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Abstract

The sorting algorithm occupies an irreplaceable position in information science. Cellular infor-
mation-processing devices execute computing tasks in various fields, such as biotherapy and biore-
mediation. However, the sorting algorithm in vivo is still lacking. Through combining classical algo-
rithm-design strategy with advanced genetic technologies, this study has successfully designed and
tested a genetic sorting algorithm in the bacterium Escherichia coli. This sorting algorithm is de-
signed based on the divide-and-conquer algorithm-design strategy. It enables sorting through a re-
cursive grouping of the signals into the greater group and the lesser group with clustered regularly
interspaced short palindromic repeats/CRISPR-associated9 system. The result is analyzed by next-
generation sequencing. Wet-lab experiments verified the validity of this sorting algorithm. In
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addition, the grouping method provided in this sorting algorithm also represents an efficient clas-
sification method. This study will advance the construction of intelligent and complex cellular in-
formation-processing devices through sorting and classification.
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1. 5|15

AR PR R N R BB A BRI B AR (5 B0, MG B & . RRBFKEELTS
HAR AL EHAT I AR SS (nAEaYT « EVMEE SR, BAT 2 RN TS @, ki3] m Fhks
SE AR B, FHFIREIT AN “ 5117 SR A A s T T OB R T R 1] B2 T
NS AL BRRE T MR K, BHIFF 52 A A 2 Al RS BAL B B 4 . IR & B R AR TR
TIFEIhRE, BFEAUEIT 2] PR E[3]. EHI1[4]-[11]. ARKER[12]. THEER[13]. ZHEF[14]. f76E
A[15]-[21] BB R IT[22]-[24] 0 X SRR THERFAHE BB SR NE BT A&, R
H A T RS B R T

HeP FEAE NG BB R O E 2 —, EHERAL. BEAUUNS SRR R B A AT A
TER .. BRI A AL G FIBAR AL T 7 B0 P HES, TN 5 S0 A de e s Mt Bt 7R 40 A B A0 3
W T, FUOVAMABEA IR, Ay EERe G SR, Tl AR IR B VRN B OB )
AERmE R A, TSR SRR B A S IR R R etk . SRR TR N R BV E T I i 2 Bk TR
M EZAME G AT KE RIS FH IR R . T 4RGN BB I8 BR, 208 A 15 B R = 2 T
HR ARSI A

KRFFTF R T —FAEHET Hi5(SAB). ZHIEEET A KIE ¥ it, J@iid CRISPR/Cas9 R4 55—
RIFHARLIL, HE BRI 7 HA .

2. R
2.1. Bt

NEBUSSHET , AW NS 5 B 452 4 DNA P FIVENIFE 51 o 415 HE P Hdm i aix
BERAIE 7 51 R SE G S A0 B o X EVEEE T SRS AT W Th . /A SR R i & ML B g 2 —,
FEAZ O TEAR I Ke J0] f30338 U1 43 AR R R AN B2 AN R EL R ST ) 7 e, L ) AR o T BRI 2K
B3¢ S W T IR R A S T PR R A o AR RV 1 S BT R AR B 5 R o ISR AL RS /N s o ikt
A HGBPATH R 0 #0E, HEERANICRRAMES . RER A A a0 2GS
FIHER (1 AT ST,

2.2. FERGRIT
CRISPR/Cas9 F GifE A HEFF 5Lk PR Ny 4 T HAF o 1 A — T8 i 1k ) 3 R L S AR oA
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CRISPR/Cas9 R4 O3 1F) 2N .. 1% &S ET 20 bp ] sgRNA 55 Cas9 #ZEREFL A BH PAM FE4
(5-NGG-3")¥) DNA f7 55, H Cas9 TEFEFRA AL ™4 DNA XUREWT R [25]. JFURL AR A2 XURE W 208 & 2 3
BHAGEK, KI5 5 PR A XURE W8 SR TE BRI A 2T B . ABEF| A CRISPR/Cas9 &
Guid i i T XU R SR R SR A S h e . BIFFE LT T = R G LAk I 77 258 S 5 0 (A 2).
Zr A RS B B A B NS S HRE T B R ORI SEI A 4, e OB R E 7 81 0 75 s B R ) e
S5 TR
A TR FH 55 AR P B A A B HE 5 S B 45 AT T o AR R — ORI AT T 1%,

A [ 6 B0 3 T B R4 DNA BEHEAT I [26]. % REF] pL Fk Al BE TCVEM e 4is e, e LK MH

TGRS T
K(gjz BB TSI
B)” EHBRAERFAIS
I AT AR RHE R T R AMHT, JFHCH K RO R P 25 RO 3 A1
S2).

A > cC > B > D

Figure 1. Schematic representation of the sorting principle. Multiple independent types of cells
need to be constructed to enable sorting. In these cells, some group all signals, while some group
signals in a certain group are divided by another cell. The cells are used in a pre-determined order
to perform sorting
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Figure 2. Schematic representation of the three-plasmid system. The three-plasmid system is composed of plasmid pG, pL,
and pCOM. Plasmid pG contains the characteristic sequences of the signals in the greater group. Plasmid pL contains the
characteristic sequences of the signals in the lesser group. Plasmid pCOM produces sgRNA: Cas9 complex, for causing a
double-stranded break (DSB) in the pL under the control of a signal that needs to be grouped
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Figure 3. Schematic representation of the result analysis. To analyse the result, a fragment of base sequence is designed and
the characteristic sequences are inserted into the base sequence. Before and after grouping, polymerase chain reaction (PCR)
is performed to obtain the characteristic sequences. The PCR products are sequenced and counted using NGS. K value is com-
puted according to the counting result. The change in K value indicates the grouping result. In the grouping process, the number
of plasmids containing the characteristic sequence of the lesser signal dramatically decreases, even if not totally cleared. There-
fore, the K value changes dramatically. The clearance of the characteristic sequence is determined according to this change

E 3. EROREE. AETERDN, ERQTEMBEFS R EFIHEFIIEAES. ENHEREENRE, B
HREBE#EN R N(PCRFREVFFHERF, 3 PCR &I T ZRIMFNGS)FIEE S, RIFHTHERITEKE. KE
MEUATHENBER: EHATET, BERNETLER, BHFRSBESHIEFINRNEERLISRIRD,
RIMEENHETUSH K ELERZULD, SERFEZRENFERIEFSIRERE

2.3. YBEEIE

AHIEFER P A0 HE R 502, R R B AR BT R AT B (Arab) 5 A 2E-B-D-Bi AR LB (IPTG) Tk
VYR 2 (aTc) & SR ZERE(Rham) U RS 5 0 THET T HEF B U RS 5 (58 % 5¢ 524 Arab>Rham > IPTG >
aTc, &4 7R T 0 N IR S D8] L B e T B HE T 25
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Figure 4. Sorting four signals using bacteria. (a) Celll divided the four signals into the greater group and the lesser group. The
K value of arabinose and rhamnose remained the same before and after the grouping process, indicating that the two signals
are in one group and the other two signals are in the other group. The K value of IPTG and rhamnose significantly decreased,
indicating that the IPTG is cleared. The K value of aTc and rhamnose also significantly decreased, indicating that the aTc is
cleared. Consequently, the results demonstrated that the greater group contained arabinose and rhamnose, and the lesser group
contained IPTG and aTc. (b) Cell2 grouped the signals in the greater group. The K value of arabinose and rhamnose signifi-
cantly increased, indicating that rhamnose is cleared. Consequently, arabinose is greater than thamnose. (c) Cell3 grouped the
signals in the lesser group. The K value of aTc and IPTG significantly decreased, indicating that the aTc is cleared. Conse-
quently, IPTG is greater than aTc. Combining the results of celll and cell2 with cell3, the order is Arab > Rham > IPTG > aTc.
Values and error bars represent the mean + SD of three replicates

4. FIRAE OMESHITHIF . (a) Celll FEMES KD ABAEAMBUNE. FHATEFMRFTER K EESH
AIERIFRE, RPAXRMESEBTRE—2E, MAMAMESETH—24. IPTGC MEFHEN K BEZ TR, *
BA IPTG #:8BR; aTc FIRZFEHEN K Bt EE T, RO aTc #75M. HILERARAEGSSMAAEFMRENRE, B/
(HEE IPTG Fl aTc. (b) Cell2 MERKAESHITEDH. MAABRSRERN K ERZLFH, RARTERBR,
EN PR AHERE R TR, (o) Cell3 ME/NAESHITENE. aTc 5 IPTG B K EEZF T, R aTc #F
B, B IPTG BEKXT aTc. 4R4E celll, cell2 5 cell3 BISLINLER, HA&HFR: Wh{AE > RERE > IPTG >
aTc. EIRHBRIRESRRIRESEIUNTEHE + EE

REOHEFDIRE, AR T SR DA . AR A — A SRR RS IR = TR
RGNAE AL THE T R R, B KLY R AN [ (9 52 ) 2 s (] 4 7 p15AL CloDF13 Al pMB1)
AR FEFAEARIL(E 4 emR. smR A1 Kan)o R FURLE A FFP A0 0 (A0 celll 55 cell3 H1#) pG it
Ri) ol B A E S S AU AR D . 7E celll A1 cell3 H', CRISPR/Cas9 # 4ilf¥)#E)F 51 5'-
gacctgccctgtgcagctgtggg-3’ 1M cell2 U4 5'-aactgcaatttattcatatcagg-3'. Celll Al cell3 K IPTG S A%

K RFPAT o HARAE, cell2 MIMEHFTHAE S SR ERE RS . & 1 It 7 RHEF 5 R AT 51, % 2
J&os 1T MR R
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Table 1. The characteristic sequences and base sequences (5'-3")

= 1. FHEFFIFRIERIFI(S-3)

FHIEF 51

arabinose
rhamnose
IPTG
aTc

aactgcaatttattcacgat
aactgcaatttattcatatc
gacctgecctgtgcageacc

gacctgecctgtgcagetgt

FEAit 7 5 (PCR
1 NGS H1{#H
1519 Akt
R “x” fBOR
FHNREIE P
%)

Celll

Cell2

Cell3

aagtttatctgtacaacaggcaagcetgccegticectggcctacctiggtcaccacactcac-
ftatggagtgcaatgcttcgetegttatcCCgacCX XXX XXX XXX XXX XXX XXX X X X XXX XXX XXX XXX XXX XXX
XXXXXxxacatgaagcagcacgattttttcaagtccgegatgeccgagggcetacgttcaa-
gaacgcactataagttttaaggacgacgggacatataagacccgtgccgaggtgaagtttgaaggcgatacttiggtgaa
cagaattgagctgaaggggatcgactttaaagaagacggaaatatcctgggacacaagetg-
gagtataacttcaatagccataacgtttacattacagctgacaaacagaaaaatggtataaaagccaacttcaagatccgge
ataatgttgaagatggcagcgtgcagctggctgat

ttcggcectattggttaaaaaatgagetgatttaacaaaaatttaacgcgaattttaacaaaa-
tattaacgtttacaatttcaggtggcacttttcggggaaatgtgcgeggaacccctatttgtttatttttctaaatacaticaaata
tgtatccgcetcatgaattaattcttagaaaaactcatcgag-
catcaaatgaxXXXXXXXXXXXXXXXXXXXXXxXattatcaataccatatttttgaaaaagccgtttctgtaatgaaggag
aaaactcaccgaggcagttccataggarggcaagatcctggrarcggtctgcgat-
tccgactcgtccaacatcaatacaacctattaatttcccctcgtcaaaaataaggttatcaagtgagaaatcaccatgagtgac

gactgaatccggtg

aagtttatctgtacaacaggcaagctgeccgttccctggectacctiggtcaccacactcac-
ttatggagtgcaatgcttcgetegttatcccgaccXXXXXXXXXXXXXXXXXXXXXXXacatgaagcagcacgattttt
tcaagtccgegatgeccgaggectacgttcaagaacgcactataagttttaaggacgacgg-
gacatataagacccgtgecgaggtgaagtttgaaggegatactitggtgaacagaattgagetgaaggggatcgacttta
aagaagacggaaatatcctgggacacaagcetggagtataacttcaatagecataac-
gtttacattacagctgacaaacagaaaaatggtataaaagccaacttcaagatccggcataatgttgaagatggcagegtge

agctggcetgat

Table 2. The counting results

F2. LR

Cell Characteristic sequence Replicate 1 Replicate 2 Replicate 3
Rham 46022 45801 46641
Arab 45870 45601 46449
Celll
aTc 10661 10658 10212
) IPTG 10735 10708 10256
Before grouping
Rham 770707 219871 420490
Cell2
Arab 1998927 562992 1025309
aTc 4124 3641 3668
Cell3
IPTG 3322351 3061058 2811369
Rham 3176 2995 2806
Arab 3427 3223 2991
Celll
aTc 3 0 5
IPTG 5 0 7
After grouping
Rham 5818 4606 4890
Cell2
Arab 1634990 1165340 1318921
aTc 85 86 119
Cell3
IPTG 3290052 2718175 3435341
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3. Z5igFniTie

AEFFITR T — Ml A EHE P k. B, EIVERMEA WY R 0 HE R A b A A
I SRR AT AT o 4R, T RGN ot SESNEN AR RGN, E T
16 HENK K SR G 1A AL 2 T AR (RS R 70 T AE AR () A% 15 J2), A7 BRI 1 ik I . LK,
TP AR AT R AT Rk B R = PR R SRR A A B AT AL BRI T SRR R . X
H£F CRISPR/Cas9 RGN =R BETHANS2 A5 5 B fom, ORI ANREAS 5 AN e ds, (R &
FHIEFPSIRI AT AL B BE 2455 ARGE BRI A5, 12 50E R R AL B M S S ¥ 7).

A SR R ARG 02071, RS R RN DAL B B R M . SRR AR B eSS
Rt , AFEIRMERI D AINUEICER 1Bl F5ik. = RRLARS pG 5 pL FRKEIIE 55
xR, SCRPAR S AR AR 4K S3), (el REFSRAM AL B 5 W ALSEAR B B BAE 5 (R 4]), 5]
BWEIREAE T BN RN, G AT 2 8 R HAR S SR T R B, B TR A 4 o

SGEVIEIDNC A S e PR AT Wiway SR e =Ryt R ERS Y s & bH - DR RS (S S S
TREEAFAEARTTZE R [27]: BIINAR AR B B8 SRR ZR AT A2 AR T AT R AR Th g a7 B ffs i 1
B I TAE D7 sOF AR AR AR A i CRIR AR, PR IR BB O I SRS S SC HE BE, SRVRAE R v T iH SRS
S AL HLRE SN T A U B A A A AR —— W T SNV AT R e B B, i SR
RS R SRE A F 4 5, SR SEBUE S TP IR IR R FESR U EALSCB A R A] . s HETE
ZHEEGE DAL DS . BT AT T REHESD B T A A BURF I A SRR 0T e, SEILEE B AR D REBE 8
FEAi
B ZMEHE R SRR 2 IS, (B SEER A7) o s 240 A A A e s S A e M ST R
SEPLSEHRAR . B VAPE = BRI R ST CRISPR/Cas9 T IR SERIE AT RE 51 A A IR, PR AL B AR ;
WO LWL 7%, AR EE N BRI . RIS, AR SE R 5
Bt RS Y Cas B THRMRAGRVENE; 45 & R o I P AT &

A PURAT OGS SR TE, AR R B RIS BB R S
4. 53k

k

SERCETE G, TURL RS R A IR A IR A R G . 15 KA R BL21(DE3) B #%(F~ ompT
hsdSB (rB-mB-) gal dem (DE3)){EA celll # cell3 1753, KHHF B MG1655 WAk(F 4~ ilvG™ rfb-50 rph-1)
1ER cell2 (75 . W TRFANME, 7203tk pG 5 pL ik, BEJEHE1L pCOM ik, K FH bR HEEE
fhik. I AEI7E LB ekl gc.

HEF LI RAR AN T . I BOB Ao e fh T 25 pg/mL &E R, 50 pg/mL EASEF R A 50 pg/mL 4k
BRI LB ¥7rd, 37CHRGH ARG, %5 pL BBEE N 5 mL FEEs sl (O tb b T Mike, i on
BB EERNFNRINRECES 0T AgkSrE 37° CH 7R 12-16 /M. JfE 50 FEIREN: B
JKPUFRZ 100 ng/mL. BTHAABE 0.2%. IPTG 0.1 mM. 2585 0.1 mg/mL.

R0 AN, 8T PCR & HBRIE 741, 53974k AR P B AT I 7 o AR 40 25 R gt
FEFRAEF I E . Celll F cell2 B 7 it 4 TAE AL 508 MEVE A H ARG IR A7) 58, cell3 B
J6 5 DA S R A PR R SE R
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Figure S1. The pseudo-code description of SAB
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Figure S2. The pseudo-code description of grouping process
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Figure S3. Schematic representation of classification in asymmetric ways (random sequence is used to
ensure that the base sequences in pL and pG are of the equal length). (2) Finding the maximum. (b) Finding
the minimum. (c) Dividing five signals into two groups
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