Bk,
o) FE AR R ORG-S 7 T S5 A B AR bR o 45 2R
Z<B] CADR3 BEkkAIEY AE B CC-125 BRI A K
RE—H(E 3A), HHTERES 3 dF#EATE
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W, e R A e BE R 8.27x10° cells/mL . W3
PRI PSIL i Kb 2% i 7 7= i Fv/Fm (E G B3
25, ¥ 0.64-0.72 YL N (&l 3C). 522X
N, MKW SEdtEEES, &
2.4-3.1 pg/10° cells AY7E Bl (] 3D). SIS %
BIANAEtE2E S, ULPH AN 1 /n CADR N3¢
M) S A7 A 3 1Y) 1E AR K
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Figure 3 CADR displayed on cell surface did not affect the growth of Chlamydomonas reinhardtii. A:
Comparison of the growth between the strain displaying CADR on cell surface (CADR3) and wild-type strain
CC-125 in triangular bottle. B: Growth curves of CADRS3 strain and CC-125 strain. C: Comparison of the
PSII efficiency (Fv/Fm) between CADR3 strain and CC-125 strain. D: Comparison of the contents of

chlorophyll (a+b) between CADR3 strain and CC-125 strain. n.s.: The difference between the control group
and the experimental group was not significant (P>0.05).
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Figure 4

Comparison of growth rates of CADR3 strain and CC-125 strain under different cd*

concentrations. A: 0 pmol/L Cd*". B: 80 pmol/L Cd**. C: 120 pmol/L Cd*". D: 160 pmol/L Cd*". E: 200 pmol/L

Cd*". F: 240 pumol/L Cd*",
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Figure 5 CADR displayed on cell surface increased the cadmium tolerance of Chlamydomonas reinhardtii
under Cd*" stress. A: Comparison of the growth between CADR3 strain and CC-125 strain in triangular
bottle. B: Growth curves of CADR3 strain and CC-125 strain. C: Comparison of the PSII efficiency (Fv/Fm)

between CADR3 strain and CC-125 strain. D: Comparison of the contents of chlorophyll (a+b) between
CADRS strain and CC-125 strain. n.s.: Not significant (P>0.05).
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Figure 6 CADR displayed on cell surface enhanced the cadmium uptake of Chlamydomonas reinhardtii

stress. A: The cadmium content in whole cell algae, algae removed cell wall and cell wall

components. B: Schematic diagram of cadmium distribution in CC-125 strain and the strain displaying
CADR on cell surface. *: P<0.05; **: P<0.01; n.s.: Not significant (P>0.05).
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