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Figure 1�± P. aeruginosa�¶�V inclusion to different world pathogens categories. 

Many world recognized pathogen classifications have included P. aeruginosa according to its virulence traits. SPICE 

and SPACEK organisms, a class of Gram-negative bacteria that share the chromosomally encoded beta-lactamase 

genes (AmpC), which give them intrinsic resistance to antibiotics such as penicillin and its derivatives. World Health 

Organisation (WHO) and the US Center for Disease Control (CDC) also put P. aeruginosa into their respective high-

alarming list. ESKAPE pathogen list is generated according to the leading cause of nosocomial infections. (Azam 

and Khan, 2019). 
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Figure 2 �± Bacteria secretion systems. 

A). Secretion systems in bacteria that deliver substrates in a one-step manner (Sec- or Tat-independent). Under this 

strategy, substrates are transported through a continuous channel that spans bacterial inner and outer membrane, as 

well as host membrane. B). Secretion systems in bacteria that deliver substrates in a two-step manner (Sec- or Tat-

dependent). Under this strategy, substrates are transported to the periplasm first with the help of either the Sec (T2SS 

only) or Tat pathway and then transported across the outer membrane. (Bocian-Ostrzycka et al., 2017).!!
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Figure 3 �± General structure and components of T3SS.  

T3SS structural information based on structural studies in T3SS of the animal pathogens Salmonella enterica, 

Shigella flexneri and Yersinia enterocolitica. Protein names (Sct) are set according to the common T3SS 

nomenclature (see Supp. Table.1); flagellar equivalents, where applicable, are labelled with the same set of color and 

in bold italics, variances in function are included in the brackets. (Chen, Ermoli and Diepold, 2024). 



+)%S&_R(%#&)!

! M!

<3A3>%6*MNRP$"&)%&'%-A,,%#*(O*$"&)%

2&!*''#(#*)%Y^!#)'*(%!_#''*S*)%!`&$%$!#)![WS#&R$!*)[#S&)\*)%$N!2;55!$*(S*%#&)!#$!%#Q`%Y^!S*QRYW%*_!%&!W[&#_!

R))*(*$$WS^!*)*SQ^!Y&$$�X�������o�}�Á���o���À���o���}�(�������ø���������v�������š�]�À���š�����d�ï�^�^���(�µ�v���š�]�}�v�U�������‰�Z���v�}�u���v�}�v���(�]�Œ�•�š�����]�•���}�À���Œ������

#)!N52@>?>=!S5@1>@N!f)&a)!W$!%`*!Y&a!(WY(#R\!S*$]&)$*!=5%SWY*^!W)_!/&a\*SN!,MHA>-!6%`*S!*)[#S&)\*)%WY!

$%#\RY#N!$R(`!W$!]I!$`#'%$!W)_!`&$%!\*%WX&Y#%*$N!`W[*!WY$&!X**)!'&R)_!%&!#)'YR*)(*!2;55!W(%#[#%^!=8R!51!=</N!

.O,Om!D#(f*)$&)!51!=</N!.O,,m!/*S)WS_!51!=</N!.O,?m!J#\\#!51!=</N!.O.,>-!2`*!S*QRYW%#&)!&'!2;55!X*Q#)$!

a#%`!*b]S*$$#&)!(&)%S&Y$N!a`#(`!#)!\&$%!(W$*$!WS*!R)_*S!%`*!q&#)%!#)'YR*)(*!&'!%a&C(&\]&)*)%!$^$%*\$!

=215$>!W)_!%SW)$(S#]%#&)WY!S*QRYW%&S$-!5*[*SWY!\Wq&S!2;55!%SW)$(S#]%#&)WY!S*QRYW%&S$!`W[*!X**)!#_*)%#'#*_!

#)!_#''*S*)%!$]*(#*$N!$R(`!W$!3b$0!#)!"/!=523;>?6@=N!@#SGZ"(SG!#)!N52@>?>=!@SS/N!W)_!9b#3!#)!#K>;5<<=!7<5U?52>!!

=/SR%#)*Y!51! =</N! .OOHm! K#)Q!51! =</N! .O,;m! 0))*! 3! 9WS$_*)!51! =</N! .O,Am! 9(K*))W!51! =</N! .O..>-!2`*$*!

S*QRYW%&S$!S*$]&)_!%&![WS#&R$!*)[#S&)\*)%WY!$%#\RY#N!*)WXY#)Q!XW(%*S#W!%&!W(%#[W%*!2;55!a`*)!)**_*_-!

G&S!#)$%W)(*N!@#SGZ"(SG!#)!N52@>?>=!#$!(&)%S&YY*_!X^!W)!470!%`*S\&\*%*SN!a`#(`!S*Y*W$*$!%`*!#)`#X#%#&)!

(WR$*_!X^!W!470!$%*\CY&&]!$%SR(%RS*!R]&)!$*)$#)Q!%`*!;?s1!`&$%!*)[#S&)\*)%!=I&*N!9#)#&)!W)_!E&QR*)N!

,MM.m!/k`\*! 51!=</N!.O,.>-!+)!#=<H6?5<<=N!%`*!%a&C(&\]&)*)%!$^$%*\!/WS0Z5#S0!S*$]&)_$!%&!%`*!$`&S%C

(`W#)!'W%%^!W(#_!W(*%W%*!#)!%`*!`&$%!#)%*$%#)*N!'S**#)Q!%`*!2;55!W(%#[W%&S!I#YD!%&!#)#%#W%*!#)'*(%#&)!="Wa`&)!

51!=</N!.OO.>-!!

���}�v�š�����š�� �Á�]�š�Z�� �š�Z���� �Z�}�•�š�� �����o�o�� �}�Œ�� �����ø���� �����‰�o���š�]�}�v�� �š�Œ�]�P�P���Œ�•�� ���� �•�µ���š�o���� �•�Á�]�š���Z�� ���}�v�š�Œ�}�o�o������ ���Ç�� �š�Z���� �—�P���š���l�����‰���Œ��

(&\]Y*btN! WYY&a#)Q! %`*! S*Y*W$*! &'! *''*(%&S$! %`W%! _#$SR]%! `&$%! (*YY! ]`^$#&Y&Q^!W)_! 'W(#Y#%W%*! S*$&RS(*!

W(dR#$#%#&)!=G&S$X*SQ!51!=</N!,MM,m!T&$*]`!W)_!<YW)&N!.O,;m!JWQ)*S!51!=</N!.O,Hm!7Q&!51!=</N!.O.OW>-!2`*!

QW%*f**]*S!5(%J!]S*[*)%$!$*(S*%#&)!]S#&S!%&!$*(S*%#&)!$#Q)WY$-!5%R_#*$!`W[*!$`&a)!%`W%!5(%J!#)%*SW(%$!

a#%`!%`*!*b]&S%!W]]WSW%R$!W)_!02<W$*!R]&)!$*)$#)Q!%`*!(&SS*(%!*)[#S&)\*)%WY!(R*$N!]&%*)%#WYY^!(`W)Q#)Q!

$RX$%SW%*!$]*(#'#(#%^!W)_!]S#\#)Q!%`*!2;55!'&S!*''*(%&S!$*(S*%#&)!=7Q&!51!=</N!.O.OXm!DuWcCER*SS*S&!51!=</N!

.O.,> -!2`&RQ`!%`*!_*%W#Y*_!\*(`W)#$\$!WS*!)&%!'RYY^!R)_*S$%&&_N!W!$]*(#*$C$]*(#'#(! ]W%%*S)!`W$!X**)!

]S&]&$*_!'&S!%`#$!QW%*f**]*S!(&)%S&Y!]S&(*$$-!!



+)%S&_R(%#&)!

! ,O!

<3A3A%-A,,%*''*($&O#%

2;55! *''*(%&S$! $*S[*! W$! %`*! ]S#\WS^! %&&Y$! '&S! ]W%`&Q*)$! %&! $RX[*S%! *RfWS^&%#(! `&$%! ]`^$#&Y&Q^-!

4*(&Q)#%#&)!&'!%`*!*''*(%&S$!'&S!$*(S*%#&)!(&)%S&Y!S*dR#S*$!%`*!$*(S*%#&)!$#Q)WYN!a`#(`!#$!Q*)*SWYY^!Y&(W%*_!

#)!%`*!'#S$%!v.O!W\#)&!W(#_$!W%!%`*!7C%*S\#)R$!&'!%`*!*''*(%&S$-!2`*$*!*''*(%&S$!(W)!X*!(W%*Q&S#c*_!#)%&!

$*[*SWY! (YW$$*$! XW$*_! &)! %`*#S! \&Y*(RYWS! W)_! ]`^$#&Y&Q#(WY! S&Y*$-! 6)*! ]S&\#)*)%! (YW$$! %WSQ*%$!%`*!

\&_RYW%#&)!&'!`&$%!(*YY!W(%#)!_^)W\#($-!/^!#)%*S'*S#)Q!a#%`!%`*!`&$%!(^%&$f*Y*%&)N!%`*$*!*''*(%&S$!*#%`*S!

'W(#Y#%W%*! XW(%*S#WY! #)%*S)WY#cW%#&)! %&! *$%WXY#$`! W)! #)%SW(*YYRYWS! #)'*(%#&)! )#(`*! &SN! (&)[*S$*Y^N! ]S*[*)%!

#)%*S)WY#cW%#&)! #)%&! #\\R)*! (*YY$! %&! *[W_*! ]`WQ&(^%&$#$-! 2`#$! #$! W(`#*[*_! ]S#\WS#Y^! %`S&RQ`! %`*!

\&_RYW%#&)!&'!E2<W$*$N!f*^!S*QRYW%&S$!&'!W(%#)!_^)W\#($!#)!*RfWS^&%#(!(*YY$!=J*))*SX*SQN!4&$$\W)!W)_!

D*SN! .OOB>-!G&S! #)$%W)(*N! 8&]2! #)!N52@>?>=! *b`#X#%$! (^$%*#)*! ]S&%*W$*! W(%#[#%^N! a`#(`! S*\&[*$! ]&$%C

%SW)$YW%#&)WY! \&_#'#(W%#&)$! 'S&\! E2<W$*$N! WY%*S#)Q! %`*#S! \*\XSW)*! Y&(WY#cW%#&)!=5`W&!51! =</N! .OO;>-!

0)&%`*S!(YW$$!&'!2;55!*''*(%&S$!\&_RYW%*$!`&$%!(*YY!%SW''#(f#)Q!]W%`aW^$N!_#$SR]%#)Q!S*(*]%&S!$#Q)WY#)Q!

W)_! %`*! $*(S*%#&)! &'! #\\R)&\&_RYW%&S^! \&Y*(RY*$N! %`*S*X^! ]S&\&%#)Q! ]W%`&Q*)! $RS[#[WY-! 5#)(*!

(^%&$f*Y*%&)! W)_! #)%SW(*YYRYWS! %SW''#(f#)Q! \W#)%W#)! *]#%`*Y#WY! XWSS#*S! #)%*QS#%^N! 2;55! *''*(%&S$! (W)! WY$&!

(&\]S&\#$*!%`#$!]`^$#(WY!XWSS#*SN!'W(#Y#%W%#)Q!XW(%*S#WY!#)[W$#&)!=2W'Wc&Y#!51!=</N!.OOO>-!0__#%#&)WYY^N!$&\*!

2;55!*''*(%&S$!_#S*(%Y^!%WSQ*%!`&$%!(*YY!_*W%`!]W%`aW^$N!#)_R(#)Q!W]&]%&$#$!&S!]^S&]%&$#$-!G&S!*bW\]Y*N!

8&]I! #)! N52@>?>=! \*_#W%*$! \#%&(`&)_S#WC#)_R(*_! (*YY! _*W%`! #)! 2! Y^\]`&(^%*$! W)_! *]#%`*Y#WY! (*YY$!

=/SR(f)*S!51!=</N!.OOB>-!2`*!S&Y*!&'!2;55!*''*(%&S$!#)!\W)#]RYW%#)Q!`&$%!#\\R)*!$^$%*\$!`W$!WY$&!X**)!

*b%*)$#[*Y^!$%R_#*_N!a#%`!"/!=523;>?6@=!$*S[#)Q!W$!W!)&%WXY*!*bW\]Y*!W)_!a#YY!X*!_#$(R$$*_!X*Y&a-!4*(*)%!

W_[W)(*$! #)! X#&#)'&S\W%#($! `W[*! ]S&[#_*_! W! (&\]S*`*)$#[*! #)! [#[&! ]*S$]*(%#[*! &)! 2;55! *''*(%&S$N!

S*[*WY#)Q! 'R)(%#&)WY! (S&$$%WYf! W)_! S*_R)_W)(^! a#%`#)! %`*$*! *''*(%&S$-! 2`#$! S&XR$%! [#SRY*)(*! )*%a&Sf!

`#Q`Y#Q`%$!%`*#S!W_W]%WX#Y#%^!#)!W__S*$$#)Q!%`*!(&\]Y*b!(&)_#%#&)$!*)(&R)%*S*_!_RS#)Q!(&Y&)#cW%#&)!W)_!

#)'*(%#&)!=5W)(`*cCEWSS#_&!51!=</N!.O..>-!

<3A3B%-A,,%")!'&!$".)/0-+($ %

2`&RQ`! a#%`! \W)^! (&)$*S[*_! '*W%RS*$! W(S&$$! _#''*S*)%! &SQW)#$\$N! 2;55! #)!"/! =523;>?6@=! `W$! #%$!

S*\WSfWXY*!'*W%RS*$-!+)!"/!=523;>?6@=N!%`*!%SW)$(S#]%#&)!&'!2;55CS*YW%*_!&]*S&)$!#$!]S#\WS#Y^!(&)%S&YY*_!

X^!%`*!\W$%*S!W(%#[W%&S!3b$0!W)_!%`*!3b$1Z3ZDZ/!]WS%)*SC$a#%(`!(&\]Y*b!=G#QRS*!:>!=FSXW)&a$f#N!"^ff*)!

W)_!8W`SN!.OOBm!8W`S!W)_!J&Y'QW)QN!.OOA>-!+)!%`*!WX$*)(*!&'!W!$*(S*%#&)C#)_R(#)Q!$#Q)WYN!$R(`!W$!(&)%W(%!

a#%`!W!`&$%!(*YY!=a`#(`!(W)!X*!\#\#(f*_!X^!Y&a!(WY(#R\!Y*[*Y$>N!2;55!S*\W#)$!#)W(%#[*-!3b$D!$*dR*$%*S$!

%`*! \Wq&S#%^!&'!3b$0!=9(1Wa!51!=</N! .OO.m!@WfRY$fW$N! /SW_^!W)_!8W`SN!.OOM>-!F]&)!#)_R(%#&)N!3b$3!#$!

$*(S*%*_!%`S&RQ`!%`*!W$$*\XY*_!2;55N!S*Y#*[#)Q!3b$1!%&!$*dR*$%*S!3b$D!%`S&RQ`!(&\]*%#%#[*!X#)_#)Q-!2`#$!



+)%S&_R(%#&)!

! ,, !

WYY&a$!%`*! 'S**_!2;55!%SW)$(S#]%#&)WY!W(%#[W%&S!3b$0!%&!%SW)$#%#&)!%`*!(*YY!%&!W)!W(%#[*!2;55!*b]S*$$#&)!

$%W%*! =9(1Wa!51! =</N! .OO.>-! 2`*! *b]S*$$#&)! &'! 3b$0! #%$*Y'! #$! WY$&! R)_*S! %#Q`%! (&)%S&Y-! 2a&! _#''*S*)%!

]S&\&%*S$N!)W\*Y^!<5U@*!W)_!<5U@L!WS*!S*$]&)$#XY*!'&S!3b$0!%SW)$(S#]%#&)-!4*QRYW%&S$N!#)(YR_#)Q!%`*!(09<C

@'S!$^$%*\N!%`*!0SW1!'W\#Y^!%SW)$(S#]%#&)WY!S*QRYW%&S!@d$9N!W)_!`#$%&)*CY#f*!)R(Y*&#_!$%SR(%RS#)Q!=IC75>!

'W\#Y^!\*\X*S$!9[W2Z9[WFN!`W[*!X**)!$`&a)!%&!S*QRYW%*!%`*!<5U@*!]S&\&%*S!=D&)Q!51!=</N!.OOBm!0))*!

3!9WS$_*)!51!=</N!.O,Am!J#YY#W\$!9(9W(f#)N!9WS$_*)!W)_!8W`SN!.O,M>-!9*W)a`#Y*N!3b$0!(&)%S&Y$!%`*!<5U@L!

]S&\&%*S! #)! W! ]&$#%#[*! '**_XW(f! \W))*S! =8W`S! W)_! GSW)fN! ,MM:>-!0__#%#&)WYY^N! %`*! EW(C4$\! QY&XWY!

S*QRYW%#&)!\*(`W)#$\!#$!S*YW%*_!%&!3b$0!Y*[*Y$!]&$%C%SW)$(S#]%#&)WYY^!=P`R!51!=</N!.O,A>-!!

!

Figure 4 �± T3SS partner-switch mechanism in P. aeruginosa. 

In the absence of secretion signals, repressor ExsD binds to ExsA and prevents ExsA from binding to the promoter 

to activate T3SS operon transcription. Meanwhile, ExsE binds to ExsC. After receiving the secretion signal, ExsE is 

secreted out, triggering ExsC to compete with ExsA for ExsD binding. This relives the repression on ExsA. The free 

ExsA can thus bind to the promoter region and start the T3SS gene expressions. (Williams McMackin et al., 2019). 
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Figure 5 �± General structure and activation cycle of T6SS.  

The effector delivery cycle of T6SS in a Gram-negative bacterium. In the extended mode, T6SS is assembled with 

membrane complex, base plate, Hcp tube (inner tube) and TssBC sheath (outer contractile sheath). At the contraction 

stage, the polymerization of the sheath proteins drives the contraction and delivers the inner tube to the target cell (or 

environment). At the final disassembly stage, ATPase TssH depolymerizes sheath proteins and recycles them for a 

next firing round. T6SS cargo effectors are loaded onto the inner tube-tip structure (Hcp-VgrG-PAAR) non-

covalently, and specialized T6SS effectors are connected to Hcp, VgrG or PAAR covalently. Upon contraction, the 

Hcp-VgrG-PAAR-effector complex punctures into host cell and releases effectors. (Coulthurst, 2019). 
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Figure 6 �± Schematic review of second messenger regulations in bacteria.  

a): cAMP signaling in bacteria. cAMP is synthesized by adenylate cyclase (Cya) and degraded by phosphodiesterase 

(CpdA). cAMP binds to cAMP receptor protein (CRP) and mediates responses in virulence, carbon metabolism, 

biofilm formation from the transcriptional level. cAMP can also directly bind to the replication initiation protein 

DnaA and activate DnaA by removing the bound ADP. b): (p)ppGpp signaling in bacteria. Level of (p)ppGpp is 

controlled by homologs of E.coli RelA and SpoT proteins. (p)ppGpp binds to RNA polymerase and leads to 

transcriptional changes related to virulence, stringent response and quorum sensing. It can also bind to G protein 

(guanine nucleotide binding protein) and induce the downstream translational level alteration. c):C-di-GMP signaling 

in bacteria. C-di-GMP is synthesized by proteins with GGDEF domain and degraded by proteins with EAL and 

PGPG domain. C-di-GMP binds to various effectors, mainly transcriptional regulators but also riboswitches, to 

induce transcriptional level change of proteins related to cell motility, virulence, biofilm formation. (Pesavento and 

Hengge, 2009). 
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Figure 7 �± C-di-GMP mediated lifestyle transition cycle in P. aeruginosa.  

Different stages of the lifestyle transition cycle, including surface attachment, biofilm formation (microcolony and 

microcolony formation), and biofilm dispersal are indicated with c-di-GMP features (green color gradient). Different 

c-di-GMP metabolic enzymes (DGCs in orange and PDEs in blue) and receptors (green) are labelled in the below 

box according to their function distribution in certain stage of the lifestyle cycle. Color of the single cells in the above 

picture indicates c-di-GMP levels, with blue color indicating functioning PDEs in the cell. (Banerjee et al., 2021).!
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Figure 8 �± C-di-GMP mediated lifestyle and virulence transition in P. aeruginosa.  

Kinases RetS and LadS works on the GacS/GacA two component system, which transfers the signal to the small 

RNAs RsmY/RsmZ. The small RNAs inhibit RsmA, a translational regulator that promotes motility and T3SS-

mediated acute infection while inhibits T6SS and biofilm-mediated chronic infection. C-di-GMP governs the acute 

infection-chronic infection switch inversely to RetS, by influencing T3SS, T6SS, and motile-sessile lifestyle 

transition. (Moscoso et al., 2011).  
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Figure 9 �± Model of phenotypic heterogeneity strategy in bacteria.  

In the phenotypic diversification model, the bacteria will make decisions according to environmental changes, 

one subgroup will maintain fast cell replication and stay non-responsive, with the other responsive group change 

their physiology such as virulence. This strategy helps the bacteria to survive the environment selection. 

(Schršter and Dersch, 2019). 
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Figure 10 �± Optogenetics application in bacteria.  

The optogenetics regulation can be achieved in an intramolecular, intermolecular or oligomerization way. The 

intermolecular regulation of biological processes includes the direct control of protein functions or sequestration 

of target protein from its active site. Ultimately, the optogenetics control leads to the change on gene expression, 

second messenger signaling, and protein functions. (Lindner and Diepold, 2022) 
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Figure 11 �± C-di-GMP levels in P. aeruginosa are decreased by ectopic expression of YhjH, while 
increased by DgcA 

Metabolomics validation of c-di-GMP enzymes used in this thesis. Darker-blue represents higher c-di-GMP group 
and lighter-blue for lower c-di-GMP group. Data is shown as c-di-GMP peak area measurement in LC/MS-MS, 
detailed calculations see Methods. Biological replicates n=3. Bars in the middle of each data set stand for the mean 
value. Statistical analysis was done via ANOVA with multiple comparison to WT, ***, p< 0.001; ****, p< 0.0001. 
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Figure 12 �± Increased cyclic-di-GMP levels downregulate T3SS assembly, and upregulate H1-T6SS 
assembly. 

A) T3SS assembly (cells with foci/total cells) from different c-di-GMP backgrounds. Data is shown as ratio of cells 
with T3SS foci to total cells, exact numbers are shown above each bar. Samples were taken from >10 different 
fields and in 3 different experiments. Statistical analysis was done �Y�L�D���$2 test, ns, non-significant. B) T3SS assembly 
(foci/cell) from different c-di-GMP backgrounds. Data is shown as ratio of total number of T3SS foci to number of 
T3SS-assembled cells, with each data point representing the calculation from one microscopy field. Samples were 
taken from >10 different fields and in 3 different experiments. Statistical analysis was done via ANOVA with 
multiple comparison to WT, ****, p< 0.0001; ns, non-significant. C) H1-T6SS assembly from different c-di-GMP 
backgrounds. Data is shown as ratio of cells with H1-T6SS foci to total cells, exact number shown above each bar. 
Samples were taken from >10 different fields and in 3 different experiments. Statistical analysis was done �Y�L�D���$2 
test, **, p< 0.01; ****, p< 0.0001. !
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Figure 13 �± Increased cyclic-di-GMP levels downregulate T3SS function, and upregulates H1-T6SS 
function. 

A) T3SS effectors secretion from different c-di-GMP backgrounds. ExoS/Y/Z are 3 mainly detected T3SS effectors 
in the secretome. Data is shown as improvised mean intensity in Log2 converted version. Bars in the middle of each 
data set stand for the mean value. Biological replicates n=3. Statistical analysis was done via ANOVA with multiple 
comparison to WT, ***, p< 0.001; ns, non-significant. B) T3SS secretion efficiency test via NanoLuc from different 
c-di-GMP backgrounds. Data is shown as NanoLuc luminescence intensity with background subtracted. Data points 
are shown as a start-point value of a 6-hour secretion assay. Bars in the middle of each data set stand for the mean 
value. Biological replicates n=3. Statistical analysis was done via ANOVA with multiple comparison to WT, **, p< 
0.01; ns, non-significant. C) H1-T6SS killing efficiency test from different c-di-GMP backgrounds. Data is shown 
as prey fluorescence with background subtracted. Data points are shown as an end-point value of a 24-hour killing 
assay. Bars in the middle of each data set stand for the mean value. Biological replicates n=3, technical replicates 
n=2. Statistical analysis was done via ANOVA with multiple comparison to WT, **, p< 0.01; ****, p< 0.0001.  
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Figure 14 �± Presence of the H1-T6SS, but not the T3SS leads to increased c-di-GMP levels. 

A) cdGreen biosensor fluorescence readout of c-di-GMP levels in P. aeruginosa. Strains were cultured in secreting 
conditions. Data is shown as EGFP fluorescence tracking within 10 hours. Fluorescence was read on plate reader 
with background subtracted. Biological replicates n=3. The graph scheme of the cdGreen working mechanism is 
presented above. Upon c-di-GMP binding, two BldDCTD protomers dimerize and result in increased cpEGFP 
fluorescence intensity. B) Graph scheme of the FRET biosensor working model. Upon binding of c-di-GMP 
molecules, c-di-GMP receptor undergoes a conformational change, which brings the fluorescence acceptor and donor 
closer. The decreased spatial distance allows the emission of donor to reach the acceptor, which excites the acceptor 
and emits acceptor fluorescence. C) FRET measurement of c-di-GMP between T3SS deficient strain (�ûsctV) and 
WT. Data is shown as corrected FRET efficiency, detailed calculations see Methods. Each data point represents 
measurement of a single cell. Experiments were repeated in multiple dates, with each color set representing data 
points from one-day. Highest and lowest end of each bar represent maximum and minimum value, respectively; Box 
in the middle indicates 25th-75th percentile, with median marked in between. Total cells tested for each group is 
�O�D�E�H�O�O�H�G�� �X�Q�G�H�U�� �U�H�V�S�H�F�W�L�Y�H�� �E�D�U�V���� �6�W�D�W�L�V�W�L�F�D�O�� �D�Q�D�O�\�V�L�V�� �Z�D�V�� �G�R�Q�H�� �Y�L�D�� �6�W�X�G�H�Q�W�¶�V��t test, ns, non-significant. D) FRET 
measurement of c-di-GMP between H1-T6SS deletion strain (�ûH1-T6SS) and WT. Graph explanation is same as 
�D�E�R�Y�H�����6�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���Z�D�V���G�R�Q�H���Y�L�D���6�W�X�G�H�Q�W�¶�V��t test, ****, p< 0.0001.    
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Figure 15 �± T3SS presence in Yersinia enterocolitica, but not Pseudomonas aeruginosa, increases c-
di-GMP levels 

Metabolomics examination of c-di-GMP levels in WT and T3SS deficient (�ûsctV) strains of Y. enterocolitica and P. 
aeruginosa. Ye, Yersinia enterocolitica; Pa, Pseudomonas aeruginosa. Data is shown as c-di-GMP peak area 
measurement in LC/MS-MS, detailed calculations see Methods. Biological replicates n=3. Bars in the middle of each 
data set stand for the mean value. Statistical analysis was done via �6�W�X�G�H�Q�W�¶�V��t test, ***, p< 0.001; ns, non-significant. 
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Figure 16 �± T3SS secretion decreases biofilm formation and H1-T6SS secretion, while H1-T6SS 
secretion increases biofilm formation. 

A) T6SS related strains and high c-di-GMP (DgcA) control were cultured in LB medium and T3SS related strains 
cultured in T3SS Secreting medium (- Ca2+). Data is shown as Log2-transformed crystal-violet staining (OD550) ratio 
to WT strain cultured in respective conditions. Representative pictures of biofilm staining for each strain tested were 
listed on top. Bars in the middle of each data set stand for the mean value. Ye, Yersinia enterocolitica; Pa, 
Pseudomonas aeruginosa. Biological replicates n=3. Statistical analysis was done via ANOVA test, ***, p< 0.001; 
****, p< 0.0001. B) Proteomics analysis of the secretome of respective strains. WT and T3SS secretion deficient 
���ûsctV) strains were cultivated in Secreting (- Ca2+) and Non-secreting (+ Ca2+) conditions, respectively. H1-T6SS 
effector Hcp1 was examined in secretome profile. Data is shown as improvised mean intensity in Log2 converted 
version. Bars in the middle of each data set stand for the mean value. Biological replicates n=3. Statistical analysis 
was done via ANOVA with multiple comparison to WT, **, p< 0.01; ****, p< 0.0001. C)The swimming diameter 
of strains cultured in Secreting (abbreviated as S, - Ca2+) or Non-secreting condition (abbreviated as NS, + Ca2+), or 
wi�W�K���7���6�6���G�H�I�L�F�L�H�Q�F�\�����ûsctV) was tested. Representative swimming plates are shown at the top. Bars in the middle 
of each data set stand for the mean value. Biological replicates n=3. Statistical analysis was done via ANOVA with 
multiple comparison to WT, ***, p< 0.001; ns, non-significant. 
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Figure 17 �± Validation of a T3SS functional reporter in P. aeruginosa. 

A) Representative microscopy pictures with merged channels (brightfield + red) on strains carrying PexoS-mCherry 
reporter cultivated in non-secreting (+ Ca2+) and secreting condition (- Ca2+). Arrow indicates cells with intense 
reporter activity. B) Microscopy analysis on Pexos-mCherry reporter fluorescence intensity in cells with or without 
T3SS asssembly. Data is shown as background-subtracted and normalized fluorescence intensity. Each data point 
represents the reporter intensity of one cell. Samples were taken from 8 different fields and in 3 different experiments. 
Total cells tested for each group is labelled above respective bars. Highest and lowest end of each bar represent 
maximum and minimum value, respectively; Box in the middle indicates 25th-75th percentile, with median marked in 
between�����6�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���Z�D�V���G�R�Q�H���Y�L�D���6�W�X�G�H�Q�W�¶�V��t test, ****, p< 0.0001. Microscopy picture aside with merged 
fluorescence channels represents the PexoS-mCherry signal and EGFP-SctQ foci signal alignment, with green channel 
for T3SS assembly and red channel for reporter expression.  
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Figure 18 �± c-di-GMP are negatively correlated with T3SS function and positively correlated with 
H1-T6SS activity on the single-cell level. 

A) FRET measurement of c-di-GMP in T3SS-negative and �±positive populations (T3SS-, T3SS+). Data is shown as 
corrected FRET efficiency, detailed calculations see Methods. Each data point represents measurement of a single 
cell. Experiments were repeated in multiple dates, with each color set representing data points from one-day. Highest 
and lowest end of each bar represent maximum and minimum value, respectively; Box in the middle indicates 25th-
75th percentile, with median marked in between. Total cells tested for each group is labelled under respective bars. 
�6�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���Z�D�V���G�R�Q�H���Y�L�D���6�W�X�G�H�Q�W�¶�V��t test, ***, p< 0.001. Microscopy picture below with merged fluorescence 
channels indicates T3SS fluorescence label. Red channel indicates PexoS function reporter used in the measurement. 
B) FRET measurement of c-di-GMP within T6SS on/off populations. Graph explanation is same as above. Statistical 
�D�Q�D�O�\�V�L�V���Z�D�V���G�R�Q�H���Y�L�D���6�W�X�G�H�Q�W�¶�V��t test, ****, p< 0.0001. Microscopy picture below indicates T6SS fluorescence label, 
which is going through the elongation-contraction cycle. Cell outlines are indicated by white line.  
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Figure 19 �± H1-T6SS shows antagonistic behavior to T3SS. 

A) Left: representative microscopy pictures on H1-T6SS assembly with strain cultivated in Secreting condition (- 
Ca2+). Arrow indicates cells with H1-T6SS assembled foci. Right: Representative microscopy pictures on H1-T6SS 
assembly with strain cultivated in Non-secreting condition (+ Ca2+). Arrow indicates cells with H1-T6SS assembled 
foci. B) Microscopy analysis on H1-T6SS assembly in different culturing mediums. EGTA was added as Ca2+ 
chelator to activate the T3SS. Data is shown as ratio of cells with H1-T6SS foci to total cells, exact number shown 
above each bar. Samples were taken from >10 different fields and in 3 different experiments. Statistical analysis was 
�G�R�Q�H�� �Y�L�D�� �6�W�X�G�H�Q�W�¶�V��t test, ***, p< 0.001; ns, non-significant. C) Microscopy analysis on H1-T6SS fluorescence 
intensity in cells with or without T3SS assembly. Data is shown as background-subtracted and normalized 
fluorescence intensity. Each data point represents the H1-T6SS mCherry intensity from one cell. Samples were taken 
from >10 different fields and in 3 different experiments. Total cells tested for each group is labelled above respective 
bars. Highest and lowest end of each bar represent maximum and minimum value, respectively; Box in the middle 
indicates 25th-75th percentile, with median marked in between�����6�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���Z�D�V���G�R�Q�H���Y�L�D���6�W�X�G�H�Q�W�¶�V��t test, ****, 
p< 0.0001. Microscopy picture below with merged fluorescence channels represents the H1-T6SS signal distribution 
between T3SS on and T3SS off cells, with green channel for T3SS assembly and red channel for H1-T6SS expression. 
D) Functional co-existence test performed between T3SS and H1-T6SS ���ûretS, �ûsctW, EGFP-SctQ, HsiB1-mCherry; 
Cultured in LB medium). Data is shown as ratio of cells in specific status (H1-T6SS on/off and T3SS on/off) to total 
cells, exact ratio for each group is shown at the top, total cell amount tested is marked at the bottom. Inner histograms 
show the actual ratio of cells with both active T3SS and H1-T6SS, and a theoretical ratio calculated for the same 
group of cells. Representative microscopy picture for the analysis with merged fluorescence channels is attached 
below, with green channel indicating T3SS assembly and red channel for H1-T6SS assembly. Samples were taken 
�I�U�R�P���!�������G�L�I�I�H�U�H�Q�W���I�L�H�O�G�V���D�Q�G���L�Q�������G�L�I�I�H�U�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V�����6�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���Z�D�V���G�R�Q�H���Y�L�D���$2 test, ***, p< 0.001. !
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Figure 20 �± Presence of flagella positively correlates with presence of the T3SS, but negatively with 
H1-T6SS activity and c-di-GMP distribution. 

A) FRET measurement of c-di-GMP within flagellum on/off populations. Data is shown as corrected FRET efficiency, 
detailed calculations see Methods. Each data point represents measurement of a single cell. Experiments were 
repeated in multiple dates, with each color set representing data points from one-day. Highest and lowest end of each 
bar represent maximum and minimum value, respectively; Box in the middle indicates 25th-75th percentile, with 
median marked in between. Total cells tested for each group is labelled under respective bars. Statistical analysis was 
�G�R�Q�H�� �Y�L�D�� �6�W�X�G�H�Q�W�¶�V��t test, ***, p< 0.001. Microscopy picture below indicates flagellum fluorescence label at cell 
terminal. Cell outlines are labelled. B) Functional co-existence test performed between T3SS and flagellum (EGFP-
SctQ, FliM-mCherry, cultured in Secreting medium (-Ca2+)). Data is shown as ratio of cells in specific status 
(flagellum on/off and T3SS on/off) to total cells, exact ratio for each group is shown at the top, total cell amount 
tested is marked at the bottom. Inner histograms show the actual ratio of cells with both active T3SS and flagellum, 
and a theoretical ratio calculated for the same group of cells. Representative microscopy picture for the analysis with 
merged fluorescence channels is attached below, with green channel indicating T3SS assembly and red channel for 
flagellum assembly. Samples were taken from >30 different fields and in 3 different experiments. Statistical analysis 
�Z�D�V���G�R�Q�H���Y�L�D���$2 test, ****, p< 0.0001. C) Functional co-existence test performed between H1-T6SS and flagellum 
(�ûretS, FliM-mCherry, TssB1-Ypet, cultured in LB medium). Graph explanation is same as above. Representative 
microscopy picture for the analysis with merged fluorescence channels is attached below, red channel indicates 
flagellum assembly and green channel for H1-T6SS assembly. Samples were taken from >30 different fields and in 
�����G�L�I�I�H�U�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V�����6�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���Z�D�V���G�R�Q�H���Y�L�D���$2 test, ****, p< 0.0001. 
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Figure 21 �± Schematic representation of optogenetics sequestration systems. 

The optogenetics sequestration system consists of the bait and anchor complex. The anchor is built with a membrane 
anchor-optogenetics protein A fusion, and anchors on the inner membrane. The bait is built with a protein of interest-
optogenetics protein B fusion. According to the interaction parameters of A&B, the optogenetics anchor and bait can 
go through either an association-disassociation or disassociation-association process upon illumination. The protein 
of interest can therefore be released into the cytosol or sequestered on the membrane, respectively. The illustration 
was made via BioRender. 

 

2a&!&]%&Q*)*%#(!$^$%*\$N!#"+D!W)_!"6@240<N!a*S*!R$*_!%&!_*$#Q)!%`*!&]%&Q*)*%#(!$a#%(`!#)!"/!=523;>?6@=-!

/&%`!%`*!$^$%*\$!WS*!XR#Y%!&)!%`*!Y#Q`%!$*)$#%#[*!]S&%*#)!_*S#[*_!'S&\!*[5?=!@=1>[=!]`&%&%S&]#)!,-!+)!%`*!

#"+D!$^$%*\N!%`*!#)%*SW(%#&)!]S&%*#)$!#"+D!W)_!5$]/{7W)&!*b`#X#%!Y&a!X#)_#)Q!W''#)#%^!#)!%`*!_WSf!W)_!`#Q`!

W''#)#%^!R]&)!XYR*!Y#Q`%!#YYR\#)W%#&)-!+)!(&)%SW$%N!%`*!"6@240<!$^$%*\!(&)$#$%$!&'!"6@.!W)_!#%$!X#)_#)Q!

]WS%)*S!P_f,-!6]]&$#%*!%&!%`*!#"+D!$^$%*\N!%`*!"6@240<!$^$%*\!$`&a$!W)!#)(S*W$*_!W''#)#%^!#)!%`*!_WSf!

W)_! _#$$&(#W%#&)! R]&)! XYR*! Y#Q`%! *b]&$RS*-! 2&Q*%`*SN! %`*$*! %a&! $^$%*\$! WYY&a! '&S! Y#Q`%C(&)%S&YY*_!

W(%#[W%#&)!&S!$R]]S*$$#&)!&'!%WSQ*%!X#&Y&Q#(WY! ]S&(*$$*$!=ER)%W$!51!=</N! .O,Bm!JW)Q!51!=</N! .O,A>-!2`*!

\*\XSW)*! W)(`&S! Y&(WY#cW%#&)! %*$%! (Y*WSY^! $`&a*_! %`*! X*$%! \*\XSW)*! W)(`&S! ]*S'&S\W)(*! &'! 2W%0!

W\&)Q!WYY!(W)_#_W%*$N!#\]Y#*_!X^!%`*!`#Q`*$%!\*\XSW)*Z(^%&$&Y!'YR&S*$(*)%!SW%#&!=G#QRS*!..0>-!2`*S*'&S*N!

%&!%*$%!&]%&Q*)*%#(C(&)%S&YY*_!]S&%*#)!$*dR*$%SW%#&)N!+!(&*b]S*$$*_!]YW$\#_$!(&)%W#)#)Q!2W%0C#"+D!W)_!

2W%0C"6@.! W$! W)(`&S$N! WY&)Q! a#%`! 5$]/{7W)&C\1`*SS^! W)_! P_f,C\1`*SS^! W$! XW#%$! #)! %`*! S*$]*(%#[*!

&]%&Q*)*%#(! $^$%*\$-! 2`*! \1`*SS^! $#Q)WY! aW$! R$*_! W$! W)! #)_#(W%&S! '&S! [#$RWY#c#)Q! &]%&Q*)*%#(!



4*$RY%$!

! BH!

$*dR*$%SW%#&)![#W!\#(S&$(&]^-!G!+)!%`*!#"+D!$^$%*\N!%`*!$#Q)WY$!S*\W#)*_!#)!%`*!(^%&$&Y!X&%`!X*'&S*!W)_!

W'%*S!*b]&$RS*!%&!XYR*!Y#Q`%-!I&a*[*SN!%`*!]*Wf!&'!%`*!'YR&S*$(*)(*!(RS[*!W(S&$$!%`*!(*YY!a#_%`!'YW%%*)*_!

W'%*S!Y#Q`%!*b]&$RS*N!#)_#(W%#)Q!W!S*_#$%S#XR%#&)!&'!%`*!XW#%$!%&!%`*!(*YY!*_Q*$!=G#QRS*!../>-!2`*!]&$%CY#Q`%!

\*\XSW)*C(^%&$&Y!'YR&S*$(*)(*!SW%#&!WY$&!#)(S*W$*_!$Y#Q`%Y^N!a`#(`!aW$!$%W%#$%#(WYY^!$#Q)#'#(W)%!(&\]WS*_!

%&! %`*! XW#%C&)Y^! (&)%S&Y-! 2`#$! \#)&S! $`#'%! $RQQ*$%$! %`W%! \&$%! XW#%$! S*\W#)*_! #)! %`*! (^%&$&Y! W'%*S!

#YYR\#)W%#&)!=G#QRS*!../>-!G&S!%`*!"6@240<!$^$%*\N!XW#%!$#Q)WY$!a*S*!]S#\WS#Y^!Y&(WY#c*_!%&!%`*!\*\XSW)*!

X*'&S*!XYR*!Y#Q`%!*b]&$RS*N!W$!*b]*(%*_!_R*!%&!%`*!`#Q`!X#)_#)Q!W''#)#%^!&'!"6@.!W)_!P_f,!#)!%`*!_WSf-!

0'%*S!*b]&$RS*!%&!XYR*!Y#Q`%N!%`*!$#Q)WY$!$`#'%*_!%&!%`*!(^%&$&YN!W$!*[#_*)(*_!X^!%`*!(&)[*S$#&)!'S&\!W!%a&C

]*Wf!%&!W!$#)QY*!(*)%SWY!]*Wf!#)!%`*!'YR&S*$(*)(*!(RS[*!W)_!W!_*(S*W$*_!\*\XSW)*C(^%&$&Y!$#Q)WY!SW%#&!

=G#QRS*!..1>-!2`#$!$RQQ*$%$!%`W%!W!]&S%#&)!&'!%`*!\*\XSW)*CX&R)_!XW#%$!aW$!$R((*$$'RYY^!S*Y*W$*_!#)%&!

%`*!(^%&$&Y!_R*!%&!Y#Q`%C#)_R(*_!(`W)Q*$!#)!%`*!X#)_#)Q!W''#)#%^!&'!%`*!&]%&Q*)*%#(!]S&%*#)$-!

1&YY*(%#[*Y^N!+!`W[*!_*[*Y&]*_!W!a&Sf#)Q!\&_*Y!&'!&]%&Q*)*%#(!$^$%*\$!#)! "/!=523;>?6@=N!a`#(`N!R]&)!

'RS%`*S!&]%#\#cW%#&)N!(&RY_!(&)%S#XR%*!%&![#SRY*)(*!(&)%S&Y!W)_!&%`*S!W]]Y#(W%#&)C_S#[*)!&Xq*(%#[*$!#)!%`*!

'R%RS*-!

! !



4*$RY%$!

! BM!

 

Figure 22 �± Validation of optogenetics-mediated protein relocation in P. aeruginosa. 

A) Examination of membrane anchor proteins effectiveness in P. aeruginosa. Data is shown as fluorescence intensity 
across the cell width using line scans, averaged from 15-20 cells per strain. The peaks of the curve suggest signals on 
the cell membranes or cytosol, respectively. A R value, which is the fluorescence intensity ratio between the membrane 
and cytosol of each tested proteins was shown in the upper-right corner scatter plot, with the line in the middle of each 
dataset indicating the mean value. The representative microscopy pictures are shown at the top. B) Fluorescence 
relocation of the iLID-based optogenetics sequestration system. Data is shown as fluorescence intensity across the cell 
width using line scans, averaged from 15-20 cells per strain. The fluorescence relocation factor, which equals Rpost-

light/Rpre-light (R value, same as explained in panel A), was shown in the upper-right corner scatter plot, with the line in 
the middle of each dataset indicating the mean value. �6�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���Z�D�V���G�R�Q�H���Y�L�D���6�W�X�G�H�Q�W�¶�V��t test, **, p< 0.01. 
Representative microscopy pictures pre and post light are shown at the top. C) Fluorescence relocation of the LOV-
based optogenetics sequestration system. The graph explanation is the same as graph B. Statistical analysis was done 
�Y�L�D���6�W�X�G�H�Q�W�¶�V��t test, ****, p< 0.0001.
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Suppl. Fig. 1 �± Western blotting validation of fusion proteins expression and stability. 

A) Anti-GFP Western Blot examination of H1-T6SS genomic fusion (HsiB1-Ypet). Samples were taken as total cell 
lysates. Left lane shows non-labelled WT as negative control. Right lane shows HsiB1-Ypet fusion, with the band 
corresponding to the targeted size 47 kDa. Protein ladder is shown at the left border. B) Anti-mCherry Western Blot 
examination of flagellum genomic fusion (FliM-mCherry). Samples were taken as total cell lysates. Explanation of 
the graph is the same as above, the target band size is 63 kDa. C) Anti-mCherry Western Blot examination of H1-
T6SS genomic fusion (HsiB1-mCherry). Samples were taken as total cell lysates. Explanation of the graph is the 
same as above, the target band size is 48 kDa. D) Anti-GFP Western Blot examination of T3SS genomic fusion 
(EGFP-SctQ). Samples were taken as total cell lysates. Explanation of the graph is the same as above, the target band 
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size is 60 kDa. E) Anti-FLAG Western Blot examination of NanoLuc expression. Samples were taken as total cell 
lysates. Explanation of the graph is the same as above, the target band size is 26 kDa. F) Anti-GFP Western Blot 
examination of FRET biosensor expression (mNeonGreen-YcgR-mTurqoise2). Samples were taken as total cell 
lysates. Left lane shows non-labelled WT as negative control. Middle lane shows a pJN105 plasmid based biosensor 
expression, with the upper band corresponding to the targeted size 79 kDa. Right lane shows a pUCP20 plasmid 
based biosensor expression, with the upper band corresponding to the targeted size 79 kDa. Protein ladder is shown 
at the left border. G) Anti-GFP Western Blot examination of membrane anchor expression (TatA-EGFP). Samples 
were taken as total cell lysates. Explanation of the graph is the same as above, the target band size is 30 kDa. H) Anti-
mCherry Western Blot examination of membrane anchor expression (PilS-mCherry). Samples were taken as total 
cell lysates. From left to right, the lanes represent samples from an upward gradient of L-arabinose induction level. 
the target band size is 47 kDa. I ) Anti-mCherry Western Blot examination of membrane anchor expression (PP5586-
mCherry). Samples were taken as total cell lysates. From left to right, the lanes represent samples from an upward 
gradient of L-arabinose induction level. the target band size is 29 kDa. 

!

!

Suppl. Fig. 2 �± Decreased number of foci per cell of T3SS assembly in non-secreting conditions.  

A) Representative microscopy pictures on T3SS assembly with strain cultivated in secreting condition (- Ca2+). Arrow 
indicates cells with T3SS assembled foci. B) Representative microscopy pictures on T3SS assembly with strain 
cultivated in Non-secreting condition (+ Ca2+). Arrow indicates cells with T3SS assembled foci.  

!

! !
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Suppl. Fig. 3 �± Downregulated T3SS secretion efficiency and upregulated H1-T6SS killing efficiency 
by c-di-GMP (time-course curve).  

A) Data is shown as T3SS-translocated NanoLuc luminescence tracking within 6-hour of initial contact between P. 
aeruginosa and host cell. Luminescence intensity was read on plate reader with background subtracted. Biological 
replicates n=3. Shadows paired with each curve indicates the stand deviation. B) Data is shown as prey fluorescence 
tracking within 24-hour of initial H1-T6SS killing. Fluorescence was read on plate reader with background subtracted. 
Biological replicates n=3, technical replicates n=2. Shadows paired with each curve indicates the stand deviation.!
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Suppl. Fig. 4 �± Validation of the functionality of c-di-GMP metabolic enzymes used in this work.  

A) Metabolomics validation of c-di-GMP enzymes used in Yersinia enterocolitica. Darker-blue represents higher c-
di-GMP group and lighter-blue for low c-di-GMP group. Data is shown as c-di-GMP peak area measurement in 
LC/MS-MS, detailed calculations see Methods. Biological replicates n=3. Bars in the middle of each data set stand 
for the mean value. Statistical analysis was done via ANOVA with multiple comparison to WT, ****, p< 0.0001; ns, 
non-significant. B) Validation of the FRET biosensor with strains from different c-di-GMP backgrounds. Data is 
shown as corrected FRET efficiency, detailed calculations see Methods. WT (fist bar) and PA2133 carried pUCP20-
based vectors, and WT (third bar) and DgcA carried pMMB67EH-based vectors. Each data point represents 
measurement of a single cell. Experiments are repeated in multiple dates, with each color set representing data points 
from one-day. Highest and low end of each bar represent maximum and minimum value, respectively; Box in the 
middle indicates 25th-75th percentile, with median marked in between. Total cells tested for each group is labelled 
under respective bars. Statistical analysi�V���Z�D�V���G�R�Q�H���Y�L�D���6�W�X�G�H�Q�W�¶�V��t test, ****, p< 0.0001. 
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Suppl. Fig. 5! �t Secretion profile of Yersinia enterocolitica strains with different c-di-GMP 
backgrounds via SDS-PAGE. 

Samples were taken as secreted supernatants. Except for WT Non-secreting (with Ca2+), all other samples were 
cultivated in Secreting condition (without Ca2+). Y. enterocolitica T3SS substrates are labelled at the left, protein 
ladder is shown at the right. Numbers labelled on each lane indicates the secretion intensity ratio to WT, Non-
secreting. Calculations were done via ImageJ, background was subtracted.  

! !
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Suppl. Fig. 6 �± T3SS secretion leads to decreased bacterial growth in P. aeruginosa and Y. 
enterocolitica. 

The bacterial growth in the biofilm formation assay was monitored using OD600 readout and presented as a 16 hour 
growth tracking curve. Biological replicates n=3. Shadows paired with each curve indicates the stand deviation. 

  



5R]]Y*\*)%WS^!S*$RY%$!

! AA!

!

Suppl. Fig. 7 �± Decreased T3SS+ subgroup and increased H1-�7���6�6�����V�X�E�J�U�R�X�S���G�L�V�F�R�Y�H�U�H�G���Z�L�W�K���ûretS  

A) �6�W�U�D�L�Q���Z�L�W�K�R�X�W���ûretS (EGFP-SctQ, HsiB1-mCherry) was cultured in Secreting condition (-Ca2+) and tested for 
T3SS/H1-T6SS existence. Data is shown as ratio of cells in specific status (H1-T6SS on/off and T3SS on/off) to total 
cells, exact ratio for each group is shown at the top, total cell amount tested is marked at the bottom. Samples were 
taken from 9 different fields and in 3 different experiments. B) �6�W�U�D�L�Q���Z�L�W�K���ûretS ���ûretS, EGFP-SctQ, HsiB1-mCherry) 
was cultured in Secreting condition (-Ca2+) tested for T3SS/H1-T6SS existence. Data is shown as ratio of cells in 
specific status (H1-T6SS on/off and T3SS on/off) to total cells, exact ratio for each group is shown at the top, total 
cell amount tested is marked at the bottom. Samples were taken from 15 different fields and in 3 different experiments.  

!
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Suppl. Fig. 8 �± FliM -mCherry fusion does not alter swimming ability. 

The swimming diameter of WT and FliM-mCherry cultured in LB medium was tested. Representative swimming 
plates are shown at the top. Bars in the middle of each set of data points represent mean value. Biological replicates 
�Q� �������6�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���Z�D�V���G�R�Q�H���Y�L�D���6�W�X�G�H�Q�W�¶ t test, ns, non-significant. 

! !
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Suppl. Table. 1 �± The nomenclature of key T3SS components.  

%
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Figure 23 �± Virulence systems crosstalk in P. aeruginosa 

This thesis focused on H1-T6SS, T3SS and flagellum in P. aeruginosa. The population level evidence (left) showed 
that flagellum existence inhibited T3SS operon transcriptional level =5&$(#W!51! =</N! .OO?>, and T3SS secretion 
repressed H1-T6SS secretion. The exact relationship between flagellum and H1-T6SS remains unknown. RsmA and 
c-di-GMP was shown to coordinate the transition among different virulence systems. RsmA (black) promoted 
flagellum and T3SS expression yet blocked H1-T6SS expression (BurroIs et al., 2006; Brencic and Lory, 2009). C-
di-GMP (grey) functioned in an entirely opposite way to RsmA =9&$(&$&!51!=</N!.O,,>. The single-cell level evidence 
(right) showed that flagellum and T3SS functioned cooperatively in P. aeruginosa, while H1-T6SS function was 
negatively associated with flagellum and T3SS. C-di-GMP was involved in the virulence crosstalk by its positive 
association with H1-T6SS functional bistability and negative association with T3SS and flagellum functional 
bistability. Graph was made via BioRender. 
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Figure 24 �± Pseudomonas aeruginosa lifestyle transition model with virulence traits.  

(1) Surface exploration. P. aeruginosa goes through a c-di-GMP mediated transition circle, which starts with 
flagellum mediated surface exploration. At this stage, low c-di-GMP helps cells with their flagellum-based motility. 
T3SS tends to form in the cells with flagellum and exploits the mobility benefit. (2) Surface attachment. When it 
encounters host cells, T3SS can be activated with immediate effect. The surface attachment signal increases c-di-
GMP level and abolishes flagellum. The abolished flagellum further upregulates T3SS invasion, and meanwhile, 
T3SS stays in low c-di-GMP cells for maximum virulence. (3) Biofilm formation. Subsequent of T3SS-mediated 
acute infection, bacteria cells form biofilm to avoid adverse environment such as host immune response and devoid 
nutrients. The continuously elevated c-di-GMP level turns up H1-T6SS activity for inter-bacterial competition in the 
confined space, and shuts down T3SS secretion, which further contributes to the biofilm formation and H1-T6SS 
secretion. At this stage, H1-T6SS firing exhibits in the cells with higher c-di-GMP, and is prevalent in non-T3SS 
equipped cells. The active H1-T6SS secretion loops back to increase c-di-GMP and maintains the chronic infection. 
(4) Biofilm dispersion. At the final stage, new-born cells at the surface layer of biofilm re-obtain flagellum and swim 
out for a new infection round. The lifestyle transition circle is thus completed. In this graph, Green to red color 
gradient indicates gradually increased c-di-GMP level. Blue circles on bacteria membrane stand for T3SS, and 
lighter-blue hexagons represent T3SS effectors. Green rods spanning the bacteria cell width stand for active H1-T6SS, 
and lighter-green sun-shapes represent H1-T6SS effectors. Grey curved line in the biofilm model symbolizes biofilm 
protective layer. Curved and round bacteria within the biofilm represent P. aeruginosa�¶�V���F�R�P�S�H�W�L�Q�J���E�D�F�W�H�U�L�D�����*�U�D�S�K��
was made via BioRender. 
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Table 1 �± Molecular biology kits used in this thesis. 

!

!

I3>%;*X"P %

2`*! Q*)*SWY! R$*_! QS&a%`! \*_#W! '&S!"@53G6H6?=@! =523;>?6@=! a*S*! "RS#WC/*S%W)#! ="/ >! \*_#R\! W)_!

<$*R_&\&)W$!+$&YW%#&)!0QWS!=<+0>!\*_#R\!W)_!W!9#)#\WY!9*_#R\! '&S! \#(S&$(&]^-!2`*!Q*)*SWY!R$*_!

QS&a%`! \*_#W! '&S!N52@>?>=! 5?152646<>1>4=! aW$! /SW#)CI*WS%C+)'R$#&)! =/I+>! \*_#R\-! 0YY! \*_#W! a*S*!

WR%&(YW[*_!W%!,.,s1!W)_!.!XWS$!'&S!.O!\#)-!G&S!%`*!]S*]WSW%#&)!&'!$&Y#_!"/C\*_#R\N!,-Bl!=aZ[>!/W(%&!

0QWS! aW$! W__*_! X*'&S*! WR%&(YW[#)Q! W)_! W'%*SaWS_! $%&S*_! W%! BBs1! aW%*S! XW%`! %&! f**]! #%! 'YR#_-! I*W%C

#)%*)$#[*! W__#%#[*$! Y#f*! W)%#X#&%#($! a*S*! W__*_! W'%*S! WR%&(YW[#)Q! W%! W! %*\]*SW%RS*! &'! BBs1-! /*'&S*!

W__#%#[*$!Y#f*!W)%#X#&%#($!a*S*!W__*_N!%`*^!a*S*!'#Y%*SC�•�š���Œ�]�o�]�Ì�������~�‰�}�Œ�����•�]�Ì�����ì�X�î�î���…�u�U���^���Œ�•�š�����š���'���Œ�u���v�Ç�•�X��

5&Y#_!\*_#W!]YW%*$!a*S*!$%&S*_!W%!:s1N!a`#Y*!Y#dR#_!\*_#W!a*S*!$%&S*_!W%!42-!"#dR#_!\*_#W!a#%`!`*W%C

$*)$#%#[*!W__#%#[*$!$R(`!W$!W)%#X#&%#($!a*S*!$%&S*_!W%!:s1-!2`*!(&\]&$#%#&)!&'!%`*!_#''*S*)%!\*_#W!%^]*$!

#$!Y#$%*_!#)!2WXY*!.!X*Y&a!W)_!WYY!)*(*$$WS^!W)%#X#&%#($!'&S!%`#$!%`*$#$!a*S*!Y#$%*_!#)!2WXY*!;-!

! !

@#3' !'%.+1-&
3=#6/,%+01� .Q/6.*1).!HA.H6/*1O=+ !HA.*1).Q/6./<&-*#&0,1.,N.!HA.+-,)=#&"

3=#6/,%+01� .!6*"I0) !6*"I0)./<&-*#&0,1

:,1*-#E � .?83(.C<&-*#&0,1.R.!=-0N0#*&0,1 Q/1,I/.83(./<&-*#&0,1

3*1,Q6, � .2=#0N/-*"/.(""*S.%S"&/I 3*1,2=#.*""*S



9W%*S#WY$!W)_!\*%`&_$!

! HO!

Table 2 �± Composition of media used in this thesis. 

!

A%.#72+ :-26-'#3#-"+ :-"5%"3&(3#-"+
B*+CB7&#(D*%&3("#+A%.#72E
F#3G+)-FD'()3+5-"5%"3&(3#-"H+

!"#$%&'() *+),-.)

/(01%)(2%"03%) 4),-.)

506.) 7),-.)

*IJ+C*&(#"+I%(&3+J"17'#-"+A%.#72E+H 8"09')9':;19&')1&.9<1 +=*>4),-.

8((:)?(0"%)9':;19&')1&.9<1 4),-.)

@($%&'( *+),-.)

A.;3&1( >),-.

B&<9;C)3?.&"9<( 4),-.)

D91&<9;C)?#<"&,(')$?&1$?0%( >=4),-.

K%5&%3#"9+2%.#72+CB*+2%.#72+,('%.E

1-&+!"#$%&'()*+,$
E,6. T >+)CE

(%?#.('(),.#3&.FG91H�tF0C9'&(%?#.)(%?("IF
! J! J! 
;J! 
;F%(%"003(%93)039<)HKA!LI

4)CE

506. >++)CE

A.#3("&. +=MN)HO-PI

0-"D'%5&%3#"9+2%.#72+CB*+2%.#72+,('%.E

1-&+!"#$%&'()*+,$
E,6. T >+)CE

606.T 4)CE

506. >++)CE

A.#3("&. +=MN)HO-PI

!"#$%&'() *+),-.)

/(01%)(2%"03%) 4),-.)

506.) 7,-.)

Q+N)1;3"&1()1&.;%9&') 7++)C.-.)

=J<L
C!,%'-+.+*$,#/,+0$1)+* +<9(&EH+

@($%93)<9,(1%)&:)0'9C0.)%911;() >+),-.)

E0,'(19;C)3?.&"9<() *=M),-.)

@&%0119;C)1;.:0%() *+),-.)

!"93.&10')HR",010'I) +=+>4),-.)

L,0") *7=Q),-.)

A.#3("&. >+)C.-.

L+S)B;1$('<)M4=+7),)9')*).9%(")<<TTU=

A#"#2()+A%.#72
C!'%.+1-&+2#5&-'5-6/EH+

>FVMFH>FT#<"&2#(%?#.I$9$("0W9'F*F#.X(%?0'(F*F
1;.:&'93)039<
HTK@KBI)

*++)CE)

H5TUIBUU. 4)CE)

506.) *++)CE)

B&<9;C),.;%0C0%() >+)CE)

E,6 6T *+)CE)

YTBUU. 4)CE)

6010C9'&)039<1) +=4)N)HO-PI)

B*+F#3G+MNO+'75&-'%H+

PQO+'75&-'%+'3-5R+'-)73#-"H+ +=Q),-C.)B;3"&1()HZ9.%("F1%("9.9W(I



9W%*S#WY$!W)_!\*%`&_$!

! H,!

Table 3 �± Antibiotics used in this thesis. 

!

!

I3A%8P($*O"PR%#$OP")#a%(NR$"SP$"&)%P)X%#$&OPM*%&'%QP($*O"P%

0!(&\]Y*%*!Y#$%!&'!$%SW#)$!R$*_!#)!%`*!*b]*S#\*)%$!WS*!Y#$%*_!#)!2WXY*!:-!0YY!"/!=523;>?6@=!$%SW#)$!WS*!XW$*_!

&)!%`*!a#Y_C%^]*!$%SW#)!<06,- !"/!=523;>?6@=!$%SW#)$!R$*_!#)!%`#$!%`*$#$!a*S*!S&R%#)*Y^!QS&a)!#)!"/!\*_#R\!

W%!;?s1!a#%`!$`Wf#)Q!W%!,HO!S]\-!6[*S)#Q`%!(RY%RS*$!a*S*!#)&(RYW%*_!#)!%S#]Y#(W%*$!#'!S*dR#S*_-!G&S!$%SW#)$!

(WSS^#)Q! ]T7,OBCXW$*_! ]YW$\#_$N! E*)%W\^(#)!aW$! WY$&! W__*_!%&! *)$RS*! ]YW$\#_! $%WX#Y#%^-! G&S! $%SW#)$!

(WSS^#)Q!]F1<.O!&S!]99/A?3ICXW$*_!]YW$\#_$N!W\]#(#YY#)!aW$!WY$&!W__*_!%&!*)$RS*!]YW$\#_!$%WX#Y#%^-!

2&!]S*]WS*!_W^!(RY%RS*$N!&[*S)#Q`%!(RY%RS*$!W%!$%W%#&)WS^!]`W$*!a*S*!#)&(RYW%*_!#)%&!'S*$`!"/!\*_#R\!

a#%`!W)%#X#&%#($!=#'!S*dR#S*_>!%&!W)!6DAOO!&'!O-,-!2&!#)_R(*! *(%&]#(!Q*)*! *b]S*$$#&)! 'S&\!%`*! ]T7,OB!

]YW$\#_N!"CWSWX#)&$*!aW$!WY$&!W__*_!W%!W!'#)WY!(&)(*)%SW%#&)!&'!O-.l!=aZ[>-!2&!#)_R(*!&S!#)`#X#%!2;55!

$*(S*%#&)N!&[*S)#Q`%! (RY%RS*$!a*S*!_#S*(%Y^!#)&(RYW%*_!#)%&!5*(S*%#)QZ7&)C$*(S*%#)Q! \*_#R\N!a`#(`!#$!

XW$*_!&)!"/!\*_#R\!W)_!$R]]Y*\*)%*_!a#%`!.O!\9!9Q1Y. N!.OO!\9 !7W1YN!O-:l!=aZ[>!QY^(*S&Y!W)_!*#%`*S!

B!\9!3E20!=*%`^Y*)*!QY^(&YC���]�•�~�tCW\#)&*%`^Y!*%`*S>C) N) N) 
;�U) 
;C%*%SWW(*%#(!W(#_N!%&!#)_R(*!2;55!$*(S*%#&)>!

&S!B!\9!1W1Y. !=%&!#)`#X#%!2;55!$*(S*%#&)>-!2&!(RY%#[W%*!"/!=523;>?6@=!&)!$&Y#_!\*_#R\N!%`*!]YW%*$!a*S*!

#)(RXW%*_!W%!;?s1!&[*S)#Q`%-!0YY!N/!5?152646<>1>4=!$%SW#)$!WS*!XW$*_!&)!%`*!a#Y_C%^]*!$%SW#)!945:O-!G&S!

(RY%#[W%#&)!&'!N/!5?152646<>1>4=Q!$%SW#)$!a*S*!(RY%#[W%*_!#)!/I+!\*_#W!W)_!S&R%#)*Y^!QS&a)!W%!.H&1!a#%`!,HO!

S]\!$`Wf#)Q-!2&!%`#$!\*_#W!)WY#_#(!W(#_!=70"�•���~�ï�ñ���…�P�l�u�o�•���ÁW$!WYaW^$!W__*_N!X*(WR$*!%`*!R$*_!N52@>?>=!

$%SW#)$!`W[*!W!Q*)&\*!*)(&_*_!S*$#$%W)(*!WQW#)$%!70"-!2&!#)_R(*!&S!#)`#X#%!2;55!$*(S*%#&)N!&[*S)#Q`%!

(RY%RS*$!a*S*!_#S*(%Y^!#)&(RYW%*_!#)%&!5*(S*%#)QZ7&)C$*(S*%#)Q!\*_#R\N!a`#(`!#$!XW$*_!&)!/I+!\*_#R\!

W)_! $R]]Y*\*)%*_! a#%`! .O! \9! 9Q1Y. N! O-:l! =aZ[>! QY^(*S&Y! W)_! *#%`*S! B! \9! 3E20! =%&! #)_R(*! 2;55!

$*(S*%#&)>! &S! B! \9! 1W1Y. ! =%&! #)`#X#%! 2;55! $*(S*%#&)>-! 1&)( *)%SW%#&)$! &'! W)%#X#&%#($! R$*_! '&S!N/!

5?152646<>1>4=!(W)!X*!'&R)_!#)!2WXY*!;-!

!"#$%&$ '(%&$

!"#$%"&'()*+,

(5 mg/ml) X 50

(200 mg/ml) X X 

-$+".'()*+,

(10 mg/ml) 

/'%*)*00*+

(20 mg/ml) 

50

X 

200

20

)*+,-.-/$*.0*+"1"2-0-1/

(3'4&

$$$$$$$$$$5,16*+-16-/$1"2-$7,*89":"./,$/*+8;-.",/$

7<=%$

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,1#2.+*3',!"#.*+,
/+"*4*&"*)3
5!"&)6,)&+)$+"#."*&+7

/+"*4*&"*)3
58*+.0,)&+)$+"#."*&+9,�—2:'07

300

40

X 

2000

200 X 

20 X 
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G&S!(RY%#[W%#&)!&'!$/!46<>Q!(*YY$!a*S*!QS&a)!#)!"/!\*_#R\!W%!;?s1!$`Wf#)Q!W%!,HO!S]\-!G&S!$%SW#)$!(WSS^#)Q!

] T7,OBCXW$*_! ]YW$\#_$N! E*)%W\^(#)!aW$! WY$&! W__*_! %&! *)$RS*! ]YW$\#_! $%WX#Y#%^-! G&S!$%SW#)$!(WSS^#)Q!

]F1<.O!&S!]99/A?3ICXW$*_!]YW$\#_$N!W\]#(#YY#)!aW$!WY$&!W__*_!%&!*)$RS*!]YW$\#_!$%WX#Y#%^-!2&!(RY%#[W%*!

(*YY$!&)!W!$&Y#_!\*_#R\!%`*^!a*S*!]YW%*_!&)!"/C0QWS!W)_!#)(RXW%*_!W%!;?!s1!&[*S)#Q`%-!D*]*)_*)%!&)!%`*!

W)%#X#&%#(!S*$#$%W)(*!Q*)*!&'!%`*!#)%*QSW%*_Z%SW)$'&S\*_!]YW$\#_!(&SS*$]&)_#)Q!W)%#X#&%#($!a*S*!W__*_!

%&!%`*!\*_#R\!a`#(`!WS*!Y#$%*_!#)!2WXY*!.-!

<YW%*$!(W)!X*!f*]%!W%!:!s1!'&S!,!a* *f-!G&S!Y&)Q!%*S\!$%&SWQ*!&'!$/!46<>!=?G!"/!=523;>?6@=N!Y#dR#_!(RY%RS*$!#)!

$%W%#&)WS^!]`W$*!a*S*!$R]]Y*\*)%*_!a#%`!.Bl!EY^(*S&Y!W)_!$%&S*_!W%!CHOs1-!2&!]S*]WS*!W)!&[*S)#Q`%!

(RY%RS*N!B!\Y!&'!(RY%#[W%#&)!\*_#W!a#%`!(&SS*$]&)_#)Q!W)%#X#&%#($!=2WXY*!;>!a*S*!#)&(RYW%*_!a#%`!W!$]*(#'#(!

$%SW#)!'S&\!%`*!]S*[#&R$Y^!]S*]WS*_!EY^(*S&Y!$%&(f-!

Table 4 �± Bacteria strains used in this thesis. 

!

! !
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I3B%,$OP")%(&)#$ON($"&)%

+)!%`#$!%`*$#$N!3b]S*$$#&)! [*(%&S$!W)_! \R%W%&S!]YW$\#_$!a*S*!%SW)$'&S\*_!#)!$/!46<>!���,�ñ�r�� �(�}�Œ�� ���o�}�v�]�v�P�U��

W)_!$/!46<>!59,O!�„�‰�]�Œ�=!'&S!(&)qRQW%#&)N!S*$]*(%#[*Y^-!3)_&Q*)&R$!'R$#&)!]S&%*#)$!R$*_!#)!%`#$!%`*$#$!a*S*!

$%WXY^!#)%S&_R(*_!X^!WYY*Y#(!*b(`W)Q*!&'!%`*!a#Y_C%^]*!Q*)*!#)!%`*!"/!=523;>?6@=!<06,!Q*)&\*!X^!%a&C

$%*]!̀ &\&Y&Q&R$!S*(&\X#)W%#&)!'&S!)W%#[*!*b]S*$$#&)!&'!%`*!]S&%*#)$!&'!#)%*S*$%!=9R`Y!W)_!G#YY&RbN!.O,:>-!

G&S! *(%&]#(! ]S&%*#)! *b]S*$$#&)! #)!"/! =523;>?6@=N! %`*! (&SS*$]&)_#)Q! Q*)*$! a*S*! (Y&)*_! #)%&!

]T7,OBZ]F1<.OZ]99/A?3ICXW$*_! *b]S*$$#&)! ]YW$\#_$-! 2`*$*! ]YW$\#_! (&)$%SR(%$! a*S*! $*dR*)(*C

[*S#'#*_!=9#(S&$^)%`!$*dYWX>!X*'&S*!X*#)Q!#)%S&_R(*_!#)%&!%`*!S*$]*(%#[*!XW(%*S#WY!$%SW#)![#W!`*W%C$`&(f!

%SW)$'&S\W%#&)!=1`RW)(`R*)N!7WSW$Wf#!W)_!5(`+#c*SN!.OO.>-!2`*!_*%W#Y*_!]S&(*$$!a#YY!X*!_#$(R$$*_!X*Y&a-!

I3C%DO"U*O%X*#"M)%

2`*!]S#\*S$!R$*_!'&S!%`#$!%`*$#$!(W)!X*!'&R)_!#)!2WXY*!B-!<S#\*S$!a*S*!_*$#Q)*_!%&!`W[*!v.O!XW$*C]W#S!

W))*WY#)Q!S*Q#&)!%&!%`*!%*\]YW%*!D70N!a#%`!W))*WY#)Q!%*\]*SW%RS*!W%!vBHs1-!2`*!]S#\*S!_*$#Q)!W)_!#?!

@><>46!%*$%#)Q!aW$!(WSS#*_!&R%!#)!5)W]Q*)*!H-O-!

! !
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Table 5 �± Primers used in this thesis. 

!

! !

=&#2%&' K%S7%"5%+CTUDVUE !'%.+1-&
(8VWTX Q(H4Q((44H(4Q((((4H4H(QQHQHHHQ +Y%WWT

(8VWTU Q(H44H4(Q(4H((QHQH4HH4QHQH44Q +Y%WWT

(8VWUT 4(4(QQQHHHQQ(HQ(QHQH4QQ(4H((QQ +YZWWT

(8VWUX H((44QHQ4((Q(4H4QHH(HH(Q(HHHQHHHQ((HH(HHQHQHQ(QHQH4HQ(HHQ +YZWWT

(8VWUU QQ4QQ44HQQQHQQQ4H4QQ4QQH(Q(4H44(HQH((44Q4Q(HHQH44HHHHHQQ(QQ +YZWWT

(8VWU[ 4(4(4H4(Q(H4HH(QQHHQQ(((4QQ4HQ +YZWWT

(8VX\] Q(H4QQQHHHHQHQ4QH(Q(4HQ(Q4(HQ +YZWW] .̂+YZWW_

(8VX\_ (H4Q(Q(4H4(HH(HH(Q(QHHQHHHQ(HHH(HHH4QHQQH4HQ4HQ4H444Q +YZWW] .̂+YZWW_

(8VX\\ QQHQQH4H4QQ4QQ4(Q(4H4H(Q4QQ4H4HH((44Q4((Q(QQ(44HH(QH(4QQHHQ +YZWW] .̂+YZWW_

(8VUWW Q(H44H4(Q(H44H44Q((Q(4HQQQH4H4QQ +YZWW] .̂+YZWW_

(8VTW` 4(4(Q((44H(4Q((HQQ44HHHH(H(QQ +(8]XT

(8VTW] 4(4(4H4(Q(4H(H44(4H(4HQ4HQ4HH44Q4(Q4H(HH4HH44Q4H4QH4HQHH(QHQHH4HQ( +(8]XT

(8VUX` QQHQQ(QQ4(Q4QQ4QQHQQ4QQH4HHQ(H4(H((QQ(HQ(H +YZWVU

(8VUX_ 4(4(4H4(Q(44(H44Q4(H(QH4HQ4HH(4QH +YZWVU

(8VUUX
(H4Q((44H(4Q(4H(44HH4Q444H((H4QH4QQH4QQ44H444QHH444QH4Q4QQ4HQQ4444
Q44QHHQ44QHHQQ4QQHQQ(QQ4(Q4QQ4QQHQ4Q(QH((QQQHQ(QQ(Q

+YZWV`

(8VUUU 4(4(4H4(Q(44(H44Q4(H(QH4HQ4HH(4QH +YZWV`

(8VU[] Q(H4Q((44H(4Q(4((QQH(QQ44(4HH(QHQ +YZWTW

(8VU[_ HQ(44H4(Q(4H(H44(4H(4HQ4HQ4HH44Q4(Q4H(HH4(QHQHH(Q((HHQHH +YZWTW

(8VU]V
Q(4HQ((44H(4QQQH(44444Q(H4QQ(((H(H4QQ(4HQ4H(4HH4Q(4HQ4HQ44Q4(H
4QH44Q4HH4(444QQH(HH(((QQHQQHQQ(QQ4QQH4HH(QH((QQQHQ(QQ(QH4

+YZWTV

(8VU]T (QH44H4(Q(44(Q((44Q(HH4QHHHHH44Q4 +YZWTV

(8VU]`
Q(4HQ((44H(4QQQH(44444Q(H4QQ(((H(H4QQ(4HQ4H(4HH4Q(4HQ4HQ44Q4(H4Q
H44Q4HH4(444QQH(HH(((((QH4HQQH4HHQQ4QQ(QH(QQ4QQ(4HH

+YZWTX .̂+YZWTU

(8VU]] H(4Q4H4(Q(44((((Q4((4444HQ4HQ44HQH4QH +YZWTX

(8VU]_ H4(Q4H4(Q(44(((Q44H4444QHHQHH4H(4H((4(44 +YZWTU

(8V_U_ QH(4((QH44QQH(HHHH(QQH444(4(QH4( +YZW[U

(8V_U\ (HQ4HHHQQQ44(Q4444HH4HQ4QQQHQ(HH +YZW[U

(8V_[W QQ(4HH(4QH(4(44H((4HQH44H(QH(Q +YZW[`

(8V_[V ((QH4444(H44(4H(4HQ4HQ4HH44Q4(Q4H +YZW[`

(8V\TV (QH44H4(Q(QQH(QHH(44(Q(QH(Q4QH +YZW`W

(8V\TX QQ(4HH44(H44Q4(H(QH4HQ4HH(4QHH +YZW`W

(8V\\T H4(QQ((44H4Q((QQ(Q4Q4QHH(4QQQ4 +YZW`UH

(8V\\X (H4QH4QH(Q4H(Q(HHQH44H4QHQ44H +YZW`UH

(8V\\U H4(QH4QH(QH4Q44Q(H((44((4H(4HHQQH4HQ +YZW`[H

(8V\\[ (H4QQ((44H4H(Q(HHQH44H4QHQ44H +YZW`[H

(8TVUT Q(H4QQ(4HH44QQ(QQ(((HHHHQ(QH(4 +YZW`\

(8TVUX HHQ4(4QHH(44Q4QQ44HH4QQ4H4QH(((QQ +YZW`\

(8TVUU (Q(HH(QQ((HH(H((4QQH(4(HQQQHH44H4Q(( +YZW`\

(8TVU[ (4HQQQQHHHH(QHH(Q(QHQ(H((H4Q44H +YZW`\
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! HB!

I3E%DRP#U"X%(&)#$ON($"&)%

2`*!]YW$\#_$!R$*_!'&S!%`#$!%`*$#$!(W)!X*! '&R)_!#)!2WXY*!A-!2`*!\R%W%&S!]YW$\#_$!R$*_!'&S!#)%S&_R(#)Q!

Q*)&\*!\&_#'#(W%#&)$!#)!"/!=523;>?6@=!a*S*!_*$#Q)*_!#)!%a&C$%*]-!0!]S*C\R%W%&S!a#%`!0]W+ZLXW+!(R%%#)Q!

$#%*$! $W)_a#(`*_! X^! `&\&Y&Q&R$! 'YW)f#)Q! S*Q#&)$! a*S*! XR#Y%! '#S$%-! "W%*SN! 'R$#&)! $*Q\*)%$N! $R(`! W$!

'YR&S*$(*)%! ]S&%*#)$N! a*S*! #)%S&_R(*_! X^! *)_&)R(Y*W$*! _#Q*$%#&)! W)_! Y#QW%#&)! %&! (&\]Y*%*! %`*! '#)WY!

\R%W%&S-!2`#$!$%SW%*Q^!`*Y]*_!%&!%SW)$'*S!%`*!Q*)&\#(!YWX*Y!#)!W)!*W$^!W)_!'W$%!aW^-!

2&!XR#Y_!%`*!]YW$\#_$N!W!<14!]S&(*$$!%`W%!]S&_R(*$!%`*!_*$#S*_!D70!#)$*S%!aW$!(&\]Y*%*_!'#S$%-!2`*!<14!

$*Q\*)%!aW$!%`*)![WY#_W%*_!X^!D70!Q*Y!*Y*(%S&]`&S*$#$!W)_!(Y*W)*_!R]!a#%`!%`*!D70!f#%!\*)%#&)*_!#)!

2WXY*!,-!2`*)!%`*!#)$*S%!aW$!_#Q*$%*_!W)_!Y#QW%*_!#)%&!%`*!S*$]*(%#[*!]YW$\#_!W)_![*S#'#*_!X^!(&\\*S(#WY!

$*dR*)(#)Q-! "W$%Y^N! %`*! [WY#_W%*_! ]YW$\#_$! a*S*! *b%SW(%*_! X^! %`*! ]YW$\#_! *b%SW(%#&)! f#%! W)_!%`*)!

%SW)$'&S\*_! #)%&!$/! 46<>!59,O �„]#S! ='&S! \R%W%&S! ]YW$\#_$>! &S!$/! 46<>!2&],O! ='&S! *b]S*$$#&)! ]YW$\#_$>-!

D*%W#Y*_!]S&(*$$!a#YY!X*!_#$(R$$*_!X*Y&a-!

Table 6 �± Plasmids used in this thesis. 

!

=)('2#.' W%"-3/6%L 8%1%&%"5%

$[5*+4
$88\*F<("9P(<)(2$"(119&')P(3%&"]

^F0"0G9'&1()9'<;39G.(J)AC- HY0;"J)B9',?)0'<)A;$%0J)>+>MI

$Y5A*+* B;939<()P(3%&"])B038)B%"- HY0'9,0J)D(.&")0'<)6&"'(.91J)*__*I

$`6@>+ K2$"(119&')P(3%&"])LC$- H8('1("#$"%&=J)>+*_I

$EE8QaKT K2$"(119&')P(3%&"])LC$- H^(()0'<)T('bJ)*__aI

$Tc++> $Y5A*+*FZ.9EFC6?(""# !?91)1%;<#

$Tc++a $Y5A*+*F!118*F/$(% !?91)1%;<#

$Tc++d $Y5A*+*F!118*FC6?(""# !?91)1%;<#

$Tc+*M $[5*+4SS@9.BFZ.0,FC6?(""# !?91)1%;<#

$Tc+*Q $[5*+4SS44dQFZ.0,FC6?(""# !?91)1%;<#

$LDa7> $[5*+4SS@L>*77FZ^LA !?91)1%;<#

$Tc+>+ $[5*+4SS/?eTFZ^LA !?91)1%;<#

$Tc+>* $[5*+4SS!0%LFKAZ@ !?91)1%;<#

$Tc+>7 $[5*+4SS!0%LF9^RD !?91)1%;<#

$Tc+>M $[5*+4SS!0%LF^Uf> !?91)1%;<#

$LDaMa $EE8*_+SSB1$8g50'&FC6?(""# H^9'<'(")#$"%&=J)>+>+I

$LDaMd $EE8*_+SSc<b*FC6?(""# H^9'<'(")#$"%&=J)>+>*I

`[**>7_ $88\*4=>F>T*>=D**&$%)H3<A"(('>=*I HY03WC0"3W#b)#$"%&=J)>+>>I

$Tc+4M $`6@>+F)3<A"(('>=* !?91)1%;<#

$Tc+4Q $`6@>+F)K2&BVO[VF)50'&^;3FZ.0, !?91)1%;<#

$TB++> $[5*+4SSD,3LFZ^LA !?91)1%;<#

$Tc+Q+ $[5*+4SS@#'() FC6?(""# !?91)1%;<#

67 $!"3__LSSC5(&'A"(('F/3,\FC!;"h;&91(> Hi0',) #$"%&=J)>+>MI

$Tc+QM6 $[5*+4SSC5(&'A"(('F/3,\FC!;"h;&91(> !?91)1%;<#

$Tc+Q46 $EE8QaKTSSC5(&'A"(('F/3,\FC!;"h;&91(> !?91)1%;<#

$Tc+Q_ $Y5A*+*F�4*+$, !?91)1%;<#

jAC -J)B%"-J)LC$-)9'<930%()A('%0C#39'J)1%"($%&C#39')0'<)0C$939..9')"(191%0'3(J)"(1$(3%9P(.#



9W%*S#WY$!W)_!\*%`&_$!

! HA!

I3I%D&R]U*OP#*%0ZP")%6*P($"&)%^D06_%

2`*!W\]Y#'#(W%#&)!&'!$]*(#'#(!D70!'SWQ\*)%$!aW$!W(`#*[*_!R$#)Q!%`*!<`R$#&)!]&Y^\*SW$*!=7*a!3)QYW)_!

/#&YWX$!E\XI>-!0$!W!%*\]YW%*!'&S!W!<14!S*W(%#&)N!(`S&\&$&\WY!D70!&'!"@53G6H6?=@!=523;>?6@=!=<06,>!

&S! ]YW$\#_! D70! 'S&\! YWX! (&YY*(%#&)! aW$! R$*_-! 2`*! <14! S*W(%#&)! aW$! ]*S'&S\*_! #)!W)!

�^���‰�‰���v���}�Œ�(� �D���•�š���Œ���Ç���o���Œ� ���E���Æ�µ�•�_���~�^�/�'�D��C0"D4+1I!�t!E*S\W)^>-!+'!%`*!]S#\*S!aW$!R$*_!'&S!%`*!'#S$%!%#\*N!

W! QSW_#*)%! <14! a#%`! W))*WY#)Q! %*\]*SW%RS*! 'S&\! BBs1!%&! ABs1! aW$! (&)_R(%*_! %&! %*$%! %`*! W))*WY#)Q!

%*\]*SW%RS*!a#%`!X*$%!]*S'&S\W)(*-!2`*!R$*_!S*W(%#&)!\#b!W)_!%`*!]S&QSW\!'&S!W!<14!WS*!Y#$%*_!X*Y&a!

#)!2WXY*!?!W)_!2WXY*!H-!

Table 7 �± PCR reaction mix for Phusion polymerase used in this thesis. 

!

Table 8 �± Cycling parameter for Phusion polymerase PCR in this thesis. 

!

1&Y&)^!<14!#$!\W_*!%&![*S#'^!S#Q`%!]YW$\#_!#)(&S]&SW%#&)!#)!$/!46<>!W)_!"/!=523;>?6@=!(*YY$N!W$!a*YY!W$!W!

]S&]*S!#)%*QSW%#&)!&'!]YW$\#_$!&S!$]*(#'#(!D70!$*dR*)(*$-!G&S!$/!46<>Q!$#)QY*!(&Y&)#*$!a*S*!%&&%`]#(f*_!

'S&\!%`*! ]YW%*!W)_!a*S*!%SW)$'*SS*_!#)%&!MACa*YY!<14!]YW%*$!W)_!%`*)!#)(RXW%*_!W%!;?s1! '&S!.! `&RS$-!

9*W)a`#Y*N!<14!\#b!a*S*!WYY&(W%*_!#)%&!W!)*a!<14!]W%*-!2`*!%*\]YW%*$!a*S*!W__*_!#)%&!%`*!<14!]YW%*!

a#%`!]S*C\#b*_!<14!XR''*S$!W)_!%`*)!<14CW\]Y#'#*_!#)!%`*!%`*S\&(^(Y*S-!2`*!S*W(%#&)!\#b!'&S!W!(&Y&)^!

<14!R$#)Q!W!<`R$#&)!]&Y^\*SW$*!#$!`WY'!%`*![&YR\*!=#)QS*_#*)%$>!W$!$`&a)!#)!2WXY*!?-!2`*!<14!(^(Y#)Q!

]WSW\*%*S!'&S!W!(&Y&)^!<14!#$!$`&a)!#)!2WXY*!M-! !

!"#$%&'%"()* +,-./%*0 ��-1*
ddH2O 31.6 

10 x Phusion buffer 5 

dNTP (10 mM) 1 

Forward Primer (10 ��M) 1 

Reverse Primer (10 ��M) 1 

Template 0.2 

Phusion Polymerase 0.2 

;<=>?3"$%, @$'%$#."A#$,B�ƒ=C, DA#."*&+
Initial denaturation 98 2 min 

Denaturation 98 10 sec 

Primer annealing 50 20 sec 

Elongation 72 30 sec per kb 

Final elongation 72 5 min 

Maintain 4 �’  

* step for each loop, 32 loops for a complete PCR run
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! H?!

Table 9 �± Cycling parameter for colony PCR in this thesis. 

!

!

I3J%7MPO&#*%M*R%=17%*R*($O&VZ&O*#"#%

0'%*S!SR))#)Q!%`*!<14N!<14!]S&_R(%$!a*S*!$*]WSW%*_!X^!$#c*!%`S&RQ`!WQWS&$*!Q*Y!*Y*(%S&]`&S*$#$-!G&S!

$*]WSW%#)Q!D70!'SWQ\*)%$!W'%*S!%`*#S!Y*)Q%`N!%`*^!a*S*!*Y*(%S&]`&S*%#(WYY^!$*]WSW%*_!#)!W!,l!WQWS&$*!Q*Y-!

0YY!D70!'SWQ\*)%$!a*S*!\#b*_!a#%`!W!,b!Y&W_#)Q!_^*!='#)WY!(&)(*)%SW%#&)N!_#YR%*_!'S&\!Ab>-!2`*!'SWQ\*)%$!

a*S*! $*]WSW%*_! W'%*S! %`*! '&YY&a#)Q! $*%%#)Q$p! ,;B! @N!BOO! \0N! ;B! \#)-! 2`*! $#c*! &'! %`*! 'SWQ\*)%$!aW$!

_*%*S\#)*_! R$#)Q! W! $*Y'C\W_*! <S#\*S! \#b-! 2`*! _#''*S*)%! 'SWQ\*)%$! a*S*! [#$RWY#c*_! a#%`! W!F@!

%SW)$#YYR\#)W%&S!=F@<C/#&/&(C+229!+\WQ#)Q!5^$%*\N!F)#3dR#]N!E*S\W)^>-!/W)_$!a#%`!(&SS*(%!$#c*!a*S*!

(R%!&R%!'S&\!Q*Y!R)_*S!F@!Y#Q`%!W)_!]RS#'#*_!R$#)Q!Q*Y!*b%SW(%#&)!f#%!=2WXY*!,>-!2`*!(&\]&$#%#&)$!&'!%`*!

)**_*_!XR''*S$!W)_!%`*!Y&W_#)QC_^*!WS*!Y#$%*_!#)!2WXY*!,O-!

Table 10 �± Buffer mix for D ! A gel electrophoresis. 

!

;<=>?3"$%, @$'%$#."A#$,B�ƒ=C, DA#."*&+
Initial denaturation 98 6 min 

Denaturation 98 20 sec 

Primer annealing 50 20 sec 

Elongation 72 30 sec per kb 

Final elongation 72 5 min 

Maintain 4 �’  

* step for each loop, 30 loops for a complete PCR run

E.'$, F+2#$G*$+"3, =&+)$+"#."*&+,
H,I,/2.#&3$,2$0, Agarose NEO Ultra-Quality 1 % (w/v) 

TBE Buffer 1 x 

GelRed�Š Nucleic Acid Gel Stain0.01 ��l/ml 

J,K,DE/,0&.G*+2,G($, Bromphenol blue 0.25 % (w/v) 

Xylene cyanol FF 0.25 % (w/v) 

Glycerol 30 % (w/v) 

HL,K,@MN,4AOO$#, TRIS 108 g/l 

Boric acid 55g/l 

Na2EDTA (pH 8.0) 9.3g/l 

H,64,%0A3,0.GG$#, Quick 1 kb (NEB) 30 ��l 

6 x loading dye (NEB) 20 ��l 

ddH2O 70 ��l 
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! HH!

I3G%6*#$O"($"&)%X"M*#$%P)X%R"MP$"&)%

0!S*$%S#(%#&)!_#Q*$%!#$!R$*_!'&S!(Y*W[#)Q!D70!\&Y*(RY*$!W)_!%`*!(&SS*$]&)_#)Q![*(%&S!W%!$]*(#'#(!$#%*$!a#%`!

%`*! (&SS*$]&)_#)Q! S*$%S#(%#&)! *)c^\*$! =D+! G*Y#(*N! 9#(`*Y#! W)_! 1W\#YY&)#N! .O,M>-! 2`*! _#Q*$%#&)! $*%! R]!

_*]*)_$!&)!%`*!R$*_!S*$%S#(%#&)!*)c^\*$N!X*(WR$*!*W(`!&'!a`#(`!a#YY!(R%!D70!_#''*S*)%Y^N!XR%!R$RWYY^!

a&Sf$!W%!;?s1!a#%`!,C`&RS!#)(RXW%#&)!%#\*-!2`*!_#Q*$%#&)!$*%%#)Q$!a*S*!W(dR#S*_!'S&\!73/!(Y&)*S!W)_!W)!

*bW\]Y*!#$!$`&a)!#)!2WXY*!,, -!0'%*S!_#Q*$%#&)N!%`*!_#Q*$%*_!D70!a*S*!$*]WSW%*_!X^!Q*Y!*Y*(%S&]`&S*$#$!

W)_!]RS#'#*_!a#%`!W!Q*Y!*b%SW(%#&)!f#%-!

Table 11 �± D! A digestion mixture. 

!

!

2`*!_#Q*$%*_!D70!\&Y*(RY*$!W)_![*(%&S!a*S*!%`*)!Y#QW%*_!%`S&RQ`!W!Y#QW%#&)!S*W(%#&)N!a`*S*!W)!*bW\]Y*!

#$!$`&a)!#)!2WXY*!,.-!2`*!"#QW%#&)!aW$!]*S'&S\*_!R$#)Q!%`*!2:!Y#QW$*!W)_!%`*!S*$]*(%#[*!2:!D70!"#QW$*!

XR''*S!=73/!/#&YWX$N!E*S\W)^>N!a`#(`!a*S*!#)(RXW%*_!%&Q*%`*S!a#%`!%`*!_#Q*$%*_![*(%&S!W)_!%`*!_*$#S*_!

D70!#)$*S%!#)!W! ;p,! \&YWS!SW%#&!&[*S)#Q`%!W%! ,As1-!0$!W!(&)%S&Y! '&S!W!$R((*$$'RY!Y#QW%#&)N!W!S*Y*QW%#&)!

\#b%RS*!#$!\W_*!a`#(`!(&)%W#)$!&)Y^!%`*!_#Q*$%*_![*(%&S!a#%`&R%!%`*!_#Q*$%*_!D70!#)$*S%-!+%!#)_#(W%*$!W!

`#Q`!$R((*$$'RY!SW%*!a`*)!%`#$!$W\]Y*!_#_!)&%!(&)%W#)!W)^!(&Y&)#*$!&)!%`*!%SW)$'&S\W%#&)!]YW%*-!

Table 12 �± D! A ligation mixture. 

!

!

I3<F%-OP)#'&OUP$"&)%&'!3(24".0240$!2+%0!

5*dR*)(*C[WY#_W%*_!]YW$\#_$!a*S*!`*W%C$`&(f!%SW)$'&S\*_!#)%&!$/!46<>!'&S!Y&)QC%*S\!]S*$*S[W%#&)!W%!C

HOs1-!1`*\#(WYY^!(&\]*%*)%!$/!46<>!(*YY$!a*S*!]S&_R(*_!R$#)Q!#(*C(&Y_!$%*S#Y*!1W1Y. !XR''*S!=AO!\9!1W1Y. N!

,Bl!QY^(*S&Y!=[Z[>N!,O!\9!<+<35N!]I!?-O>-!BO!\Y!"/!a#%`!%`*!(&SS*$]&)_#)Q!W)%#X#&%#($!a*S*!#)&(RYW%*_!

F+2#$G*$+"3, P&0A'$
DNA/Vector 1 ��g 

10 x NEB buffer 3.1 5 ��l 

EcoRI 1 ��l 

XbaI 1 ��l 

Nuclease free water Fill up to 50 ��l 

F+2#$G*$+"3, P&0A'$
T4 Ligase (5 units/��l) 0.8 ��l 

10 x T4 DNA Ligase buffer 1.5 ��l 

Insert/vector (1:3 ratio) DNA concentration dependent 

Nuclease free water Fill up to 15 ��l 
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! HM!

a#%`! BOO!�…Y! &[*S)#Q`%! (RY%RS*-! 0'%*S! %`#$N! %`*! (RY%RS*! aW$! #)(RXW%*_! W%! ;?s1! a#%`! $`Wf#)Q! R)%#Y! %`*^!

S*W(`*_! W)! 6DAOO! &'! O-BN! &S! W%! %`*! *b]&)*)%#WY! QS&a%`! ]`W$*-! 5RX$*dR*)%Y^N! %`*! (RY%RS*$! a*S*!

(*)%S#'RQW%*_!W%!.N:OO!QN!,B!\#)N!W)_!W%!:!s1-!2`*!$R]*S)W%W)%!aW$!S*\&[*_N!W)_!%`*!(*YY!]*YY*%$!a*S*!

S*$R$]*)_*_! #)! .O! \Y! #(*C(&Y_! 1W1Y. ! XR''*S-! 2`*! (*YY$! a*S*! %`*)! (*)%S#'RQW%*_! WQW#)! R$#)Q! %`*! $W\*!

]S&(*_RS*!W$!WX&[*N!W)_!]*YY*%$!a*S*!S*$R$]*)_*_!WQW#)!#)! .! \Y!#(*C(&Y_!1W1Y. !XR''*S-!0Y#dR&%$!a*S*!

\W_*!#)!,-B!\Y!3]]*)_&S'!%RX*$!a#%`!HO!�…Y!$R$]*)$#&)!*W(`N!Y#dR#_C)#%S&Q*)!'S&c*)!W)_!f*]%!W%!CHOs1-!

2`*!2SW)$'&S\W%#&)!&'!]YW$\#_$!#)%&!$/!46<>!a*S*!]*S'&S\*_!a#%`!2&],O!='&S!*b]S*$$#&)![*(%&S$>!&S!59,O!

�„�‰�]�Œ�=!='&S!\R%W%&S$>-!G&S!2SW)$'&S\W%#&)N!%`*!(`*\#(WYY^!(&\]*%*)%!(*YY$!a*S*!_*'S&$%*_!&)!#(*-!0'%*S!%`#$N!

�í�ñ���…�o!&'!%`*!"#QW%#&)!\#b!aW$!W__*_!%&!%`*!(*YY$N!%`*!\#b!aW$!Q*)%Y^!\#b*_!W)_!#)(RXW%*_!'&S!;O!\#)R%*$!

&)!#(*-!2`*)!%`*!(*YY$!a*S*!`*W%C$`&(f*_!'&S!,!\#)R%*!W%!:.s1!#)!W!aW%*S!XW%`-!0'%*SaWS_$N!%`*!(*YY$!a*S*!

�]�v���µ�����š�������}�v���š�Z�����]���������P���]�v���(�}�Œ���í���u�]�v�µ�š���X�����(�š���Œ���š�Z���š�U���ô�ì�ì���…�o���}�(���>�����Á�]�š�Z�}�µ�š�����v�š�]���]�}�š�]���•���Á���•���������������š�}���š�Z�����u�]�Æ��

W)_!%`*!(*YY$!a*S*!S*(&[*S*_! '&S!,-B!`&RS!W%!;?s1! '&S!*b]S*$$#&)!&'!W)%#X#&%#(!\WSf*S$-!0%!%`*!*)_!&'!

S*(&[*S^N!,OO!�…Y!&'!%`*! (RY%RS*$!aW$!]YW%*_!&)!W!]YW%*!$R]]Y*\*)%*_!a#%`!S*$]*(%#[*!W)%#X#&%#($-!2`*!

Y*'%&[*S!(RY%RS*$!a*S*!(*)%S#'RQW%*_!W%!.N:OO!Q!'&S!;!\#)N!%`*)!%`*!]*YY*%!aW$!S*$R$]*)_*_!#)!,OO!�…Y!"/!

\*_#R\!W)_!aW$!WYY!]YW%*_!&)!W)&%`*S!]YW%*-!2`*!]YW%*$!a*S*!#)(RXW%*_!&[*S)#Q`%!W%!;?s1-!

!

I3<<%-OP)#'&OUP$"&)%&'!'(")*+,+-$(!$".)/0-+($ %

1`*\#(WYY^!(&\]*%*)%!"@53G6H6?=@!=523;>?6@=!(*YY$!a*S*!]S&_R(*_!W((&S_#)Q!%&!W)!*b#$%#)Q!]S&%&(&Y!

=1`RW)(`R*)N!7WSW$Wf#!W)_!5(`+#c*SN!.OO.>-!2`*!(*YY$!a*S*!\W_*!(`*\#(WYY^!(&\]*%*)%!R$#)Q!#(*C(&Y_!O-,!

9!9Q1Y. C$&YR%#&)!W)_!(&Y_!%SW)$'&S\W%#&)!$WY%$!=2E!$WY%$>!a#%`!QY^(*S&Y!=?B!\9!1W1Y. N!A!\9!9Q1Y. N!,Bl!

=[Z[>!QY^(*S&Y>-!0!B!\Y!&[*S)#Q`%!(RY%RS*!&'!W)!#)%*S*$%*_!"@53G6H6?=@!=523;>?6@=!$%SW#)!aW$!]S*]WS*_!W%!
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Table 13 �± LCMS/MS parameter for c-di-GMP measurement. 

1PU*%
DO*(NO#&O%%
+&)%

DO&XN($%%
+&)%

0&RR"#"&)%%
*)*OM]%c9d%

/OPMU*)$&O%%
9&R$PM*%c9d%

0*RR%
7((*R*OP$&O%%
9&R$PM*%c9d%

=\*RR%
$"U*%%
cU#*(d%

D&RPO"$]%

1^(Y#(C_#CE9<!
!=URW)%#'#*S>!

AHM-,! ;:: ! ;? ! ;HO! B! ,BO! )*QW%#[*!
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Table 14 �± SDS-PAGE gel and buffer formulation. 
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F+2#$G*$+"3 P&0A'$,
>$3&0Q*+2,-$0,5HRI7, ddH2O 1.1 ml 

30% acryl-bisacrylamide mix 2.5 ml 

1.5 M Tris (pH 8.8) 1.3 ml 

10% SDS 50 �—l

10% ammonium persulfate 50 �—l

TEMED 2 �—l

!".)6*+2,-$0,5RI7, ddH2O 1.4 ml 

30% acryl-bisacrylamide mix 330 �—l

1.5 M Tris (pH 6.8) 250 �—l

10% SDS 20 �—l

10% ammonium persulfate 20 �—l

TEMED 2 �—l

HL,K,!D!,</-N,#A++*+2,4AOO$#
%S,JTU,

SDS 10 g/l 

Tris 30.3 g/l 

Glycin 144.1g/l 
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