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Characterization and application of several lysis cassettes
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Abstract: Lysis is a common functional module in synthetic biology and is widely used in
genetic circuit design. Lysis could be achieved by inducing expression of lysis cassettes
originated from phages. However, detailed characterization of lysis cassettes hasn’t been
reported yet. Here, we first adopted arabinose- and rhamnose-inducible systems to develop
inducible expression of five lysis cassettes (S;95, 452G, C51S S76C, LKD, LUZ) in Escherichia
coli Topl0. By measuring ODgo, we characterized the lysis behavior of strains harboring
different lysis cassettes. These strains were harvested at different growth stages, induced with
different concentrations of chemical inducers, or contained plasmids with different copy
numbers. We found that although all five lysis cassettes could induce bacterial lysis in Top10,
lysis behaviors differed a lot at various conditions. We further found that due to the difference
in background expression levels between strain Topl0 and Pseudomonas aeruginosa PAOI1, it
was hard to construct inducible lysis systems in strain PAO1. The lysis cassette controlled by
rhamnose-inducible system was finally inserted into the chromosome of strain PAOI1 to
construct lysis strains after careful screen. The results indicated that LUZ and LKD were more
effective in strain PAO1 than S;95, A52G and C51S S76C. At last, we constructed an engineered
bacteria Q16 using an optogenetic module BphS and the lysis cassette LUZ. The engineered
strain was capable of adhering to target surface and achieving light-induced lysis by tuning the
strength of ribosome binding sites (RBSs), showing great potential in surface modification.
Keywords: lysis cassette; inducible systems; synthetic biology; optogenetics; surface modification
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(OXOID), 10 g/L; EEFHEEYI(OX0ID), Ffk
BN T AR TARC B A FRA ], LAR AR
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MnSO,-7H,O (F$7 1), 200 mg/L; CaSO,2H,O
(B$777), 200 mg/L; NaMoO,H,O (FiHiT),
10 mg/L; ZnSO,7H,O (FTH77T7), 20 mg/L;
CoSO47H,0 (P47 1), 10 mg/L; CuSO4-5H,0 (B
$77T), 20 mg/L; H;BO; (FH77), 5mg/lL.
BT R S 46 < BRI & (Omega),
B WH BRI RIS 65 (Omega) , SR A

EMERE AR MR A A PR A |, JosE vl i 4%
G (R BT MERE A R R A BR A |l .
IR RIRIKRER TR T ), AN HRR
BT Ty, e T, FhabECET), 23
BECET), B W B E4A5E(polydimethylsiloxane,
PDMS) il 2R ¥ (3% [&l i 5 7° A H]) , agarose (BBI),
cy5-H B RN (PG &S5 IR A I RHECA FR A W),

JW(polymerase chain reaction, PCR)i®5f & (F5 &% FEREGTHL T, AARECET), s T).

Fz 1 ARG FT A E BRFBURL

Table 1  Strains and plasmids used in this study
Strains and plasmids Characteristics Sources
Pseudomonas  aeruginosa strains
P. aeruginosa PAO1 Wild-type strain. None resistance Lab stock
BphS-PAO1 PAO1, PA1/04/03-RBSII-bphS-CTX2. None resistance Lab stock
BphS-PA2133-PAO1 PAO1-BphS, J23109-B0034-PA42133-Tn7. None resistance This study
BphS-LUZ-PAOL1 PAO1-BphS, This study
pR’-tR’-B0034-LUZ-T0T1-J23109-B0034-P42133-miniTn7. None
resistance
Phagap-S105-PAO1 Pnapap-Si05-miniTn7, PAO1. None resistance This study
Piaan-452G-PAO1 Piaap-452G-miniTn7, PAO1. None resistance This study
Pinagap-C351S S76C-PAO1 Piaap-C51S S76C-miniTn7, PAO1. None resistance This study
Piaap-LKD-PAO1 Piaap-LKD-miniTn7, PAO1. None resistance This study
Pinaap-LUZ-PAO1 Piaap-LUZ-miniTn7, PAO1. None resistance This study
Pagap-RBSII-S;5-PAO1 Pihagap-RBSII-S;ys-miniTn7, PAO1. None resistance This study
Pasap-RBSII-452G-PAO1 Piagap-RBSII-452G-miniTn7, PAO1. None resistance This study
Pagap-RBSII-C51S S76C-PAO1 Piagap-RBSII-C51S S76C-miniTn7, PAO1. None resistance This study
Pnagap-RBSII-LKD-PAO1 Piagap-RBSII-LKD-miniTn7, PAO1. None resistance This study
Pinagap-RBSII-LUZ-PAO1 Piagap-RBSII-LUZ-miniTn7, PAO1. None resistance This study
Pinagap-mScarlet-Tn7-PAO1 Piaap-mScarlet-Tn7, PAO1. None resistance This study
Pinagap-RBSII-mScarlet-Tn7-PAO1 Piagap-RBSII-mScarlet-Tn7, PAO1. None resistance This study
P.nagap-RBSII-mScarlet-pJN105-PAO1  P.pap-RBSII-mScarlet-pJN105, PAO1. Gm" This study
Psap-RBSII-mScarlet-Tn7-PAO1 Pgap-RBSII-mScarlet-Tn7, PAO1. None resistance This study
Ppap-RBSII-mScarlet-pJN105-PAO1 Pgap-RBSII-mScarlet-pJN105, PAO1. Gm" Lab stock
Q10 PAO1-BphS-LUZ-PA2133, PcdrA-RBS010-Q(ASV)-pUCP20. Gm" This study
Ql6 PAO1-BphS-LUZ-PA2133, PcdrA-RBS016-Q(ASV)-pUCP20. Gm" This study
Q23 PAO1-BphS-LUZ-PA2133, PcdrA-RBS023-Q(ASV)-pUCP20. Gm" This study
Q24 PAO1-BphS-LUZ-PA2133, PcdrA-RBS024-Q(ASV)-pUCP20. Gm" This study
Q25 PAO1-BphS-LUZ-PA2133, PcdrA-RBS025-Q(ASV)-pUCP20. Gm" This study
Q57 PAO1-BphS-LUZ-PA2133, PcdrA-RBS057-Q(ASV)-pUCP20. Gm" This study
Q70 PAO1-BphS-LUZ-PA2133, PcdrA-RBS070-Q(ASV)-pUCP20. Gm" This study
E. coli strains
Top 10 F, mcrd, (mrr, hsdRMS-mcrBC), 80lacZ M15 lacX74, recAl, araD139, Lab stock
(ara—leu)7697, galU, galK, rpsL(Str"), endA 1, nupG. None resistance
Gl
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Strains and plasmids Characteristics Sources
Plasmids

pTNS2 A helper plasmid for mini-Tn7 site-specific transposition system. Ap Lab stock

pFLP2 FRT cassette vector for Flp recombinase. Ap" Lab stock

J23109-B0034-PA2133-miniTn7 PAOI1 genome insertion plasmid for constitutive expression of This study
phosphodiesterase PA2133. Gm"

pR’-tR’-B0034-LUZ-T0T1-J23109-B0 PAO1 genome insertion plasmid for constitutive expression of This study

034-PA2133-miniTn7 phosphodiesterase PA2133 and Q-inducible expression of lysis cassette
from P. aeruginosa phage LUZ19. Gm'

Pinapap-Si05-miniTn7 Rhamnose-inducible expression of S;5-R-Rz-RzI from phage . Gm' This study

Pinagap-452G-miniTn7 Rhamnose-inducible expression of 452G-R-Rz-Rz1. Gm' This study

Pinapap-C5 1S S76C-miniTn7 Rhamnose-inducible expression of C51S S76C-R-Rz-RzI. Gm' This study

Pipaap-LKD-miniTn7 Rhamnose-inducible expression of lysis cassette P. aeruginosa phage This study
LKD16. Gm'

Paap-LUZ-miniTn7 Rhamnose-inducible expression of LUZ lysis cassette. Gm" This study

Piagap-RBSII-S;5-miniTn7 Rhamnose-inducible expression of S;y5-R-Rz-Rz1 and the ribosome This study
binding site was RBSII. Gm"

Pnapap-RBSII-452G-miniTn7 Rhamnose-inducible expression of 452G-R-Rz-Rz1 and the ribosome This study
binding site was RBSII. Gm"

Pagap-RBSII-C51S S76C-miniTn7 Rhamnose-inducible expression of C57S S76C-R-Rz-Rz1 and the This study
ribosome binding site was RBSII. Gm"

Pihagap-RBSII-LKD-miniTn7 Rhamnose-inducible expression of LKD lysis cassette and the ribosome  This study
binding site was RBSII. Gm"

Pihagap-RBSII-LUZ-miniTn7 Rhamnose-inducible expression of LUZ lysis cassette and the ribosome  This study
binding site was RBSII. Gm'

Pgap-RBSII-S;5-pJN105 Arabinose-inducible expression of S;y5-R-Rz-RzI with RBSII. Gm' Lab stock

Pgap-RBSII-452G-pIN105 Arabinose-inducible expression of 452G-R-Rz-Rz1 with RBSII. Gm" Lab stock

Ppap-RBSII-C51S §76C-pJN105 Arabinose-inducible expression of C518 S76C-R-Rz-Rz1 with RBSII. Gm" Lab stock

Ppap-RBSII-LKD-pJN105 Arabinose-inducible expression of LKD lysis cassette with RBSII. Gm" Lab stock

Ppap-RBSII-LUZ-pIN105 Arabinose-inducible expression of LUZ lysis cassette with RBSII. Gm" Lab stock

Pinapap-mScarlet-Tn7 PAOT1 genome insertion plasmid for rhamnose-inducible expression of This study
mSacrlet. Gm"

Pagap-RBSII-mScarlet-Tn7 PAO1 genome insertion plasmid for rhamnose-inducible expression of This study
mSacrlet and the ribosome binding site was RBSII. Gm"

Phapap-RBSII-mScarlet-pJN105 Rhamnose-inducible expression of mScarlet in low-copy plasmid. Gm'.  This study
Gm'

Pgap-RBSII-mScarlet-Tn7 PAOI1 genome insertion plasmid for arabinose-inducible expression of This study
mSacrlet and the ribosome binding site was RBSII. Gm"

Pgap-RBSII-mScarlet-pJN105 Arabinose-inducible expression of mScarlet with RBSII in low-copy Lab stock
plasmid. Gm"

PcdrA-RBS10-Q(ASV)-pUCP20 C-di-GMP-responsive expression of antiterminator protein Q with This study
RBS10. Gm"

PcdrA-RBS16-Q(ASV)-pUCP20 C-di-GMP-responsive expression of antiterminator protein Q with Lab stock
RBS16. Gm"

PcdrA-RBS23-Q(ASV)-pUCP20 C-di-GMP-responsive expression of antiterminator protein Q with This study
RBS23. Gm"

PcdrA-RBS24-Q(ASV)-pUCP20 C-di-GMP-responsive expression of antiterminator protein Q with This study
RBS24. Gm'

PcdrA-RBS57-Q(ASV)-pUCP20 C-di-GMP-responsive expression of antiterminator protein Q with This study
RBS57. Gm"

PcdrA-RBS70-Q(ASV)-pUCP20 C-di-GMP-responsive expression of antiterminator protein Q with This study
RBS70. Gm"

Gm": Gentamicin resistance, 15 pg/mL in E. coli, 30 pg/mL in P. aeruginosa; Ap": Ampicillin resistance, 100 pg/mL in E. coli,
300 pg/mL in P. aeruginosa.
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OB £ B R (Olympus, IS 1X-71),
S48 (Harvard, %95 Mask aligner), JRif
(Newport, 5% 818-ST2), Z & F/KHL(Merck
Millipore, %5 Advantage A10), &K (SUSS
MicroTec, 5 MIB4), Htn{l(Biotech, 5
SYNERGY HI), Nanodrop 2000 (Thermo Fisher),
i 2 O HL(Thermo Scientific, %5 Pico21), H,
ZFfLIY(Bio-Rad, %5 617BR109469), H:fkk%
FRAA(EFNARE FRHE AR, SPX R241), mil
R K HE R (SANYO, KIS MDF-U538), £ IfE
AR (AR EE) .
1.2 7%
1.2.1 KB EEREEZREREERE

JOA A T Ao R v 9 45 TR R B A AR i ok
PCR 4 38455, Bris e mys| ) R 550
2PN, 51 M A T A . 24N &4
RELH ) NCBLJFA 5 U, S50 holin, 5740919;

endolysin, 2703480; Rz, 2703481; Rz1, 5739319.
LKD: holin, 5687451; endolsin, 5687445; Rz,
5687434; Rzl, 5687423. LUZ: holin, 5896758;
endolsin, 5896761; Rz, 5896767; Rz1, 5896763,

1 3 T2 v R 3 AR G A T ORI A, A
PCR F B4k 100 ng 247, T 37 °CR
30 min. EHESEMSE, LR Ab B S
WA B R FT I Top 10 JBZ 2520 i, vk b0
H 30 min 5, T 42 °C/KIE K 90s, FRRE
F vk | 3-5 min, JIA 800 uL LB K538, F)e
BT 37 °C . #538 250 r/min AFE R H
A 1 he BREE.ORERAZESAEMHMIUERDY
LB ZifEt b, F 37 cCH FA PR FE 12 ho IR H
PRECA T S AT PCR %58, BUEE IEMAY
BAYERE AT R B IR Ik AR TN Y o A
WF5 F r F P SR 357 0 At DA HE LE A 2 (5
LURPE S 35% A HIHE VRCRE I P LE A 14 TR AR
fEE-80 °CUkAfi, LMEFLZMEMH. FTA PCR X
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I DL K OB o W 14 42 1 20 43 T B e i i 45 4 44
Z AR S U S

H I P LE B P B RS R SR IR R BT R, B
S Y HL A 20 5 Al 1k (H 5 ) 6 o s 5 Ak 22 6k 17
SRR EA H , RIOARASAE L 1% R R o P PR A
JIT A A B B M TR TR AR I TE LR Rl 35% 1Y
HIMAE W80 °CLR-AT, VMBESZMA . Hbenr
BB IRRERARP I T R R R SR P B
PR ODIEE IS, A 1 mL ¥R A 300 mmol/L 4 7
B B BEJS A 1000 r/min 5.0 1 min IEE A,
FE ISR 1 mL ¥ 8 300 mmol/L
FEREF RIS ORI, UG R ff
FH 100 pL #&JE A 300 mmol/L Ay EER EE A, fin
AT HU I RS 38 3-5 min. H4% miniTn7 JBOkL
B, BRANA 500 ng XFNAY miniTn7 BTkish, i
T 200 ng pTNS2 HHEh Gk s HA KM
100 ng BIAT, JCFEERAMINA pTNS2 Biki, LG
g B L R R 2.5 KV, BUEE S ZE L EE AR TR A
1 mL LB A3 R EIF 4% 2 15 mL #E R,
FRE 37 °C B 250 r/min FFE R P E .
HLH% miniTn7 FOR S & BRI 3 h, HARBTRE
WERIE S 1 ho FERR RSO E TR A 25 A A Y
PrAE R LB Biigt L, T 37 CRFRM R
12 ho Tn7 BURLADKE H A 7 B & 4R 4B
PN R, 7E Tn7 Bk HLEE A SRR
MO TR RS , 75 L% B BE AR b Y B o e s A T
PCR %7, FfJ5, FRKHE: pFPL2 B34 E
EH AR LU FRT A7 85 5B PR Hi R
DR B o A A HR Y B S R0 26T LB+15%
BRI BIEAR -, DA fEAIp £ 5F pFLP2 kL,
Ptk A= 4 B s B IR IR F LB
LB+Gen30 F LB+Carb300 Fiflgti I, EFLfE
HETE LB LA B va B s IE 00, i O H 1) 3
RE T Tn7 ZAAMER AL A
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Table 2 Primer sequences used in this study

Primer name

Sequence (5'—3’)

B0034-F
B0034-R
PcdrA-RBS-R
RBS010-Q-F
RBS016-Q-F
RBS023-Q-F
RBS024-Q-F
RBS025-Q-F
RBS057-Q-F
RBS070-Q-F
mScarlet-pJN-F
pJN-RBSII-R
Tn7-ass-F
Tn7-ass-R
mScarlet-Tn7-R
rhaR-F

rhaB-R
rhaB-RBSII-F
mScarlet-pJN-R
A-R

RBSII-A-F
Tn7-RBSII-R
RBSII-LKD-F
LKD-R
RBSII-LUZ-F
LUZ-R

GAAAAGCTTAAAGAGGAGAAATTAAGCGTGAACGGTTCCCC
TTTCTCCTCTTTAAGCTTTTCCACAGCTAGCA
AAGCTTTTCCACACCCGGTCGTATTAACCGGAA
GACCGGGTGTGGAAAAGCTTAAATTTGGGAAATTAAGCATGAGACTCGAAAGCG
GACCGGGTGTGGAAAAGCTTAAGGAGGGGGAATTAAGCATGAGACTCGAAAGCG
GACCGGGTGTGGAAAAGCTTAAGCTGGCTGAATTAAGCATGAGACTCGAAAGCG
GACCGGGTGTGGAAAAGCTTAATGAGGCCGAATTAAGCATGAGACTCGAAAGCG
GACCGGGTGTGGAAAAGCTTAAATGGGCTAATTAAGCATGAGACTCGAAAGCG
GACCGGGTGTGGAAAAGCTTATTGGCTTTGGGTTAAGCATGAGACTCGAAAGCG
GACCGGGTGTGGAAAAGCTTCGCAATCTATCGTTAAGCATGAGACTCGAAAGCG
GCTGTGGAAAAGAAGGAGATTAAGCATGGTGAGCAAGGGCGAGGC
GCTTAATCTCCTTCTTTTCCACAGCGAATTCGCTAGCCCAAAAAAACGG
AAGCTTCTCGAGGAATTCCTGCAG

GGTACCTCGCGAAGGCCTTG
CTGCAGGAATTCCTCGAGAAGCTTTCACTTGTACAGCTCGTCCATG
CAAGGCCTTCGCGAGGTACCTTAATCTTTCTGCGAATTGAGATGACGCCA
TGAATTTCATTACGACCAGTCTAAAAAGCG
GACTGGTCGTAATGAAATTCACCCGTTTTTTTGGGCTAGCGA
ACTATAGGGCGAATTGGAGCTCTCACTTGTACAGCTCGTCCATGC
CTGCAGGAATTCCTCGAGAAGCTTCTATCTGCACTGCTCATTAATATACT
GCTGTGGAAAAGAAGGAGATTAAGCATGCCAGAAAAACATGACCTGT
GCTTAATCTCCTTCTTTTCCACAGCG
GCTGTGGAAAAGAAGGAGATTAAGCATGATGCTCGATACCGCCAC
CTGCAGGAATTCCTCGAGAAGCTTTCAGTCTCCTTGATTCAGGGCG
GCTGTGGAAAAGAAGGAGATTAAGCATGATGCTCGATACCGCCAC
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Figure 1 Schematic diagram of A lysis cassette and LKD16 lysis cassette.
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Figure 2 Characterization of lysis behaviors of Escherichia coli strains harboring different lysis cassettes in
different conditions. Lysis curves of E. coli strains harboring plasmids (Pgap-RBSII-lysis cassettes-pJN105) in
different growth stages after induction with 0.2% arabinose. A: ODg¢=0.5. B: ODgpp=1.0. C: Stationary phase
and 1:1 dilution of original bacterial suspensions. D: Dilution of strains in stationary phase and re-cultured to
ODgpo=1.0. E: Lysis curves of E. coli strains harboring plasmids (P.sap-lysis cassettes-miniTn7) at ODgpo=1.0
after induction with 0.1% rhamnose. F: Digital images of bacterial suspensions in 96-well plate after treatment
in (E) and the control groups (without induction) were also demonstrated. G: Lysis curves of E. coli strains
harboring plasmids Pgap-RBSII-LKD-pIN105 or Pup.pap-RBSII-LKD-pJN105 after induction with different
concentrations of arabinose of rhamnose. H: Lysis curves of E. coli strains harboring plasmids
Prnaap-RBSII-LKD-pJN105 or Py,pap-RBSII-LKD-miniTn7 in different growth stages after induction with 0.1%
rhamnose. All data are mean with SD (standard deviation) arising from >3 replicates.
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Figure 3 The influence of basal expression and induced expression level of inducible systems on bacterial
lysis behavior. A: Digital images of bacterial suspensions of Escherichia coli strains harboring plasmids
Pgap-RBSII-452G-pJN105 or Pgap-RBSII-LKD-pJN105 after overnight culture (left) and self-lysed
Pinapap-RBSI-LKD-Tn7-Top10 colonies on agar plates (right). B: Representative BF and fluorescence images
of Top10 or PAO1 harboring plasmid Pgap-RBSII-mScarlet-pJN105 without induction. Scale bar=10 pm. C:
Fluorescence intensities of uninduced or induced Top10 or PAOI1 strains as listed right of the picture at 0 h and
10 h. All data are mean with SD arising from >3 replicates.
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Figure 4 Characterization of lysis behaviors of Pseudomonas aeruginosa strains harboring different lysis
cassettes. Lysis curves of P. aeruginosa strains harboring plasmids (Pgap-RBSII-lysis cassettes-pJN105) in
different growth stages after induction with 0.1% rhamnose. A: ODgy=0.5. B: ODgpp=1.0. C: Stationary phase
and 1:1 dilution of original bacterial suspensions. D: Strains in stationary phase were diluted and re-cultured to
ODg00~1.0 in fresh LB or FAB medium. All data are mean with SD arising from >3 replicates.
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Figure 5 Colony forming unit (CFU) counts (per
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Figure 6 Genetic circuit design for optogenetic control of lysis behavior of Pseudomonas aeruginosa.
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Figure 7 The influence of over-expressed PA2133 on surface adhesion capacities of Pseudomonas aeruginosa.
A: Representative BF images of BphS-PAO1 and BphS-PA2133-PAO1 in microfluidic devices at 0 h and 12 h.
Scale bars=10 pm. B: Relative cell densities (current cell numbers/initial cell numbers) of BphS-PAO1 and
BphS-PA2133-PAO1 attached to surfaces over time without light. All data are mean with SD arising from 3
replicates.
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Figure 9 Optogenetic manipulation of bacterial lysis for target surface modification. A: Schematic illustration
of light-induced bacterial lysis on target surface and surface modification. B: BF, fluorescence and merged
images of glass surface after light-induced production of EPS and bacterial lysis. Red: cy5-mannose. Scale

bar=10 pum.
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