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SPACEK organisms-: WHO priority pathogens list for R&D of new
SPACEK have inducible chromosomal pactamase S0 e Ul Buonyp B EREE A

genes ( AmpC ) Serratia spp, Pseudomonas / indole + Aemetobacgsr baumannii, carbapenem resistant
Proteus spp, Acinetobacter, Citrobacter spp, 2-Pseudomonas aeruginosa, carbapenem resistant
Enterobacter cloacae / Escherichia coli, Kiebsiella 3-Enterobacteriaceae, carbapenem resistant, ESBL-
producing

SPIGE organisms-: SPICE have inducible Pseudomonas
chromosomal p-lactamase genes (AmpC)

Serratia spp, Pseudomonas, Indole + Proteus

aeruginosa

CDC hazardous level-serious threat
(2013)-: multidrug resistant
Pseudomonas aeruginosa

|
2 ol b
spp,C acter, E

Escherichia coli ‘

ESKAPE pathogens:- leading cause of nosocomial infections
throughout the world : Enterococcus faecium, S. aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter cloacae species

Drug Discovery Today |

Figure 1 +P. aeruginosdf Mclusion to different world pathogens categories.

Many world recognized pathogen classifications have incl@degruginosaccording to its virulence traits. SPICE
and SPACEK organisms, a class of Gram-negative bacteria that share thesdmafly encoded beta-lactamase
genes (AmpC), which give them intrinsic resistance to antibiotics such as peniciliie dedvatives. World Health
Organisation (WHO) and the US Center for Disease Control (CDC) al$d petuginosanto their respective high-
alarming list. ESKAPE pathogen list is generated according to the leading causecoimabinfections(Azam
and Khan, 2019).
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A One step process B Two-step process ]

Figure 2 +Bacteria secretion systems.

A). Secretion systems in bacteria that deliver substrates in a one-step manner {&eamdependent). Under this
strategy, substrates are transported through a continuous channel thaspene bnner and outer membrane, as
well as host membranB). Secretion systems in bacteria that deliver substrates in a two-step manner {®¢c- or
dependent). Under this strategy, substrates are transported to the periplagith fingt help of either the Sec (T2SS
only) or Tat pathway and then transported across the outer mem{@ac&n-Ostrzyckat 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 animajgretBalmonella enterica,

Shigella flexneriand Yersinia enterocolitica Protein names (Sct) are set according to the common T3SS

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

in bold italics, variances in function are included in the brack€fsen, Ermoli and Diepold, 2024).
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Figure 4 £+T3SS partner-switch mechanism irP. aeruginosa

In the absence of secretion signals, repressor ExsD binds to ExsA aedtpiexsA from binding to theromoter
to activate T3SS operon transcription. Meanwhile, ExSE binds to Ex$€. ra&teiving the secretion signal, EXsE is
secreted out, triggeringxsCto compete with ExsA for ExsD binding. This relives the repression on BXsAfree

ExsA can thus bind to the promoter region and start the T3SS gene expre@itimams McMackinet 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 extermdid T6SS is assembled with
membrane complex, base plate, Hcp tube (inner tube) and TssBC shéatlkedotractile sheath). At the contraction
stage, the polymerization of the sheath proteins drives the contraction and dieéverer tube to the target cell (or
environment). At the final disassembly stage, ATPase TssH depolymerizes shésitis @nod recycles them for a
next firing round. T6SS cargo effectors are loaded onto the inbertipl structure (Hcp-VgrG-PAAR) non-
covalently, and specialized T6SS effectors are connected to Hcp, VgrG or PAAR tgvbalpan contraction, the
Hcp-VgrG-PAAR-effector complex punctures into host cell and releases effectors. (@syl019).



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

<B3AY%-E, %*"*($8&0#%

DR*1%6&! %I XS&W_! SW)Q*! &I XW(%*SHWY! $]*(#+$! % W%! "&$%! 2A55N! RAFS! +24 %R SE[*Baf* *[
'R)(%#8&)$-16)*\WG&S! (W%*Q&SMW(%SIWS!IW!]&%6*) %! W) AR SEXHWY 1a* W] LONIOANIS SRR QHEXoH)
aAWYYSNI(FYY!_#[#S#&)NIW)_1Q*)*%#(1\W%*SHWY!% S&RQ " [WSHIRSBIRI VO RS FIANTEERIN S

*(0h& S (W) H(H¥) % Y AFHEY Y (8\]*%6#) QIXW (%* SHWI & SINWH) Y WH) 1% B8 IMB RSB UV $S1&. !
2A551*"%(%&S$! %WSQ %S *RANSA&Y6#(1 &$%SNI#)(YR_#)QI'R)Q#IW)_IW)HAWLSSF)IHMSIKBR) QY NI $&\*!
1&SS*SSNRY Y6H#]Y*I'R) (%6#8)$-10__ #%#&)WYY NIW)&% *SIQS&R]!& 12 ABHIS (HRSLEY ERNE' 1% *!
$*(S*%H) QI(*Y YSI)IW) ) [WSHE)CH)_*¥)_*)%N\W))*S-IREHRI: >26 @WSIX*)!$ &a) 1%& \W)H#]RY WY6*!
XH&HY\I'&S\WOHE)IW)_N&YotY #96 NIS*S[#) QIWSIW) 1 #) S E)EISEXHRIHSEL)ERN . O . > 2$*G!
&1"1=523;>76 @HS$! '&R)_1%&!\*_#W0%*! %' FRIPOWF |S&(*$$! =51 =K1 .0, 235#4\#Y WS Y B ZD>?>=!
S@53G613M524346@2@d 0°" (( $}E z IW « A VP » svg INWELROBE] S]A -
F)Y #5419 *1"&$%! (*Y Y C%WS Q*%6#) QI*"*(98 ST MBIV 1 *(96& SSI&T* SWU6*1#) W1 (&) %W (96 CH)_**)_*)%!
\W))*SIW)_IWSHS*(S*06*_1#)%8&1% *I*h%SW(*YYRYWSH)[#S&)\*)%-12 #$IR)#AR* X I BHES S QXY *$1%’
XW(%*SHW!%&!*D]Y &#%! S*$E&RS(*$IW)_I X*%69%6*S!|SFIWS* ‘&SI $%6S*$$-! 28 NG Mot S CHRUSD*%6#)Q!
SHXYH)QI(YYSNI% *1*"* (% & SSIWSH|WHS*_1a#06 IS]*(# #H(IH\R)H%N | S&Y0*H) §SRIGHISFRHOLHS,)!
XAXH)_#)Q1%&1% *#SI(&SS*$]&)_#)QI"*(%&SSNI% *SXAXY &(FH) Q1% *#S I\ eNNOB IS o $ TSI

.0,Am! 1&RY % RS$I6NE)DHIE2;55!1 "+ (%6&SSN! & #(' WS* %SW)SY &(W%* ! (&)%H#)RERSY N #)%&! %+ &$%
("%&]YWS\N! 2A55! **(%&S$I WS &) YA SHSRH%* IW)_I#)g*(%* | R]&)!)**_HONYo* (WHOEL *#06 *S|
*SHIYWS\ &S! (M%E&]YWS\! &'1%*1 " &$%! (*YY$-! 2 #$! (WSW(%*SHSYeH (I WY $E&RIZ! KR! AR M CTV\

) %I $*(S*00H&) & 12AB5IF * (%&SSI=/RST)S WalW)_15%SMW_FWNLO, mISW)WNI/*S)#W)_1/Y*[*$N1.O,A

<B3B%-E,,%&)%5.)/0-+($ %

E*&IW)WYASHSIW) 1A Y &Q*)*%o#(1 $%R_#+$I W[ SH*WY* | #"+S*)06! 2A55! Q*) DF SRBHDSHENASRIQ
_#S%H) (%! 2A55$H[& Y[*_I'&SIS* (##(!'R) (YoH#& BLHRMSDNOSIWIIWSW_#Q\I"&$%#)Q!_#[*S$#'#*_12A55$N!
"1=523;>?26 @&$S*$$*$!1% S**1_#$%#)(%! 2A55SNI YWX*Y* _11,C2A55!% S&RQ'!I;C2A55!=5\AGWINI/*S)#IW)_!/
.O,A>16'1% *$*N! |, C2A55! #5! % *1\&$%! $%R_#* W) 1 JSHWSHY N %WSQ*%$! |S&FWS &IHSEY YSN!I\*_ #W
XW(%*SHWY |(&\]*%#%#ESH . 0,0 *1$%R_M&'I2A55!*"*(%&S$ISRQQ*BYEZABBIW)_!1:C2A55!
CWHIHD*I'R)(%0#&)SNI'W(HY#%W%#) Q1% *1#) [WSH&)!&'I1X& %6 ]S &FW S & Yo INB)VFRIAR R (! (*Y Y
AR$SBLI=H1.0,;m!I TABIGHY.O,:>IG&S*DW\Y*NIT &$] & YH]WS*$I<Y_0l=*"*(2o&LR&I5>IW)_I<Y /!
=*"*(0p&SI&'II; C2A553182523;>?26 @Z A v «Z}Av 8} ( ]10]8 8 8Z % SZ}P v[e ]Jvs EvV
*RIWSA&Yo#(! (*Y YI#)[WSHE)N! & #Y*I WY $&! 0" #X#%#) Q! W) %o# X W (%6* SHW YIWY (SGHEFCRRHVL @UMN ! I&&
2°&RQ1% *If)&aY*_Q*1&)!.C2A55! W)_!I;C2A55! $%W ! Y#H#%* _N! . CZAFERMWSLE!\&_RYW%*!



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

XW (%*SHWIH) %+ S)WY HCWYoHE) ) F#% *Y #WY I (*Y Y $I=5W) WNI/*S I BEABBHYSSING AR oM

\F_ #9619 *1#) * (%oH&) $IH) I XBHS G6S @> @ LA IERIQNE, Y $I="SHERN1. OOM>-12"&RQ N&$%!&!

% *1#\|&SYW) %! 2A55! (&\]&)*) %SISR TWSI02<W$ 1Y]@NI$ *W0% 1 |S&I6*#)1 2$$/Z 2SS SEYH#))*S1 %R X*
I(INIS &al (*SY%WH)! &\&Y &QMNW/(SE&SS$!% *1%% S IPABIBIHRE6 @=B#Y Y &RbNIW( W)#W)_/Y*[1$N!.OOH>
IAY&Q*)*06#(1$%R_#+$I W[H$ &a)IW!_#$%\W)%! S*YW2%#&)$ #]NISRQQ*$YH(B HVWS6) So L) OROME,)
IWHY*N W) <WY'Y*)NUBBIE C2AB5! W$! X**)! $°&a)! %&! X*I WSS (HW* | a#t%™! % *! XH&HY\ YH#*$%NY
=_#$(R$$*_IX*Y&a>I=BHREA.0.0>NI% #$1% *$#$!' & (R$*$1&)!% &K RARR; > 26 @=

05! W! [&%*)%! XW(%*SHWY CHEYY#)Q \W(#)*N! % ! $*(S*06#&)! $"$%*\! &' XS5 WEBIXWB#ERS!
XH&Y6*()&Y &QN WY #(W%H#&)SN! WS %#(RYWS YA #)! ) *R%SWY #CH) QTS WY Y 00+ SHWEI0%
R$*12A55!'&S!I *06*S&Y &Q&R$IS&Y6*#)1 % SW)$Y &(WO#E) )| &SQBHEHKGRAIVER 53G6H62=@!
=523;>?6@ERc\N)CI*SSW_&SNIG*S)n)_*cCEW*CIW)_I"Y &SINB)BIES W) Q% $IQS* W] &%6*) Yot WY I'&S
'RYGRSHIW]]Y #(WH&)SNISR( IWSIW((#)*IW)_IW)%6#XE_N_*YH#[*SA-1&Y% IYRHDE) HIveVIIVIRS Y SH*$!
(&RY_I*"H#(#)%YMN\&_#NSEHYI&S!I RIW) \H(SEXHEYW! #)! W S\WSDIQE) SN IRBHN! RY YotA W% YAl

X< #%#)QI RW)! WY % -!



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

<3AYR" (KW MNP)|RPS%6P)X %R +#S$]R* U S@PYHIRISHEH!") %

<3C3<%8P($*0"PRY6#*(&) X% U*H##+)M*O#%
5%(&)_I\VF$$%)Q*SSIH)IXW(%*SHWIN*_#W*$1% 1] A$H#&Y &QH(WYIS*$]8) $*$106&!%) [#S&)\*) Y&GYE Q*SNIW)_N\
&'1% M\ WSH )R(Y*&96H 2SS *bH#$%*) (< #5! a*Y Y1 (&)$*S[*_I#)! WYY XW(%*SHW! $]*(#*$-1 0! (&\&)! $*(&)_!
\*$$%)Q*S! SHQ)WYH)Q! TW% aWN! $%WS%$! 'S&\! % *! *)cNWok(! W(YeHH%#*$! (W)Q*! &' 96! $%(&)_! \*$$*
FOOWX&YH()CMN*SNIA #( IWSHWYaWASIW Y $&IS*$|&)SHX Y & SIW((*]%#) Q1) [#S GRS ARAATINY $-1

% * YA XY CW)Q* &1$(&)_I\*$$*)Q*S$I#)_R(* I XM % *I\F06WXE&YH(I*)CABIGHSWNE*SS* 19681% *#S!
_&a)$%S*W\I *"*(%&SEN! \&$% Y %SW)$(SH|%#HE&)WY! S*QRYW%HESSN! W) ! % R$! SRIRSWI* S*YW
S*$]8)$*$I=GHQRS*IA>-II

0)! *b%*)$H[*YN $%R_#*_ 1 R(Y*&%#_*1 $%(&)_! *$$*)Q*SNI (A(YH(! W_*)&$H)*! \&)&]EODNIHH$!
(&)$H#_*S* 196 *1\&$%! WXR)_W)%! (\Y#()R(Y*&Y%#_*IR$* |W(SE&SS! _#'"*S*)HSRBIIOISSP-1 0!
W_SAYAYT (AYWS$! =01$>I W)_I_*QSW_* I XA |'&$]| & _#*$%*SWS*$! =<D3$>-1 +)1 XW(%*FHEWN! (09<! #$!
S*$]&)_*SIW)_N\WH)YAI'R)(%6#8&)$1%&1#)'Y R¥)(X1Q*)*1*0]S*$$#E&)1 % S&RQ 1% * ABRHS S LBPHRY Y $&!
f)&a)W$!% *1(09<CS*(*]%&S!|S&%*#)I=E*)QIW)_ITHWIEKI4BB=4152>3H!13M524 B0 DWE@oH[#96"!
#$! SFQRYW9%* | XA [WSHERS! *)[H#SE&)\*)%WY! (&)_#%#&)SN! SR( VWS! WAYH EIMENSX)\AG]! W) !
9(D&)&RQ N!0, 32 *I(09<C1S]/]W% aWAN*_#W9%*$1% *IQY R (&$*1S*$]&)$*1#)! [WSHE R BUSRGAS-1+)!
%*1(09<C1S]! (E\]Y*D!#)_R(*$!1% * YW(I&]*S&)!'W%! Y &a! QY R(&$*! (&)(*) % SWIKEY B BANVIR6E)RS!
YW(%&$I WS WI $(&) WS (WSX&)! SIS R RANBSHRY WS YW AK6<5MEQY R(&$*! YAHYWHE,)!
W(%6H#[W9%*$!(09<C1S]NIa #('IY*W_$!%&1% *R]S*QRYW06#&)I& X#&'#Y\IVYY) SHRESRCEH 50!

% *IXW(%*SHWIW_W]%!%&! #SW_[W)%WQ*&R$!*)E38ANBEI2MHGEIQ!W) _18#Y _#cNI.OOH>-!

0)&% *SI*HWATY*1 &'1WIXW(%*SHWY1$*(&)_I*$$%)Q*S1% Wh!\*_#W%*$1% * $%S*$$! S*$]&J$*1#$!% * QRW
%*%SW] &$] W%+ ZQRW)&SH) ) %W] &S] W% ==]>E]J>! WARYANIWY$&! (WY Y* |96 NVHIVS\&)*$-! F) Y#
JR(Y*&%#_*$N! % * YH)*WS! =]>]JE]]! \&Y*(RY*$! WS*! \F0oWX&Y#c* | XM WY& B %REF*$! W) |
XH#R)(%H#&)WY!$N)% WSZ A S&YWSH*)CA*$-12 #1870 WES! R$H ] &S] W6+ ' S&\VORLDR S TR %!

=]>TIETIN' #( HSHH%RWY YA A S&YACH 1#)%&IED<I&SIE2<IW)_INSEIIESTH>1=1W) (#) GCBANVC!
0.;>-I=]>]IE] \*_#W9%*$! % *1 )R%SH*)%! $%S*$$! S*$|&)$*! #)! $*SWY! aWA$-1 F)_*S! $%S#)Q*)%! (&)_#9%#
=ISTIETYA[*Y $1#) (S*WSHNI#) #X#Y6H#) Q1% I W (Yo [#I6MN &'1% *1*$$%) Yot W DIRHOMVI S SSEBYGEX Y *!

'&S! "&R$FHH)Q! QF)* *h]S*$BHE)! =x$%*SX*SQN! <+$&CEW)%ES! W)_| 5 #)DI¥$S 6, 470!
1&YN*SWHSI06&IXH)_1%6&I$%S*$SCS*$]8)$HSHQW!'W(%E&SSNISR( W $!4] &5 NIGHESBBIBAMIL* | S&Y6*(YoH|
464 =]>TIE]] WS! WY $&! X! $°&a)! %&! |S&%*(%! 4]&5!'S&\I 1Y]L<! S&Y*WSE\*C\*_ #W%&)! *QSW_W%H#



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

=/&RQ_&RSN! J#()*S! W)_! E&%%*$\W)NOD.OBM#&)WY Y AN! =]>]|E]]!_#S*(%YN S*QRYW%*$! %SW)$(SH]%:
S*QRYW%&ESS$-! G&S! #)$TMKENBE @SMRSHQ! WWH)&! W(H | $%WS[W%#&)N! =]>]JE]]! X#)_$! %&! % *
%SW)$(SH]%#8&)IS*QRYW%ESI<RSANI(&\[*%6#) Qla#% H%$!#)_R(*S-12 HSH KB RISAHY (HHEHo"
W)_196 1 *h]S*$$#E)! &'1 Q*)*$! SKYW9* _106&!1 [RSH)* $1)% *$HSN! S* R(#)Q! % *)SAWH! ' RER MM
=0)_*S$&B1I=M!.0..>5HH#YWSYINUHRIR) *SIWH)&IW(#_I$%WS[W%HE)!(&)_#%#&)SNI=]>]E]]I'W(#Y#%W
WA)&IW(#_ISH(A(YH)QIXAH)_R(#)Q!"&)|S&U*WSC\*_#Wo%* | *QRbANVVEIRASH S =5#EIY *Y YW!
=<N!.0,0>-!

0%$!% *1\&$%! $%R_#* | (M(YH#(I_HR(Y*&Y%t_*IW)_IWYS$&! % * %WSQ*%! SAToOHSESBEE It (AN #(C

$M% *$HC* I'S&\I%a&IE2<N&Y*(RY*$IW)_| *QSW_* _1#)%&REFRDCT*Y $H#) X W (%* SHWIWS*(&)%SE&Y Y* |
XA (CHEEI<! FOWX&Y#(! *)cNV*$p!_#QRW)AYWO6* (N(YWS*$! =DELSN! '&S! $9% EHESINBWS*$!
=<D3$NI'&S! *QSW_Wo%H#&)>NH)IS*$]&)$*106&! #"*S*)%I] "SH&Y &QH(WY )WY YISIFHSE) ONHRMASAD
D*)QN!.0.;>D&a)$%S*W\! &'l % *! (EE9<! SHQ)WYH)Q! W% aVEDH (CX#)_#)Q! S*(*]%&SR("I WS!
%SW)$(SH#]%H#&)WYIS*QRYW%E&SSNNA70IS#X&Sa#%(*SNIW)_IS&Y6*HSPISSHNPH) &) QIS 1 R)S*

% *1 $HQ)WY! %&! WY%*S! %SW)$(SH|%H#E&)WY! &S! *)cNWb#(! W(QH[H%H*$! = TP LIGIZIERKHFSS! W) _| "&S?
S*QRYW%*$IWIXSE&W_ISW)Q&'I] "$H#&Y &Q#H(WYS&(*$$*SNI#) (Y RN QUEHEHIAINE FRVGSH6! $%6S*$$!
S*$]&)S*N! W) %o XH&I6#(! S*SHS%W)(*NIW)_I &b# Wo%H#[*! $%S HHI-SHB] Q) SHESNPONS%C_# RS#XY !
SWYYN&Y*(RY*NI(W)Q*1&'1% *IQ VERBAER Y HSIWSSRY*_106&1#) R(NW)N] A$#&Y&QMN( W) Q*$IW%I% *!
WA 06#NI & #('1]S*$%)%$! WI (WY Y*)Q* %6&! |S*(#$*1 S\QRYW%H#&)! % *&SH*$-1 +)$%BINVEVE%6! "WS! *[&Y
$%SWU*QH*$1%&! Q*)*SWO $]*(# #(| &RW]R%S$-| 5% R ABEDS! QI BYWBL*SI#%$S!* (%S XM XH)_#)Q!
%&!_&a)$YSHW\IS*(*]2%6&S$!ak% [WSAH)QIW"#)#%6#*$! =IyDEBR U@ EI<\*UWXE& YH#(1*) cN*$!
S*QRYWOLHISI*(#H#(1] *)&YN*$!_R*1%&1% *#S!_#$%#)(%! 7C%*SWH)WY!$)$&S!_&\WHSAR AN \*$!
'&R)_1#)! (Y&$*! |S&b#HIN YREEX! S*(*|%&SSN! WY Y&a#)Q! '&S! W! SRX%YANW)WQ* | W) I $](##(! &R%
%’ S&RQ IWItY&(WYI$#Q)WYH) QtI$%SWo%*QH=1*)QQ*NI.OOM>



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

- SpoT/RSH

&y GDP(GTP) , , ,i_ GDP(GTP) @
; + ATP alade A i

o e e T e + PPI
I PP ip)pPGPP | L

e S e ; 1%
cyclic AMP g e eIt ﬂ
+2PP
lic di-GMP i
l \ 1 L l, 2 GmP
o= s
l Replication

/\ ¢ N
il Transkription =
,.--..._ ] / o

—

I Virulence | # Cluissdim progression
iofil sensing
Catabolism of || Biofim
alternative Stringent Sessility/Biofilm
carbon sources response formation

General stress
response

Current Cpinken i Microbaology |

Figure 6 +Schematic review of second messenger regulations in bacteria.

a): CAMP signaling in bacteria. CAMP is synthesized by adenylate cyclase (Cya) and degrptedpdhodiesterase
(CpdA). cAMP binds to cAMP receptor protein (CRP) and mediates responseslémadrucarbon metabolism,
biofilm formation from the transcriptional level. cAMP can also directly bind to epécation initiation protein
DnaA and activate DnaA by removing tbeund ADP. b): (p)ppGpp signaling in bacteria. Level of (p)ppGpp is
controlled by homologs oE.coli RelA and SpoT proteins. (p)ppGpp binds to RNA polymerase and leads to
transcriptional changes related to virulence, stringent response and quosimg.skrcan also bind to G protein
(guanine nucleotide binding protein) and induce the downstream translational level altejy&tidi-GMP signaling

in bacteria. Gdi-GMP is synthesized by proteins with GGDEF domain and degraded by proteinSAtitand
PGPG domain. @i-GMP binds to various effectors, mainly transcriptional regulators but #leswitches, to
induce transcriptional level change of proteins related to cell motility, virulefafdnbformation. (Pesavento and
Hengge, 2009).
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Figure 7 +C-di-GMP mediated lifestyle transition cycle inP. aeruginosa

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

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

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

box according to their function distribution in certain stage of the lifestyle agoler of the single cells in the above

picture indicates ci-GMP levels, with blue color indicating functioning PDEs in the cell. (Banetjed, 2021)!
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Figure 8 +C-di-GMP mediated lifestyle and virulence transition inP. aeruginosa

Kinases RetS and LadS works on the GacS/GacA two component system, which tthas$ggral to the small
RNAs RsmY/RsmZ. The small RNAs inhibit RsmA, a translational regulator that pgemaotility and T3SS-
mediated acute infection while inhibits T6SS and biofilm-mediated chronic infectidrGMP governs the acute
infection-chronic infection switch inversely to RetS, by influencing T3SS, T&88, motile-sessile lifestyle
transition. (Moscoso et al., 2011).
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In the phenotypic diversification model, the bacteria will make decisions according to environmental changes,

Figure 9 tModel of phenotypic heterogeneity strategyn bacteria.

one subgroup will maintain fast cell replication and stay non-responsive, with the other responsigbajrgep
their physiology such as virulence. This strategy helps the bacteria to survive the environment selection.
(Schrster and Dersch, 2019).



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

<3G%.V$&M*)*$" (#%P)X%"$#%PVVR"(P$"&) %! %QP($*0"&R&M]

6]%&Q*)*%H(SNIWYS&! S**SS* 1068 WS $)% *%6# (1] &Y6&XHE Y & QNYEEN VS EENVYPOH{Y6#8)$! %6&!
1S&AWSAZYH(! (*YY$-! 6]%&Q%)*06(S! (&\XH)*$! &]%H(WY! W) | Q*)*%#(! W]IS&W( *$(SHUHBAPEEEY! %
I ASH&Y &QH(WY!S&(*$$*$! &' Y#[#) Q! &SQW)#S\S! R$H) Q! YH6 TS BRIMAYNSENVSWCEIWIW)_I5W *YN!
.0,Bm!KAN!IO_#WSH# W)_| D*4#$$*S&% N!.0,?m! G*S)W)_*cCARH#CN! 6Y#[WIBBHOH) WK QTH)! %6 *!
MPO$N!I S*$*WS(*S$!_#B(&[*S* 196 W%! XW(%*SHWY!S & &]$H)$S! (&RY ! XHWHDHNE6* SOK S

W)_! 5%&*(F#RSN! M?2,m! 6*$%*S *Y%NBRMBAIR*)%YAN! W! Y#Q %C(&)%SE&YY* | Q*)*! |S&\&%*S! aW!
*$UWXYHS* IRSH)Q1% *[YW)%!] %&(" S&\*I/C] "%&(" S&\*I#)%*SW (PRNISHIIBEESIS $%6*\NIW)!

%€, S%196 WOLl(E\XH)*$!_#"*S*)%6H#)Q_&\BI&'IY #'*1#)%6&1&]%&Q*)* Yot (SISYR _H#HIE TRNRIVEASIARIMM>

241 HRY &I\F) %! &'19% %1 &]%6&Q*) Y0 ($1#)! % *1'&Y Y &a#) QI *" &S %$! #) (YR_IBIRHSLIFSN &'1\&S*
YHQUB*$]&) $H[*1] S&YMIRY6IWY $&1% *#SIWT]Y #(WYeHEIF T &) IRV YIW (YoHH%6 H) \WNWWY NE_*Y$!
=5RQ#FWA\W!W)_19RF& WY%WN!, MH:m!7WQ*Y *%IWY-NL.OO.mH&A *)1*06IWY-N!.OOB>

+)! .OOBN! &]%&Q*)*%#($! $%R_#*$! *b]W)_* | 'S&\ % *! *RS&Y&QM #)%&! % *! HRQME W (%6*SHE
S*$*WS(*SSIRS$* 196 1] &%&S*(|%&S!1],196&!(&)$%SR(%IWISN) % *Uott(If#) WS PER)QUYNERIETYRY
*D]S*SHE) G A6ERSH)QIS* I YHQ %! ="*BNRIVIOOBS)*| &'1% *N\&$%6! W%%SW (%#[* *W%HRS*$! &'IR$H)Q!
&]%&Q*)*%H#(1 S $%H S #$! %6 *#S! H#Q 1 %M [&SWY!W)_I S]WOHWY! S*$&Y RYGHE) K21 & HA OB $6i0(
1S8%*#)$1%&! Y#Q %IWY Y &a$!'&SI'W$%!W)_1&'06%)| SH*SSHXHEWBORNVINSEIES*$-118)$*dR*)% Y N!
&]%&Q*)*%H#(1$at Y6 ( S (W) YWS QY AFY ) W%1% * Y WQQH) QI * (%S WSSE& (HABH* 4BV NR) $%6# 6 R Yot
#)_REXY**D]S*$$#&) W %0%6*S)$-!!

9&$%YN_*SH[* I'SEAITYW)%! YHQ %C$*)$H)Q11S&Y6*H)SNIW! WS &1 NEUKR QY (1 $$%H\$!)&al
*DH$YNI(&[*SH) QWS Y% %) 06#SHY #Q %I$]*(%SRUIZ&IN 0! _#"*S*)%6*h]*SH\*)%oVOFISSYRAESH*) %$-1+)!
YHQ %! $UHRYWOHE)! #$! S*CH[* | XN W! ((S&\&] &S*! (&'W(%&SN! a #('! WX$E. SR \RAHEGS-! 2!
(&)'&S\WYLHE)WY! (W) Q*1#51% *) % SW)$\H%%* _1%6&1% *I|S&Y*H)! (&S*H)IRSBHBYFNEIIRO!
(WO%*Q&SHC* | #)%&! $**SWY! QS&R]S$-! 27 (W))*Y!]S&%*#)! QS&RIN! a#_*YCHRSFY! SYIRRBEY W) |
#)(S*WSH)QY [SHWY*)%! #)! |S&IWS &I6#(! S*S*WS(N! #$! XWS*_! &)! YHQ BICHSHPY! GBSO

( S&\&] &S S*U6H)WY-! 2 #)%SW(YYRYWS! ]S&Y%6*#)! QS&R]IN! a #("! (W)! *WBAEM SHSRSL IS0 |
FWXY*SIYHQ %! (8&)%SEY ) 1&% *Sa#$* YHQ % CH)$)SHIH[* | SEIA* Q¥ IO HSRB)*DW\] Y *NI#)!
WI$%R_MNa *S*1"6 @240<1&]%&Q*)*%#(1]|S&Y*#)$IJ*SH'RS*_1%6&12;55!(&\]&)*) 2SN EREABER YIH!
WCHT*_IYHQ %C(&)%SE&YY* 12,555 (SER@&H)15215264649 148 1!=K.0.0>-!

B]%&Q*)* (S WIYH(WOHE)$S! #)! XW(%*SHW! (W)! X*!#[# * | #)%&! %a&! (YWIS\PEIHBY WS *! #
FCW)ES\NIT &26&)$I WS* 06SW)$\H%6%* 196"SERQ™!_ #"*S*)%!_ &\WH)$! &'\ WS DY HIQEHEH S&Y*H)!



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

(&) &S\WOIHE)WYIW)_IR)(%#&)WY I W)Q*S$-14)106 *1#) %6+ S\& Y *(RY WS\ MBI ARNIRAGRSIV) Q!

00 +H#SI#)%6* SW (96#E) TH)*%#($I R]&) $)$#) QI YHQ %-1 F$#) Q1% S\ W)HS\SN | &YOGR G T EEIVESINIX
&1Q*)*1*D]S*$SHE)NIXW(%6*SHWY I $HQ)WYH) QNI W) _I|S&Y6*H#) BH VAR 2B HORBES *$* WS (*S$!
WHSR(($SSRY Y& RYWO%* IXHE&HY\'&S\WOLHE)IXM(&)%S&Y YH)&Q 000 SHERHR6 *(SR(AWY!

&S] &_#*$%*SWS*$!=<D3$>! S*$]&)SHXY*I'&SIXH&HY\_*QSW_WOo#&) e SI&RIRI LM R(DH

2 ISWIZAWATYWO6*ST *FY&T* IWIYHQ %C_*%)_*)%N&_RYW96#&)W]]S&W( 19ZASSOQIYDIH) IEW(
(WS(W_*N! %*1 \W#)! S*QRYWHH&S2BS 26 @EESRY*)(*-! 2 #$! \96°& ! SR(*$SRYYN \& RYMW%* !
=523;>76 @1 (%#8&)$! #}E5762K=MG>1>@! 5=F <T@ =1 .0.,>10__ #%H#&)WYY N! W! YAQ %C_*]*)_*)%!
W_)AYWOoH (ANYWSH WS XH) I R$* 1)1 XW(%*SHW! %8&! (&)%S&Y! (09<! $HRET*BEBH! YIS Q*S!
R)#[*SSWY YA [S*$¥)0%! #)! XW(%*SHWY! $I*(#+$-1 2'#$! W]ISEW('!| S*QRY W% S QRN ESANES SNHE Y
#)(YR_#)Q! %a#%( #)QI\&YoHYHYN W) 1 &$%6! (*Y Y32 (I8, b=LBAIEY WS Y AN! %6 #$! $%SWI*QA W$! X*4)!
%) _* 1%&IMEEIISHQ)WYH)QIW) HSIXFYH*_1%68&1&Y_1QS*W%!|&Y%*)%HWY!'&S!(&)%S&N Y#)QI#)*(%#
#)1% *'RORS*-!

6]%&Q*)*%H($! "W$! X*(&\[RA*S'RY! %&&Y! '&S! WY #(W%H#&) C&SH*) I8 aFBBIR W SLE%R_N &'l
&]%&Q*)*%H($! WYSE&! 'W($! (WYY*Q*$-! G&S! #)$%W)(N! WAX#*)%! YH#Q WA WY(IRSENABIVo4E)WY
“NFSSH)SHYOH* &]%&Q*) Y| S SUHSNI |&SH)Q!_#"#(RY %#*$! #) WM QEIBH@S #I6#&)WY Y NI '#Q'C
*SQNYHQ %I S&RS(*$ISR(IWSIF@!W)_IXYR* YA#Q %N! (W)! (WRSW BORH BB G AN BT IY *1 06 *!
XS&W_! %&&YX&b! &' &]%&Q*)*%o#(! 1S&Y*#)$! &"*S$! QS*W%! &]]&SYRFHPHKEN &4 M ISQHKD!
&]%&Q*)*%H(I$ $UM I 'RSY6 *SIHDW\H)WOHE)I%6&!W (#Y #26W%6*1% +#SI'RYRSHW]] YH#(W6#E) $-!



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

Intramolecular

g control
N
Xa Direct control

| Intermolecular (e.g. split-protein)
Optogenetic w’
activation

Dimerization

v

! Sequestration
+. (from the site
», of action)

Recruitment

Oligomerization (to the site of
action)

Gene expression Second messenger Post-translational
conversion control

oo,
e p ), cAMP
\ \W NTP ~- " cGMP
& = c-di-GMP

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 functiansestrsgion
of target protein from its active site. Ultimately, the optogenetics control leadsctuetfige on gene expression,

second messenger signaling, and protein functions. (Lindner and Diepold, 2022)
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Figure 11 +C-di-GMP levels inP. aeruginosaare decreased by ectopic expression of YhjH, while
increased by DgcA

Metabolomics validation of di-GMP enzymes used in this thesis. Darker-blue represents higli«@MP group
and lighter-blue for lower di-GMP group. Data is shown asdeGMP peak area measurement in LC/MS-MS,
detailed calculations see Methods. Biological replicates n=3. Bars in the middle ofbé&asktdstand for the mean
value. Statistical analysis was done via ANOVA with multiple comparison to WT, **§.081; **** p< 0.0001.
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Figure 12 *increased cyclicdi-GMP levels downregulate T3SS assembly, and upregulate H1-T6SS
assembly.

A) T3SS assembly (cells with foci/total cells) from differerdti€sMP backgrounds. Data is shown as ratio of cells
with T3SS foci to total cells, exact numbers are shown above each bar. Sampliekarefeom 40 different

fields and in 3 different experiments. Statistical analysis was doh&te§t, ns, non-significanB) T3SS assembly
(foci/cell) from different cdi-GMP backgrounds. Data is shown as ratio of total number of T3S®fogmber of
T3SS-assembled cellwith each data point representing the calculation from one microscopySaettples were
taken from 20 different fields and in 3 different experiments. Statistical analysis was doA&@& A with

multiple comparison to WT*** p< 0.000% ns, non-significantC) H1-T6SS assembly from differentdi-GMP
backgroundsData is shown as ratio of cells with H1-T6SS foci to total cells, exact number showaedzh bar.
Samples were taken froni@different fields and in 3 different experiments. Statistical analysis was ¥dn® $
test, **, p< 0.01; ****, p< 0.0001.!
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Figure 13 *increased cyclicdi-GMP levels downregulate T3SS function, and upregulatd41-T6SS
function.

A) T3SS effectors secretion from differentlieGMP backgrounds. ExoS/Y/Z are 3 mainly detected T3SS effectors
in the secretome. Data is shown as improvised mean intensity irchngerted version. Bars in the middle of each
data set stand for the mean value. Biological replicatesSta8stical analysis was done via ANOVA with multiple
comparison to WT, *** p< 0.001; ns, non-significanB) T3SS secretion efficiency test via NanoLuc from different
c-di-GMP backgrounds. Data is shown as NanoLuc luminescence intensity with backgubiracted. Data points
are shown as a start-point value of aogktsecretion assay. Bars in the middle of each data set stand for the mean
value. Biological replicates n=Statistical analysis was done via ANOVA with multiple comparison to ¥[Tp<
0.01;ns, nonsignificant.C) H1-T6SS killing efficiency test from different d-GMP backgrounds. Data is shown
as prey fluorescence with background subtracted. Data points are showenaspanint value of a 24ehr killing
assay. Bars in the middle of each data set stand for the mean value. Biolodicatesep=3, technical replicates
n=2. Statistical analysis was done via ANOVA with multiple comparison to ¥/Tp< 0.01; **** p< 0.0001
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Figure 14 *Presence of thd11-T6SS, but not the T3SS leads to increaseddi-GMP levels.

A) cdGreen biosensor fluorescence readoutdif@MP levels inP. aeruginosaStrains were cultured in secreting
conditions. Data is shown as EGFP fluorescence tracking within 10 hours. Fluoees@nread on plate reader
with background subtracted. Biological replicates n=3. The graph scheme atfGneen working mechanism is
presented above. Upondt-GMP binding, two BIdS™ protomers dimerize and result in increased cpEGFP
fluorescence intensityB) Graph scheme of the FRET biosensor working model. Upon bindirgdeGMP
molecules, di-GMP receptor undergoes a conformational change, which brings the fluorescepteraswbdonor
closer. The decreased spatial distance allows the emission of donor to reaclephe aghich excites the acceptor
and emits acceptor fluorescen€. FRET measurement ofdi-GMP between T3SS deficient straifis¢tV) and

WT. Data is shown as corrected FRET efficiency, detailed calculations see Methods. Egntirdatapresents
measurement of a single cell. Experiments were repéatadiltiple dateswith each color set representing data
points from one-day. Highest and lowest end of each bar represent maxithunmnanum value, respectively; Box

in the middle indicates 575" percentile, with median marked in between. Total cells tested for each group is
ODEHOOHG XQGHU UHVSHFWLYH EDUV 6 WDt¥ét ng WanisigricdhiQ) GRETLY ZDV GR
measurement of d-GMP betweerH1-T6SS deletion strain H1-T6S$ and WT. Graph explanation is same as
DERYH 6WDWLVWLFDO DQDQasyt, pOOMOBIRQH YLD 6WXGHQWTV
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Figure 15 +T3SS presence ifYersinia enterocoliticabut not Pseudomonas aeruginosancreases c-
di-GMP levels

Metabolomics examinatioof c-di-GMP levels in WT and T3SS deficieniqct) strains ofY. enterocoliticaandP.
aeruginosa Ye, Yersinia enterocolitica Pa, Pseudomonas aeruginasBata is shown as d-GMP peak area
measurement in LC/MS-MS, detailed calculations see Methods. Biological replicates n48.tBarsiddle of each
data set stand for the mean value. Statistical analysis was do6&Wid G tHeQtW* Y¥< 0.001;ns, nonsignificant.
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Figure 16 +£T3SS secretion decreases biofilm formation and H1-T6SS secretion, while -HIGSS
secretion increases biofilm formation.

A) T6SS related strains and higllieGMP (DgcA) control were cultured in LB medium and T3SS related strains
cultured in T3SS Secreting mediumdz*). Data is shown asog-transformed crystal-violet staining (@49 ratio
to WT strain cultured in respective conditions. Representative pictures of biofilm staineacfostrain tested were
listed on top. Bars in the middle of each data set stand for the mean Yalu¥ersinia enterocoliticaPa,
Pseudomonas aeruginadBiological replicates n=3. Statistical analysis was done via ANOVA*&st,p< 0.00%
**xx - p< 0.0001.B) Proteomics analysis of the secretome of respective strains. WT and T3SS seefitient
&ctV) strains were cultivated in Secretingda*) andNon-secreting (+ CH) conditions, respectively. H1-T6SS
effector Hcpl was examined in secretome profile. Data is shown as improvisednteeaity in Log converted
version. Bars in the middle of each data set stand for the mean value.id@@ibleglicates n=3. Statistical analysis
was done via ANOVA with multiple comparison to WT, < 0.01; ****, p< 0.0001.C)The swimming diameter
of strains cultured in Secreting (abbreviated asG@#Y or Non-secreting condition (abbreviated as NS, #)Car
wWiWK 7 66 GHIIsét\) Wa3 kested. 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 avesdydtse via ANOVA with
multiple comparison to WT, ***p< 0.001; ns, non-significant.
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Figure 17 tValidation of a T3SS functional reporter inP. aeruginosa

A) Representative microscopy pictures with merged channels (brightfield + rettams carrying RosmCherry
reporter cultivated in en-secreting (+ CH) and secreting condition E&*). Arrow indicates cells with intense
reporter activity.B) Microscopy analysis oneRsmCherry reporter fluorescence intensity in cells with or without
T3SS asssemblyata is shown as background-subtracted and normalized fluorescence inEsditydata point
represents the reporter intensity of one cell. Samples were taken from 8 dffédderand in 3 different experiments.
Total cells tested for each group is labelled above respective bars. Highdstvastiend of each bar represent
maximum and minimum value, respectively; Box in the middle indicatés 35 percentile, with median marked in
between 6 WDWLVWLFDO DQDO\VLgstZBV p& RODHL. Miciosdpy XiGa ueidt With merged
fluorescence channels represents thesfCherry 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 ofdi-GMP in T3SS-negative anebositive populations (T3SS-, T3SS+). Data is shown as
corrected FRET efficiency, detailed calculations see Methods. Each data pastntpmeasurement of a single
cell. Experiments were repeated in multiple datéth each color set representing data points fromameHighest
andlowest end of each bar represent maximum and minimum value, respectivelyr e middle indicates 95

75" percentile, with median marked in between. Total cells tested for each grougllisdlaimder respective bars.
6WDWLVWLFDO DQDO\V Lt tgstZD, \p<OR@ HVi¢rbdszo gzt @ d-b@lowfwith merged fluorescence
channels indicates T3SS fluorescence label. Red channel indieatdarittion reporter used in the measurement.

B) FRET measurement ofdi-GMP within T6SS on/off populations. Graph explanation is same as above. Statistical
DQDO\VLV ZDV G Rt@est*¥1, <@WIG MiQachHpy picture below indicates T6SS fluorescence label,
which is going through the elongation-contraction cyClell 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 Sexretiitign (-
Ca*). Arrow indicates cells with H1-T6SS assembled foci. Right: Representative micrqucapgs on H1-T6SS
assembly with strain cultivated in Non-secreting condition (#)CArrow indicates cells with H1-T6SS assembled
foci. B) Microscopy analysis on H1-T6SS assembly in different culturing mediu@$AEvas added as €a
chelator to activate the T3SS. Data is shown as ratio of cells with H1-T6SS fatzil toetts, exact number shown
above each bar. Samples were taken frafdifferent fields and in 3 different experiments. Statistical analysis was
GRQH YLD 6tstC®HEXW.Q0L; ns, non-significanC) Microscopy analysis on H1-T6SS fluorescence
intensity in cells with or without T3SS assembly. Data is shown as backgrobtrdesed and normalized
fluorescence intensity. Each data point represents the H1-T6SS mCherry ifitensitpe cell. Samples were taken
from >10 different fields and in 3 different experiments. Total cells tested fr gaup is labelled above respective
bars. Highest antbwest end of each bar represent maximum and minimum value, respectively; tBexmiddle
indicates 28-75" percentile, with median marked in betwee6 WDWLVWLFDO DQD O\ \iegt AV GRQH YL
p< 0.0001. Microscopy picture below with merged fluorescence channet¢seeps the H1-T6SS signal distribution
between T3SS on and T3SS off cells, with green channel for T3SS assedtdg ahannel for HL-T6SS expression.
D) Functional co-existence test performed between T3SS and H1-T&8S, sctW EGFP-SctQ, HsiB1-mCherry
Cultured in LB mediurp Data is shown as ratio of cells in specific status (H1-T6SS on/off and arg6f) to total
cells, exact ratio for each group is shown at the top, total cell amount tesideés] at the bottom. Inner histograms
show the actual ratio of cells with both active T3SS and H1-T6SS, and a theoegiicahlculated for the same
group of cells. Representative microscopy picture for the analysis with miugeescence channels is attached
below, with green channel indicating T3SS assembly and red chfani#l-T6SS assembly. Samples were taken
IURP ! GLIIHUHQW ILHOGY DQG LQ GLIIHUKBCRWY HLMSEEDIERI.QONYN 6WDWLVW
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c-di-GMP measurement on Flagellum+/- cells T3SS/Flagellum co-existance rate H1-T6SS/Flagellum co-existance rate
(FRET)
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Figure 20 +Presence of flagella positively correlates with presence of the T3SS, but negativeithw
H1-T6SS activity and cdi-GMP distribution.

A) FRET measurement ofdi-GMP within flagellum on/off populations. Data is shown as corrected FRET effigiency
detailed calculations see Methods. Each data point represents measurement l&f eebingxperiments were
repeated in multiple datesith each color set representing data points from one-day. Highest and lowektand
bar represent maximum and minimum value, respectively; Box in the middéatesl 25-75" percentile, with
median marked in between. Total cells tested for each group is labelledesmimtive bars. Statistical analysis was
GRQH YLD 6teéds,He W.GOL. Microscopy picture below indicates flagellum fluorescence label at cell
terminal. Cell outlines are labelleB) Functional co-existence test performed between T3SS and flagellum (EGFP-
SctQ FliM-mCherry, cultured in Secreting mediunC#&*)). Data is shown as ratio of cells in specific status
(flagellum on/off and T3SS on/off) to total cells, exact ratio for eachpi® shown at the top, total cell amount
tested is marked at the bottom. Inner histograms show the actual ratio of ceti®thithctive T3SS and flagellum,
and a theoretical ratio calculated for the same group of cells. Representativeopignoisture for the analysis with
merged fluorescence channels is attached below, with green channel indicating T3S aswkneld chanrel for
flagellum assembly. Samples were taken from >30 different fields and in @difexperiments. Statistical analysis
ZDV GRQlkesty D, 1§ 0.0001.C) Functional co-existence test performed betwd&T6SS and flagellum
( OretS,FliM-mCherry TsB1-Ypet, cultured in LB medium). Graph explanation is same as above. Representative
microscopy picture for the analysis with merged fluorescence channatsdted below, red channel indicates
flagellum assembly and green channel for H1-T6SS assembly. Samples werediakeB(F different fields and in
GLIIHUHQW H[SHULPHQWYV 6W DVt VA L okD.ADOD.QDO\VLYV ZDV GRQH YLD $
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Figure 21 +Schematic representation of optogenetics sequestration systems.

The optogenetics sequestration system consists of the bait and anchor coimpkexchor is built with a membrane
anchor-optogenetics protein A fusion, and anchors on the inner membhnart®ifis built with a protein of interest-
optogenetics protein B fusion. According to the interaction parameters of th&Bptogenetics anchor and bait can
go through either an association-disassociation or disassociation-association proceksmipation. The protein
of interest can therefore be released into the cytosol or sequestered on thamaenaspectively. The illustration
was made via BioRender.
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Figure 22 tValidation of optogenetics-mediated protein relocation irP. aeruginosa

A) Examination of membrane anchor proteins effectiveneBs &eruginosaData is shown as fluorescence intensity
across the cell width using line scans, averaged 6120 cells per strain. The peaks of the curve suggest signals on
the cell membranes or cytosol, respectivelyR ¥alue, which is the fluorescence intensity ratio between the membrane
and cytosol of each tested proteins was shown in the upper-right comter gica, with the line in the middle of each
dataset indicating the mean value. The representative microscopy pictures are shevto@tBh Fluorescence
relocation of the iLID-based optogenetics sequestration system. Data is shovemess#ioce intensity across the cell
width using line scans, averaged from 15-20 cells per strain. Thedkhence relocation factor, which equB}ss:.
ight/Roredight (R value, same as explained in panel A), was shown in the upper-right soatier plot, with the line in

the middle of each dataset indicating the mean vabl 8/ DWLVWLFDO DQDO\V LiMe,BVp<COROQH YLD 6W.
Representative microscopy pictures pre and post light are shown at .tk flporescence relocation of the LOV-
based optogenetics sequestration system. The graph explanation is the sameBsSJedistical analysis was done
YLD 6W Kt€sto*W§v0.0001.
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Suppl. Fig. 1 tWestern blotting validation of fusion proteins expression and stability.

A) Anti-GFPWestern Blot examination of H1-T6SS genomic fusion (HsiB1-Ypet). Samples wereasketal cell
lysates. Left lane shows non-labelled WT as negative control. Right lane shows H&Bf&pn, with the band
corresponding to the targeted size 47 kDa. Protein ladder is shown at the left BpAtgi-mCherryWestern Blot
examination of flagellum genomic fusion (FliM-mCherry). Samples were taken asefigsates. Explanation of
the graph is the same as above, the target band size is 68 kBati-mCherry Western Blot examination of H1-
T6SS genomic fusion (HsiB1-mCherry). Samples were taken as total cell lysates. Explah#tie graph is the
same as above, the target band size is 48 Kpa&nti-GFP Western Blot examination of T3SS genomic fusion
(EGFP-SctQ). Samples were taken as total cell lysates. Explanation of the graph i®the above, the target band

AC
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size is 60 kDaE) Anti-FLAG Western Blot examination of NanoLuc expressiBamples were taken as total cell
lysates. Explanation of the graph is the same as above, the target band &ikBasF) Anti-GFP Western Blot
examination of FRET biosensor expression (mNeonGreen-YcgR-mTurqoise)leSanere taken as total cell
lysates. Left lane shows non-labelled WT as negative control. Middle lane shows a plashtifl pased biosensor
expression, with the upper band corresponding to the targeted sizea7®Rigbt lane shows a pUCP20 plasmid
based biosensor expression, with the upper band corresponding to the tsimge#@dkDa. Protein ladder is shown
at the left borderG) Anti-GFP Western Blot examination of membrane anchor expression (TatA-EG&aR)ples
were taken as total cell lysates. Explanation of the graph is the same as above, thenidugiee fis 30 kDadd) Anti-
mCherryWestern Blot examination of membrane anchor expression (PilS-mCh8awiples were taken as total
cell lysates. From left to right, the lanes represent samples from an upward gratdiemabinose induction level.
the target band size is 47 kDaAnti-mCherryWestern Blot examination of membrane anchor expression (PP5586-
mCherry) Samples were taken as total cell lysates. From left to right, the lanes represent samplesifnvarcin
gradient of L-arabinose induction level. the target band size is 29 kDa.

W

T T3SS Secreting

T3SS Non-Secreting

Suppl. Fig. 2 +tDecreased number of foci per cell of T3SS assembly in hon-secreting conditions.

A) Representative microscopy pictures on T3SS assembly with strain cultivated in seoraditign (-C&*). Arrow
indicates cells with T3SS assembled fdg). Representative microscopy pictures on T3SS assembly with strain
cultivated in Non-secreting condition (+ ©ga Arrow indicates cells with T3SS assembled foci.
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Suppl. Fig. 3 tDownregulated 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 &-hoti@lacontact betweeR.
aeruginosaand host cellLuminescence intensity was read on plate reader with background subtractedic8liolog
replicates n=3. Shadows paired with each curve indicates the stand def@afdata is shown as prey fluorescence
tracking within 24-hour of initiaH1-T6SS killing. Fluorescence was read on plate reader with background tdtrac
Biological replicates n=3, technical replicates n=2. Shadows paired with each curve indicates the istthmial!dev
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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 di-GMP enzymes used Yersinia enterocoliticaDarker-blue represents higher c-
di-GMP group and lighter-blue for low di-GMP group. Data is shown asdeGMP peak area measurement in
LC/MS-MS, detailed calculations see Methods. Biological replicates n=3. Bars in the ofiddleh data set stand
for the mean value. Statistical analysis was done via ANOVA with multiple comparison,t*WTp< 0.0001; ns,
nonsignificant. B) Validation of the FRET biosensor with strains from differemti-GMP backgrounds. Data is
shown as corrected FRET efficiency, detailed calculations see Methods. WT [fshtdA2133 carried pUCP20-
based vectors, and WT (third bar) and DgcA carried pMMB67EH-based se&ach data point represents
measurement of a single cell. Experiments are repeated in multiple dates, with easbteefmesenting data points
from oneday. Highest and low end of each bar represent maximum and minimum realpegtively; Box in the
middle indicates 2575" percentile, with median marked in between. Total cells tested for eachigriaielled
under respective bars. Statistical analysz DV G R QH Y i.t&st, 6, Xps GI@OL.| V
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Suppl. Fig. 5 t Secretion profile of Yersinia enterocoliticastrains with different c-di-GMP
backgrounds via SDS-PAGE.

Samples were taken as secreted supernatants. Except for WT Non-secreting {WjthliGzther samples were
cultivated in Secreting condition (without €p Y. enterocoliticaT3SS substrates are labelled at the left, protein
ladderis shown at the right. Numbers labelled on each lane indicates the secretion intenstty Yefip Non-
secreting. Calculations were done via ImageJ, background was subtracted.
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Suppl. Fig. 6 £+ T3SS secretion leads to decreased bacterial growth iR. aeruginosaand Y.
enterocolitica

Thebacterial growth in the biofilm formation assay was monitored usingd®&adout and presented as a 16 hour
growth tracking curve. Biological replicates n=3. Shadows paired with each curve indieateamthdeviation.
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Suppl. Fig. 7 tDecreased T3SS+ subgroup and increased H1-66 VXEJURXS GLVFRYHUHG ZL

A) 6WUDLQ ZetSWEGRPS¢tQ) HsiB1-mCherry) was cultured in Secreting conditioe’{)- and tested for
T3SS/H1-T6SS existence. Data is shown as ratio of cells in specific status (Hbl7/68&nd T3SS on/off) to total
cells, exact ratio for each group is shown at the top, total cell amount testacked at the bottom. Samples were
taken from 9 different fields and in 3 different experimeBjs6 W U D L @t3 LddtE EGFP-SctQ, HsiB1-mCherry)
was cultured in Secreting conditiorCg*) 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, exactfoateach group is shown at the top, total
cell amount tested is marked at the bottom. Samples were taken from 15 thiféderand in 3 different experiments.
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Suppl. Fig. 8 +FIliM -mCherry fusion does not alter swimming ability.

The swimming diameter of WT and FliM-mCherry cultured in LB medium was teReggresentative swimming
plates are shown at the top. Bars in the middle of each set of data points tepezsenalue. Biological replicates
Q 6WDWLVWLFDO DQDO \tMdslynZ Don-sgRif@ant.YLD 6WXGHQWY
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Suppl. Table. 1 £The nomenclature of key T3SS components.
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Figure 23 tVirulence systems crosstalk irP. aeruginosa

This thesis focused on H1-T6SS, T3SS and flagellum geruginosaThe population level evidence (lefthoved
that flagellum existence inhibited T3SS operon transcriptional leg&$(#B1! =&! .O02:and T3SS secretion
repressed H1-T6SS secretion. The exact relationship between flagellum and HEeif@8s unknown. RsmA and
c-di-GMP was shown to coordinate the transition among different virulence sy$tsm#\ (black) promoted
flagellum and T3SS expression yet blocked H1-T6SS expressioro(8etral., 2006; Brencic and Lory, 2009). C-
di-GMP (grey) functioned in an entirely opposite way to RsrR&$(&$&1!=#.0,,> The single-cell level evidence
(right) shaved that flagellum and T3SS functioned cooperativelyPinaeruginosawhile H1-T6SS function was
negatively associated with flagellum and T3SSHiGMP was involved in the virulence crosstalk by its positive
association with H1-T6SS functional bistability and negative association with T3SS and flafatictional
bistability. Graph was made via BioRender.



D#$(RESHE)!

C3J%2#$PQR"#ZU*)$%& ' %P%S"ONR*) (*%#\"$(Z%U&X*R%

+)%*S*$%H) QY NI W |SHE SISTHER; S @E&a* 1% W%!)&)C'YWQYYW%* _I(*YYS$! #S]YW* 1$%S&)Q*S!2;
H)_*)%1(M%&I6&DH(#U NISRQQ*$%#) QN *QWIeH*I(S&SSUWY FIX*06a)!'Y WRHNKMDDESHE =5 & $(HW!
#)_#(W%*$1% W9%!|&&SIW%%W( \¥)%!IY* IXAIHQ N&XHY #96M (&R Y WA PARHBHFEBYHEISEN! %W H#) Q!

W)&% *S! TS$SJ*(%#[*N! #)! % #$! $%R_AN! W! $at\#)Q! _#W\*%6+S! 06*BIIP B8! $+(S*%H&)! # | )&%
#)'YR¥)(*I'YWQ*YYR\CXWS*_1(*YYN&XHY#%6N =GHQRS*!, BASIM A #SBABEMNEEY #0967 &'12; 55! [#SRY*)(*!
*SUWXYHS \¥)06la#t0b #) 1% *1#) * (Yo#8&) | (N(Y*-12WF) 1968 Q*%6 *SNI% #SIW) WY "$H#S!| SSIEEBRMNE,_*Y!a *S*!
WYS*W_ALXHMWSSAXY* TWY&)Q$#_ *1%*I'YWQ*YYR\_RSH)QISRS'W(*!*b]Y &S\WSAESM F1&BS*(S*%#&.)
WIFWS$I9%&IW(YH WY+ #S$% ) 'Y WQY Y WEE L YSNUAMOYNC ) &Y [*_1#)1% H#SI)HYHWY W (Yot WOt
W% W( \¥)%! X*(&\*$! #SSH*SSHXY*NI'YWQYYWS! _*06\W( F)THINAG! JOTSFBS*! #)! 2;55! $*(S*%#&)N!

) W)H)Q! "&$%! #)*(%6#&)! '&S! SRSWWH)* | SRS[HVOIK H#E638#)%N! 2;55! &I*SW%*$! #)! (*YY$! a#t%!
SEYWOH*Y Y &E@NI'W (#Y#%W%H) QAW HAR\IS(S* 0SS ERSHQRY W $1H%$!_&a)$%S*W\I%WSQ*%S$
[HWIS]*(##( S*(]%&SSNISR(TWS! G Y*U!'&S!'YWQ*Y YR\ ZIH(AW)! W) _H WS a8 \BIVBD#DAN (NSS!
#)_H]9)_)WI&IS* R(*_ISH(S*06#&)-12 #HSNWASHY*(%IWIS*AR*) %#WYI(*Y Y RY WS!IS*STRMACHAY HH#E.)!

&1% *1IS]H &\ Y*ONIa #( I\ _#Wo%*$!I (@ EI<!("W)Q*$!R]&)ISRS'W(*IW%%W( \*)%N!(&RY_I'RS% *SI$R]]&S%!
% #$1%6 *&SN-14+061 WHIX)ISRQQ*$%* 19" WOISR( 1Y &(WYHCW%#&)\HQ WIS & CRIEIS WA NIY &(WY
'&S!FWSXA S*(%&SKI [ } v \BLEN! .0,.>-1 5#)(* (GEEI<! _&*$!)&%! *%*S\#)*! 2;55! [SH&S_HWY!
WSSHXYANI&Y% *SIS*QRYW%E&SM* (W)HS\SI\HQ %6 1#) %6+ S*S*106 * (RUIHEIYRIC2 BES Y #+SI'S&\I% *!
X*Q#))#)Q-!

IWS* 1 &)1\ S*SRY%S! % W%! $'&al % *! [HSRY*)(*1 _H#[#SH&)! &' YWX&S! W) d#96%S| STEB(MWI6#E,)!
(8)$%SR(%*_IWIHSRY*)(*19SW)$#%#&)\&_*YI=GHQRS*..:>-12" SERQPELRMIYSAHHICTAAY)[*Y $!
_*SHQ)W%H (*SUWH)I(*Y YSIWSI'YWQHY YW%* _IW)_1*dR#]1% *\1a#% " 12;55!'& S ) HOARVE¥EPWSQ %! R) %6H)(
W%%W( \*)%! |S&QS*$$*$! S EYE! YH[*Y$! SHS*NI'YWQ*YYWS! W) _1 2:551'R)(%6#8&)$!_#H)HS -1 2 #$1 %SW)$:
1S&\&YH*$! XH&HY\ '&S\W%H#&)! W)_| W(%H[W%*$! |,C2AS5N! *)WXY #) QI&K] 6 STHEY (A S Y W!

(&)'H)* ! M[HS&)\¥)%- +)! %™* YWO%6*S! $%WQ*$! &1 XH&HY\I *[*Y&\*)%N! W$! *)[#S&)WISHRIH! (&)
_+OH*SHESWOLNIXHE#Y\L #S]*SSWY #5106 SHQOEFI<HRISIWE Y &al(*Y Y$I&) 106 *IXH& #Y\0$I&RY6*STY WA*:
%&! S*QWH)\&I6#Y #9 NI*)WXY#) Q1% *I%&ISat\ I WaWAW)_|S*C*)%+* S SRANER QSN HABINR SN
.0.0>14+)I SR\WSAN! %6 #$!\&_*Y! SRQQ*$%$! % W%! % *! %SW)$HI#E)! X*oar*)! 'Y WQ*YRBNZ2;55C\*_#W?
#)*(%#&)IW)_11,C2AS5CWSSHS%6* | (" S&)H#(1#)*(Y#&) ! #$! (Y&S$*Y N THIFI BERIGRYWWY* | $ #%!'SE&\!

Y W)f%8)H#(1%&IXH& HY\IY #*$%NY *$-1!



D#$(RESHE)!

“ﬂace expfuraﬂoq %-\Ot'\\t‘“ d ISDers,'oo

c-di=GMP

tos \TTET) _tas
’

Iss —) H1-Tsss &= ’\/-l
\ ' _ ; b S e
/ ﬁace attaChn, 6‘°ﬁ\m formaﬁob

Acute ’ Chronic

infection infection

Figure 24 tPseudomonas aeruginodédestyle transition model with virulence traits.

(1) Surface explorationP. aeruginosagoes through a d-GMP mediated transition circle, which starts with
flagellum mediated surface exploration. At this stage, lair&MP helps cells with their flagellum-based motility.
T3SS tends to form in the cells with flagellum and exploits the mobilityfibe(® Surface attachment. When it
encounters host cells, T3SS can be activated with immediate effect. The sitdabenent signal increaseslie-
GMP level and abolishes flagellum. The abolished flagellum further upregulatesimas®n, and meanwhile,
T3SS stays in low di-GMP cells for maximum virulencg3) Biofilm formation. Subsequent of T3SS-mediated
acute infection, bacteria cells form biofilm to avoid adverse environment sindstisnmune response and devoid
nutrients. The continuously elevatedieGMP level turns up H1-T6SS activity for inter-bacterial competition in the
confined space, and shuts down T3SS secretion, which further ctegriouthe biofilm formation and H1-T6SS
secretion. At this stage, H1-T6SS firing exhibits in the cells with higllefGMP, and is prevalent in non-T3SS
equipped cells. The active H1-T6SS secretion loops back to incregeMP and maintains the chronic infection.
(4) Biofilm dispersion. At the final stage, new-born cells at the surface layéofdfn re-obtain flagellum and swim

out for a new infection round. The lifestyle transition circle is thus compléteithis graph, Green to red color
gradient indicates gradually increasedi€sMP level. Blue circles on bacteria membrane stand for T3SS, and
lighter-blue hexagons represent T3SS effectors. Green rods spanningéhia lsatl width stand for active H1-T6SS,
and lighter-green sun-shapes represent H1-T6SS effectors. Grey curvedHabiofilm model symbolizes biofilm
protective layer. Curved and round bacteria within the biofilm représesmtruginosf V FRPSHWLQJ EDFWHULD
was made via BioRender.
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X*06%*S! (8)%SE&Y$S! YHEXVYESED SWoeHE! W) | H)HHCH % * *0(*$$! W\ER)%! &' XWHIBOVEIBVE)! %

0 H#O6H&)WYYANIWIS* R(* 1]&$%CYHQ %! $HQ)WY 1#)%*)$#% N QRIDMEBIQ) W AVEIBICHS[* NI#)_#(W%H)Q!
18%%)%H#WY 1] &%8& WAWQ*-12 #S$I(W)IXHIW__ S*$$* IXA(WSHRY Y ADVRH I OUWNYRSMMB! *6+S\H)*]

01 (&)_HY6#8)$! % Wb! X *HBBRARB @ =)! % *1"6 @240<! $a#% ("1 $"$%6*\NI 06 *1'Y R&S*$(*) (*1#)%*)$#9%6" (RS[*!
IW%%*S)I(Y*WSYAH)_#(Wo%*$N\SOREIVYEBE Y 1] S&Y6*H)ISHY &(WY%#&)-11&a*[*SNI% * (WY (RYW%* I'YR&S*$(*)(*IS
X*%a**)! |&$%CYHQ %! W)_I|S*CY#Q %N!a #(" W]IS&W("*$! %a&!#)! W] Y HINIAGZB AFEMSDNH)S!

Y&a*S!1% W) *b]*(%* THE523;>76 @2 #$S!_#$(SW)(M\WALXH W%%SHXRY* 1%68&1 % *118&S! *S'&S\W)(* &'1% *!
VIXSW)* W)(&SN! WS! W)! #)SR"#(#*)%! WA&R)%! &1 AXSW)*! W)(&SS$! YHFFYA #h SBHKW#E)! W) !
'R)(%6#&)WY!I$*dR*$%SW#&)- I GRWRS**'&S%S$!$ &RY _I'&(R$! Q) (HIBENANTWDIW) ( &S$!' 4!
=523;>?6@¥)_\Wb#\HCH) Q1% *1$"$%6*\ 0$!]&%6*) Yot WY -I!

2 W] YH(WOoH&) &'IW)! &]%E&Q*) %o (| SAHBL PO @HS! YHHI* I XM S]*(##(! S*ARHSH¥)%S$!'&SI#%6$! % WS Q*06$-
5*AR*$%SWOoH&) HSI&) Y A" (YoH[*#'1% *1%6WS Q*%6!| S&Y6*H#) SV IQR SRRV HR*$% SWo#&) %6 &1% *!
VAXSW)*NI% *19%6\WS Q*06!]S&Y6*#) HSID]*(%6* _196&!Y &SH1H%$SI&SHQMRYNWIRIHBF B WHGAZSY W] YH(W6#&)$
SR(IWS![S&Y* )] *YH[*SMH#)IXHE\* #(WY!&S!#) RSVUHABDE SPBBFBNC $USH]* | &' 1#%S$! [#SRY*)(*!
'W(%&SS$! %&! *)$RS*! [S&_R(%! $W0% -1 D*$#%* % *$* (WY Y*)Q*$N! % *1 *bo%*) SHI &I [RSUABY#*$! &
WIIS&W( &Y WISE&\HSH#)QIRYRS*NIX &% 1#)!(8\XW6#) QIS SRV HERBY*) YWY YA WS)*$$#) Q196! &S]
XA #HWYRS]&S$*$-



6R%Y &&f!

E3N$RE&&[%

2 HBISUR_NH#)%*QSWY%*$1% *I S*QR YVEUHSIE CHASHE)!&'T Y WX&SIW\&) QI[H#SRY*) (IS $YHSNIW)_ 1961
(8&)(*]%! &' | [HSRY*)(*1%SW)$HI6#E) 1 #) %&! W1 (& *$H[*) WS SWo#[*-1 2 #$!'SW\*a& STATFREWSW6*$!&a!
[WSHERS$![HSRY*)(*1$"$%*\$1a& Sfl%6&Q*% *SI%&!%) W) (1% * W% &Q*)0$!W_W]%WXHY#%-!

1&a*[*SN! % * [W$%! WSSWAI &' (&\]Y*b! (*YY! $#Q)WY#)Q! TW% aW $! SWHS*S\W)N RPANSES* | dR*$%6#6
HSWW)(NI &a!_&*$! % #[H#SHE)! &1 YWX&S!HHAJW(%! _#"*S*)%! (Y HSROMPCHESRMHEYD6! WS*! % *!
COBWHY* IVFCW)HS\SI XM a #( LEEEI<!_ *06*S\H)*$! [HSRY*)(*I'Wo%*y! 2°*$* dR*$%6#8&)$! aWSSW)%! 'RS% *S!
H)[*SYHQWHE)-1 +)IW__ #96#&)! %&! |, C2AS5N! S*(*)%! _#$(&[*SH*$! WHS 50 6t & VRAG B!
=523;>76 @2 * *h%*)$H#[*! (S&SSWWY I &X$*S[*_| X*0ba**)!|;C2AE5!W)_! &% *S! [#SRY*)¢A KL S$!
.0.0N![S&\|%S$! (RSH&SHUN WX&R %! &al % *$*1)&[*Y1 2A55$! #)%*QSW%* #)%&! Y WHIGRSING! S*QRY WY
QH[*)1 % *#S!_#$%#)(%! 'R)(%#8&)$-1 05! W! R)#[*SSWY! $%(&)_! \*$$*)Q*S! T ROHIRBHBVIYE) Yot W Y|
W(SESS![WSHERSI&SQW)HS\S-1+9%61a#Y YIX*1#)%SHQRH) QI%&I*h] Y &S*la * W HERYBHEHMOR ) (HSDSWGRH
1S*$*)%!#)1&% *SIESW\C)*QWeH*IS]* #*SNIS*HWY YA (&) $#_*SH)QI% *|_#[*SHIIBERN)SESIW)_
GR%RSH$%R_#+$!(W)IX*IQS*WoYAMWH * IXAI'#Q C% S&RQ |RY%! $H) AR IEIMBSBMBIVYZ Y |

\& *Y$-IGRSY% *S\&S*NI\&_*S)IX#&H)'&S\WO#(S! (&RY _™*Y]1#)%*QSW%*! (SERSHPYE) “(Weh)oV) |
WSS&(HWI* IXW(%*SHWY ] *)&Y6N*SN&SHH* (Yot [*Y -1

INCHQ YHQ %#) Q1 % *IHAJ&SYW) (*1 &1 $H) QY *C (Y YI W)WY A $HS HASMBRYHASSORS&[#_ *$IW!_*]*S!
R)_*S$%W)_#)ONEB523;>26 @ESIWIW% &Q*)-IFY%AW%*Y ANI% #$If)&aY* QI(&RY_H)'&S\I%*1_*[*Y&]\*)%
&'1 %WSQ*%6* | % *SWIH$! WH* | W06l _#SSR]%H)Q! (SHYH(WY! %SW)$HY6H#&)! (N YWSOSBHEANW YN (HY#%
\W)H]RYWO0H&) &' X W (%* SHEWY 1$%W%*$I'&SIXH&*) Q#) S #) QIW] YH(W6#E&)$-
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139P$*O"PR#%P)X%U*$Z&X#%

13<%$*0"PR%

OYYIS*WQ*)%$IRS*_I#)1% #$1% *$#$1a*S*I&X%WH)*_I'SE&\I5+EIOCO"DA+1II=E*S\W)">NI104"146211E\X!|116!
KE!=E*S\W)ASNI"#1 5(#%) (1 4*$*WE(#84AW | =F50>N! @J4! (*#(WYS$! =E*S\W)">N! 90113438C70E3"!
=E*S\W) >NI2 *S\&GH#S$ *SI5(#*) %6t #(I=F50>NID*7&[#b!+) (-I=E*S\W)">NI6 Y A\ | FSeaFVRME B >N!

< &%&\*%SH($!=F50>1W)_|<S&*QW!=F50>-13)cN\*$I'&SN&Y*(RYWS! (Y&)HABHISISBEHD 701 W)_!
1S&%*#)$la*SHWHIR!'SE\I2 *S\&GH#$ *SI5(#*)%6# #(1=F50>N!I 7*al3) QYW)_I/#&YWX$!I=F50>IW)_1104"1462l!
E\XI|I16!KE!=E*S\WW)A>-10Y YI#06$IRS* 1#)106 #$1% *$HSIWSHY#S%* _1#)I2WXY*! IX*Y &a-!

Table 1 +Molecular biology kits used in this thesis.

@#3' I'%.+1-&
3=#6/,%+01Q/6.*1).!HA.H6/*10=+ IHA*1).Q/6 ./<&-*#&0,1.,NeH)A#&"
3=#6/,%+01!6*"10) 16*"10)./<&-*#&0,1
L1*-#E .?783(.C<&-*#&0,1.R.1=-O0NO#*&0,1 Q/1,1/.83(/<&-*#&0,
3*1,Q6, .2=#ON/-*"/.("*S.%S"&/l 3*1,2=#*"*S !

13>%X"P %

21 Q*)*SWY! R$* | QS&a%'!\* #WESSGEH6?=@! =523;326@+"RSHWC/*SUWHHI=#R\I W) !
<$*R_&\&)WS! +$& YW%#&)! OQWSHRE YD) | WI9#)#HWY!9* #R\I'&SI\#(S&S$(&]"-12 1 Q*)*SWY!I R$* !
QS&a% ! \* #W! '&F2@>?>=! 5715264 ESBWH)CI*WS%C+)'R$H#E)! =/I+>1\*_#R\-! OYY! \*_#W! a*S*!
WR%&(YW[*_'W%!,.,s1IW)_L.IXWS$!'&S!.ONH)-1 G&S! % *1|S*WSW%#&)! SNISBIHEAZ[SMHR&!
OQWS!aW$!IW__* I X*&S* WR%&(YW[#)Q! W) | W'%*SaWS_! $%&S* | W%! BB AYFS* SO %&! ]!

H)%*)SH*T W__HYH*S! YHFL W)%oHXHEI6H(S! a*SHTW__* 1 W'%*S! WR%E(YW[H#) (BB WEB*[*SWIRSH &
W HOGH[*SY #PI W) Yo XH&YH(Sla*SHIW__ * NI% 8l a@SHHM%*SE% } E  +]1 iXiT ..uU A Ee§ 3
B&Y#H I\* #WITYW%*$! a*S* $%&S* W06l :SINIa #Y* YHARH 1\* #W! a*SHBH&S* AR WY6C
$F)SHUH[MIW__ HYH[*SISR(TWSIW) o XHEYoH (S a* STESHETGEINVHRIIE 196+ #"*S¥)06I\*_HWI%N]*$!

#BIYH#S%*_#)I2WXY*LIX*Y &alW)_IWY Y *(*$SWSMNW) %o# XH#&Yo#($!'&S!% #S100-+S#HSla*SH Y #$%*_1#)12WXY
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Table 2 xComposition of media used in this thesis.

A%.#72+ -26-#3#-"+ -"5%"3&(3#-"+
B*+CB7&#(D*%&3("#+A%.#72E H$%&) “4)-)
F#3G+)-FD'()3+5-"5%"3&(3#-"H+

1(01%)(2%"03%) 4)-)
506.) 7))
| JHCH&(H 1% (&3+]"17'#-"+A% . #T2E+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$20%( >=4)-.

K%58&%3#"9+2%.#72+CB*+2% #72+,(% E6

1-8H#$% &' ()*+,$ T >+CE
(%?#.((),.#3& . FGIEBICO'&(%2#.)(%? ("IF A)CE
133 3 F%(%"003(%93)039<)HKAILI
506. >++)CE
A#3("&. +=MN)HO-PI
0-'D%B&Y3H9+2% #T2+CB 2% #T2+ _ ] ~+)CE
1-8H#5%& )+, '
606 4)CE
506. >++)CE
A#3("&. +=MN)HO-PI
I"#$%&"() *+),-)
B*+F#3G+MNO+75&-'%H+ /(019%)(2%"03%) 4),-.)
506.) 7,-)
Q+N)1;3"&1()1&.;%9&") 7++)C.-)
PQO+75&-'%+3-5R+-)73#-"H+ B;3"&1()HZ9.%("F1%("9.9W(l +=Q),-C.)
=)<t @($%93)<9,(1%)&:)0'9C0.)%911;() >4),-)
Co%'-+.+*$ #,+0$1)+* +<9(&EH+
E0,'(19;C)37.&"9<() *=M),-.)
@8&%0119;C)1;.:0%() *+),-.)
"93.&10")HR",010') +=+>4)-)
L,0") *7=Q),-)
A#3("&. >+)C.-.
L8)B;1$(<)M4=+7),)9')*).9%()d=T
A H20A HT2 >FVMFH>FT#<"&2#(%2#.139$("0OW9'F*F#. X(
Cl%.+1-8+2#58-5-6/EH+ 1,.:8/93)039< "HCE)
HTK@KBI)
H5TIBW. 4)CE)
506.) *++)CE)
B&<9;C),.;%0C0%() >+)CE)
E6 67 *+)CE)
Y:BU, 4)CE)
6010C9'&)039<1) +=4)N)HO-PI)

! H(



IW*SHWYSIW) N\*06'8_$!

Table 3 +Antibiotics used in this thesis.

,,,,,,,,,,,,,,,,,,,,,,,,,, 142 +%3" 1" 4, SSSSSSESS5, 16++-16-/$1"2-$7,*89"" [, $/+8-." /$ Yo+, -$*.05+"1"2-0-1/

[+"*4*&"*)3 B . ,
J+48,%)3

58%+.0,)8+)$+"H."*&+9,-2:'07
I"HS%" 8 )"+,
(5 mg/ml) X 50 X 50
(200 mg/mi) X X 2000 X
a1\
$+.10"+, 20 X 40 20
(10 mg/ml)
104 %\ X))+
[%7)*00*+ 200 X 300 200
(20 mg/ml) |

I3ABR($*0"PRYH#SOP")#a%(NR$"SP$" &) %P)X%#$&OPM*%& '%QP($*0"P%

O1(&\]Y*%6*IY #$9%!1& I$%SWH)SIRS* _1#)10% *1*D]*SH\*)%SIW S 1Y #5964 | HHPBMRE E@BIOSWH) $IWS* I XWS* |

&)1% *la#Y _Co% ISUCBHII=523;>76 @AHSWH)SIRS* #)1% #5106 *$#$la*SHISERYH)*YNQS&a) #)!"/\*_#R\!
W9%!;2s11a#%"1$ Wi#)QIW%!, HOIS]\-16[*S)#Q %!(RY%RS*$la*S*#)&(RYW%*_#)1%SH#]YH(Wo%*$IH#S*dR#S?
(WSSM)QT,0BXWS* [TYWS\H_SN! EX)%W\N(#H)! aW$! WYS&I W * 196&! SRS YW\ | SUWXHY#%"-1 G¢
(WSSM)Q![F1<.0!&S!]99/A?3ICXWS* ITYWS\WH SNIWAHHY Y#) aWSIBIVSRSY Y IWENG | SUWXHY#YoN-!
28&11S*WS*_WAI(RY%RS*$N! &[*S)#Q %! (RY%RS*$!W%! $%W%#&)WSA | WS a*S* #)&(RYW%* 1#)%&1'S
att%’ | W)Yo X#&YoH(S! =#'| S*AR#S* xob8PROVV) D #) R (* *(%&JH#(! Q*)* *h]S*$$#&)! 'S&\ % *1]T7,0B!
IYWS\# NI"CWSWX#)&S* aWSIWYS&IW_ * W0 WI'H)WY! (&) (%)% SWOGHRIEAOH) HTEYs! 263!
$*(S*%#&)N! &[*S)H#Q %! (RY%RS*$! a*S*!_#S*(% YN #)&(RYW%* | #)%&! 5%(S*FotRNET &)BSH{SH6#) Q! \
XW$* 1&)I"/I\*_#RIW)_ISR]IY*\*)%*_1a#%1.ON9I9QINDOW 7WI1YNIO-:II=aZ[>IQYA(*S&YIW)_#% *S!
BN\OIZE20!=*06 AY*MIQYN (&Y CEWWH)&*% Y 1406 F BN ;) UCY6* 0 SWW (% (IW(#_NI%&H) R (*12;551$*(S*06#&,)>
&SIBNOITW1Y=0681#) #X#%)! 2;55! $*(S*%o#&)>-| 28 RBIZHPRB@E)! $&Y# I\* #R\NI% *I]YW%*$! a*S*!
#)(RXW9%* I WEHED*S)H#Q %-! OWNI? 152646 <3SHBWH)SI WS XWS*_1&)1% * a#Y _C%"]* $%SWH)!945:0-1G&
(RY%H[ W) EZ152646<> $H4SH)$1a*SHI(RYYH[WY* _1#)!/1+1\*_#WIW)_IS&RY#)“{ M@BRIHIDI%!. H

SIS WHH)Q-12819% #$I\* #WDWY# #(ONEH# 5T ... PMBEYaMASIW_ * NIXH(WR$ YNSRE>D>=!
$USWH)S WIIWIQ*)&\I¥)(& * | S*$HSYW) (I VIOVEEIFIR (*1 &S!#) #XHY%! 2;55! $*(S*06#&)N! &[*S)#Q %!
(RY%RS*$1a*S*_#S*(96YNH)&(RYW* 1#)%&I5(S*%#)QZ78&)CSH(S*%6#)QIN*_HRINIA MBI XWS* 1&
W)_ISR]IY*\*)%* | a#%’!1.01\91 9Q1W! O-:I! =aZ[>! QYA(*S&Y! W)_! *#96*S! B1\Q! 3E20! =%&! #) R(* 2;55!
$*(S*%#&)> &S! Bl \O! 1W4%&! #) #X#%! 2;55! $*(S*URRIPBINY#E)S! &' W)%o#XH#&YoH(SNRS* | ‘&S]
52152646<>WAEXI'&R)_1#)I2WXY*!;-!
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G&S!(RY%H\RISHARIEFY $la*SHQS&a)#)!"/I\*_#R\IW%!;2s11$ Wit)QIW9%!, HO!S|\-|G&SI$%SWH)$! (WSS
] T7,0BEXWS* ITYWS\ $N! EX)9%W\AH)! aW$!I WYSEIW_ * 1981 9)$RSH [YWS\H_| $%\UNSBHHO! G&S! $%S
JF1<.01&S99/A?3ICXWS* YW\ SNIWAJAHY YH)aWSIWYSEIW_ * VIIBEA I SRSYRYEY #96"-12&1(RY Yo#[WY%6*!
(YY$I&)WIS&Y# \* #R\I%6 *Ma*SHIYW%*_1&)!I"/COQWSIW)_HNRNRIB)HW%!HDH]*) *)9%61&)1% *!
W)OHXH&IbH(! S*SHB%W) (11 Q¥)*1&'1% *1#)%*QSW%*_Z%SW)S&S\* ITYWS\WH | (BSEHSIE* WYQ ! W)DoHXHE:

06819 *I\*_#R\la #(IWSHY#$%* #)I2WXY*! -]

<SYWO*$! (W)X 11968 B8! b *-IG&S!Y &)Q1%6*S\I$%& SINEEAIG!"1=523;>261@¥#dR#_|(RY%RS*$!#)!
$UWOHE) WS WS a*SHSRIY )%+ _1a#06™!. BIIEYA(*S&Y!W) | $%&S&! ISYPAISHUHE]*S)#Q %!
(RY%RS*NIBAYI&((RYYHW%H&)\*_#\WIa#% |(&SS*$]&)_#)QIW) Yot KB SARSWAY XA WVES]* (#'#(!
$USWH)!I'S&\I% *|SHHERSYNSHIWS*_IEYA(*S&Y!$%&(f-!

Table 4 +Bacteria strains used in this thesis.

Strains Genotype Reference
E.coli Thithrleu tonAlacYsupE
SM10Apir coll Thrthried tonAlac ,SUp Laboratory collection
recA::RP4-2-Tc::Mu Km Apir
E.coli F-mcrA A(mrr-hsdRMS-mcrBC) ®80lacZ
Topl10 AM15 Laboratory collection
AlacX74 recAl araD139 A(ara leu) 7697 galU

galK rpsL (StrR) endAl1 nupG

MRS40 Wild-type Y. enterocolitica (Soryetal., 1995)

AD4037 MRS40 AsctV (Diepoldetal.,2011)

PAO1 Wild-type P. aeruginosa Acquired from Dr. Daniel Unterweger
DLOO1 PAO1 egfp-sctQ (Wimmietal ,2021)

DL002 PAO1 AsctV (Lampaki, Diepold and Glatter, 2020)
DUKS83 PAO1 Atse6tsi6 SYFP2 (Habichetal .,2022)

PAHZ0O07 PAO1 egfp-sctQ hsiB1-mCherry This study

PAHZ041 PAO1 hsiB1-mCherry AretS This study

PAHZ043 PAO1 hsiB1-yPet fliM-mCherry AretS This study

PAHZ044 PAO1 egfp-sctQ fliM-mCherry This study

PAHZ045 PAO1 egfp-sctQ hsiB1-mCherry AretS This study

PAHZ046 PAO1 egfp-sctQhsiB1-mCherry AretS AsctW  Thisstudy

K207 PAO1 AH1-T6SS (APA0077-0091 ) Acquired from Dr. Daniel Unterweger
K245 PAO1 AtssB1 Acquired from Dr. Daniel Unterweger
OE241 PAO1 AretS Acquired from Dr. Daniel Unterweger !
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I3BBOP")%(&)#SON($"&)%

+)196 #$1 % *$H#SN! 3b]S*$$H#&)! [(%&SS!W)_\R%W%ES! YW\ $! a*SHVEBRHFRS\E @! o}v]vP U
W)_$/146459,0! , %o I EESH&)GRQWY6H&)NIS*S]*(%H#[*YA-13)_&Q*)&RSIRSH&)SE&Y*#)SIRS* 1#)1%6 #5106 *$#S!
SUWXYNH#)%SE_R(*_IXMWYY*Y#(1*b(W)Q*1&'1% *a#tY CORISEE HPRmoa, | Q*)&\* XN %a&C

$96*]" 8\&Y &Q&RSIS*(&\XH#)Wo#&) &S WUH[**0] S*$$#&) &' 1% H)SESF$HBEOR YIW)_IG#YY&RDNLO,:>
G&S! *(%&JH(! 1S&Y%*#)! *b]S*$$HEN #H23;>P6@HE % *! (&SS*$]&)_H)Q! Q¥)*$! a*S* (Y&)* | #)%&!
]T7,0BZ]F1<.0Z]99/A?3ICXWS* ! *b]S*$$#&)! [YWS\H_$-1 2*$*1 [YWS\H# ! (&)$%SRIBHIRHGC

[*SH#* 1=0#(S&$MN)% 1$*dYWX>IX*&SHIXH)QIH)%SE& R(*_1#)%&!% * S*$]*(% MW (WBOR GG SWH#
%SW)$'&S\WO6#E)!=1"RW) (" R*NI7TWSWSWHHIW)_I5(+#C*SNLOO.>-12°+1 *06WHY* SIS QIRSHRAY Y IX* #$(R

I3CERXO"U*O%X*#M)
2 *I|SH*SSIRS* I'&S1% #5196 *$HS! (W) XH'&R)_1#)12WXY* B-1<SHA*S$! a* S WEHQD DO C]WHS!

W))*WY#H)Q! S*QH#&)!%&1% *1%]Y W%+ D70N!a#% W) *WY#) Q! % * I SIVHEB* BN ISHRN W) 21
@><9EEB%H) QlaWSI (WSSH* 1&R%!#)!5)W]Q*)*IH-O-!
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Table 5 +Primers used in this thesis.

—8#2%& _K%ST%"5%+CTUDVUE 1%t

(BVWTX  Q(HAQ((44H(4Q((((4H4H(QQHQHHHQ NOWWT

(BVWTU  Q(H44H4(Q(4H((QHQH4AHH4QHQH44Q +Y%WWT

(BVWUT  4(4(QQQHHHQQHQ(QHQHAQQ(AH((QQ Yzwwr

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

(8VWUU QQ4QQ44HQQQHQQQ4HAQQ4QQH(Q(4H44(HQH((40BMAHHHHHQQ(QQ +YZWWT

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

(BVX]  Q(H4QQQHHHHQHQAQH(QIAHQQA(HQ FYZWWJHYZW

(8VX\_  (H4Q(Q(4H4(HH(HH(Q(QHHQHHHQ(HHH(HHHAQHQQHEMB444Q FYZWW] +YZWW.

(BVX\  QQHQQHAHAQQAQQA(Q(AHAH(QAQQAHAHH((44Q4((QUABIH(QH(4QQHHQ FYZWW]A+YZWW

(BVUWW  Q(HA4H4(Q(HA4H44Q((Q(AHQQQHAHAQQ FYZWWIR+YZ)

(BVTW"  4(4(Q((44H(4Q((HQQ44HHHH(H(QQ +(8]XT

(8VTW] 4(4(4H4(Q(4H(H44(4H(4AHQ4AHQAHHA44Q4(Q4H(HHA g4 QHAHQHH(QHQHHAHQ( +(8]XT

(BVUX'  QQHQQ(QQA(Q4QQ4QQHQQAQQHAHHQHA(H((QQ(HQ(H WYz

(8VUX_  4(4(4H4(Q(44(H44Q4(H(QHAHQ4HH(4QH +YZWVU

(8VUUX (H4Q((44H(4Q(4H(44HH4Q444H((HAQH4AQQH4QQ44H444QHADA QQ4HQQA4« YZWV
Q44QHHQ44QHHQQAQQHQQ(QQA(Q4QRAIQRHRAQ(QH((QRRHR(QQQ

(8VUUU  4(4(4H4(Q(44(H44Q4(H(QHAHQ4HH(4QH +YZWV®

(BVUI  Q(HAQ((44H(4Q(4(QQH(QQA4(4HH(QHQ YZWTW

(8VU[_ HQ(44H4(Q(4H(H44(4H(4HQAHQ4HH44Q4(Q4AH(HH4 (GHQ((HHQHH +YZWTW

(VU Q(4HQ((44H(4QQQH(44444Q(H4QQ(((H(HAQQ(4HQ4H(4HHAR@4HQ44Q4(H YZWTV
4QHA4Q4HHA(444QQH(HH(((QQHQQHQQ(QQAQQHAHH(QH(( Rk

(BVUIT (QH44H4(Q(44(Q((44Q(HHAQHHHHH44Q4 +YZWTV
4HQ((44H(4 H(44444Q(H4 H(H4 4AHQ4H(4HH4 HQ44Q4(H4

BV Ha(AA4OHH((OHAHOQMFHORAOQIHQROR YEWTAYZWTU

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

(8VU]_ H4(Q4H4(Q(44(((Q44H4444QHHQHHAH(4H((4(44 +YZAWT

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

8V U\  (HQ4HHHQQQ44(Q4444HHAHQAQQQHQ(HH +YZW[U

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

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

(BWTV  (QHA4HA(Q(QQH(QHH(44(QIQH(Q4QH YZWW

(BV\TX QQ(4HH44(H44Q4(H(QH4HQ4HH(4QHH +YZW W

(BVNT  HA(QQ((44H4Q((QQQ4Q4QHH(4QQQ4 FYZWUH

(8BV\X  (H4QH4QH(Q4H(Q(HHQH44H4QHQ44H +YZW' UH

(8BVWU  H4(QH4QH(QH4Q44Q(H((44((4H(4HHQQH4HQ +YZW'[H

(BV\\[  (H4QQ((44HAH(Q(HHQH44H4AQHQ44H +YZW'[H

(BTVUT  Q(HAQQ(4HH44QQ(QQ((HHHHQQH(4 YZW

(8TVUX HHQ4(4QHH(44Q4QQ44HHAQQ4H4AQH(((QQ +YZW'\

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

(BTVUL _ (4HQQQQHHHH(QHH(Q(QHQ(H((H4Q44H YW
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QM&\M\&_H##(WHE)IHHEE23;>76 @S*_*$#Q)*_1#)1%a8&C$%*]-101|S*C\R%W%&S!a#% 10]W+ZLXW-+(R%%
$HY*S! SW)_a#(* ! XM &\&Y&Q&RS! 'YW)H#)Q! S*Q#&)$! a*S*! XRHY%! #IMHIYWESNBISRRENGD
'YR&S*$(*)%! |S&%*H)SN! a*S* #)%S& R(* I XA*) &)R(Y*WS*! _#Q*$UHHRMEBN] Y HOWIE#EH#)WY!
\R%WO6&S-12 #$1$%SWI* QA *YT*_126&1%SW)$*S1% *1Q*) &Y WX*Y ) W) FWSANW)_I'W$%laWA-!

2&IXREY 1% YW\ SNIWI<141S&(*$$1% Wo!IS& R(*$1% *_*$#S* | DROMSASBEUVER (8<14!
$*Q\¥)%!aW$!1% *) [WY#_W%* IXMD70IQ*Y!I*Y*(%SE&] &S*$#SIW)_I(Y*W)*_IR]!a#% BHARP 709!\
2WXY*,-12°%)196 ) $*S%laW$!_#Q*$%* IW)_IYHQWY* _1#)%6&1% *IS*$]* (Yo [*] YN GRA* SKHWYS# 4 |
$*AR*)(#)Q-! "WS%Y N! % *1 [WY#_ W%* | [YWS\#_$! a*S*1 *b%SW(%* | X %™ [YWS\H# YA BRoSW (%eH&,)! F#
%SW)$'&S\* 1 #)84846<59,0 J#S! ='&S! \R%BW%ES! YW 86K28], 0! ='&S! *h]S*$$#E&)! [YWS\H#_$>-!
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Table 6 +Plasmids used in this thesis.

=)(2#.! W%"-3/69%6L 8%1%8&%"5%

$[5*+4 $BBVF<("9P(<)(28"(L19&)P(3%4] HY0;"3)B9',2)0'<)A;$%0J)>+>MI|
AF0"0G9'&1()9'<;39G. (J)AC

$Y5A*+* B;939<()P(3%&"])B038)B%" HY0'9,0J)D(.&")0'<)6&™(.913)*__*I
$6@>+ K2$"(119&')P(3%&")LCS HB(1("#$"%6&)>+*_|
$EE8QaKT  K2$"(119&)P(B%&"LCS HAQO0'<)T(bJ)*__al
$Tc++> $YS5A*+*FZ. 9EFCE2(""# 1291)1%;<#
$Tc++a $YS5A*+*FI118*F/$(% 1291)1%;<#
$Tc++d $YS5A*+*FI118*FC62(""# 1291)1%;<#
$Tc+*M $[5*+4SS@9.BFZ.0,FC62(""# 1291)1%;<#
$Tc+*Q $[5*+4SS44dQFZ.0,FCE2("# 1291)1%;<#
$LDa7> $[5*+4SS@L>*T7FZ LA 1291)1%;<#
$Tc+>+ $[5*+4SS/?e TFZ LA 12791)1%;<#
$Tc+>* $[5*+4SSI0%LFKAZ@ 1291)1%;<#
$Tc+>7 $[5*+4SSI0%LF9"RD 1291)1%;<#
$Tc+>M $[5*+4SSI0%LF Uf> 1291)1%;<#
$LDaMa $EE8*_+SSB1$8g50'&FC62("'# HAQ'<'("$"968)>+> +|
$LDaMd $EE8*_+SSc<b*FC6?("# HAQ'<' (S 968)>+>*]
Ny $88\*4=>F>T*>=D**&$%)H3<A"(('>=*I HYO3WCO"3¥ #1431 )>+>>|
$Tc+4M $'6@>+F)3<A"((>=* 1291)1%;<#
$Tc+4Q $°6@>+F)K2&RF)50'&";3FZ.0, 1291)1%;<#
$TB++> $[5*+4SSD,3LFZ LA 1291)1%;<#
$Tc+Q+ $[5*+4SS@ FCB2("# 1291)1%;<#
67 $I"3_ LSSC5(&'A"((F/3,\FCL;"h;&91(> HI0',) #$"%8)>+>MI
$Tc+QM6 $[5*+4SSC5(&'A"((F/3,\FC!;"h;&91(> 1291)19%44<
$Tc+Q46 $EEBQaKTSSCH(&'A"((F/3\FC!;"h;:&91(> 1791)184
$Tc+Q_ SYSA*+*FA+$, 1291)1%; <#

JAC "J)BU)LC$)9'<930%()A(%0CH39'J)1%" ($%&CH#39')0'<)0CEBBEL0"B(J)" (1$(3%9P(.# !

! HE
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JH&Y WXSIE\XI>-10$IW1%6H\]Y W%6*'&SIWI<1AISHW (%#&)N! ( S8\ &S BT ITERE D |=523;>26 @B+

&S! JYWS$W | D70! 'S&\l YWX! (&YY*(%#&)! aW$! R$* -1 2% <14l S*W(%#&)! aW$! WHI&S\ | #)!

N %% V }JE( D *5 E C 0 ECODAANE*SWYHD1% *]SH*SIAWSIRS* I'&SI% *I#S$%!%6# *N!
W! QSW._#*)%! <14! a#% | W))*WY#)Q! %*\[*SWIRTHESARBEYS! (&) R(%*_! %&! %*$%! % * W))*WY#)Q!

%\ [*SWO%RS*a#% I X*$%![*S'&S\W)(*-12 *IR$* _IS*W/(%#8&)\H#bIW) 196 *|S&QSW\I'&SIWI<RAIWS* Y #$%* |
H)RWXY*2IW)_12WXY*H-!

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

I"#$%&'%"()* +,-/%*0 -1
ddH,O 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 |

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

;<=>23"$%, @$'%$#."A#$,BEC, DAH#."*&+
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 |

1&Y&)M<LAHSI\W_*106&! [FSHMN SHQ %I [YWS\H_1#)(&SHILBAMENEB23;>26 @EY Y SNIWS! a*Y Y WS W!
|S&J*S!#)%*QSWHE)! &YWV _$1&SIS]*(##(!D70!$*d REAGIBBON * (&Y &)#*$! a*SH1%68&% JH(* !
'S&\ % 1 TYW%H W) _1a*S* %SW)$*SSMAHENLA ]Y WS W)_I % *)1 #)(RXW6*s INESH P &RS$-!
9*W)a #Y*NI<141\b!a*SHWY Y &(W%*_1#)%&IW!)*al <141]W%6*-12 *196M\]Y Wo%*$l a*S* LAY MIPEE.1 % *
a9 1]S*C\b* | <14IXR"™*S$IW)_1% *)I<LACW\YH#H#*_1#)19%6 #1906 *S\&(A(Y*S-12"* SINGQHHBIEN &)

<141 R$#)QIW!I < REH&)! &Y N SWSH#$! WY'1%  [&YRWFI=#)QS*_#*)%$>1 W$! $ BN TUXN)D?-1
JWSW\*06*SI'&SIWI(&Y&)N<1414$I$ &) 1#) 1 2WXY*IM-! !
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Table 9 +Cycling parameter for colony PCR in this thesis.

;<=>23"$%, @$'%S#."A#S,BEC, DA#H."™*&+
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 !

13JFMPO&H* % M*R%=17%*R*($O&VZ&O*#"#%

0'%*S!I SR))#)Q! % * <14N!<14!]S& R(%$! a*S* $WSW%*_| XM $ic S5 QEROVAGBEP & S*$#$- G&S!
$WSW%#)QID70!SWQ\F)%$IW'%6*S1% *#SIY*) Q% NI% *Ma*S**Y*(%6S&] &S* ot (WOVISGSNRNEA* 1#)IW! |
0YY!D70!'SWQ\¥)%$la*S*\#b* _1a#% W1, bIY&W_#)Q! MI=#)WY (&) (%)% SSEHABIND #GRYD\*)%6S$!

a*S* $FIWSW%* | W'06*S! 06 '&Y Y &a#)Q! $*%%#)Q$p! ;B! @N! BOO! \ON!'IBb\H) SIVOSHSEaWS!

6 SWH)* | R$H)Q! WI $FY'CIW_* <SH*S! \#b-1 2741 #'*S%)%6] 'SWQ\*)%S$! a*S*l [HSRWYE@!! a#%' | W!
%SW)$HYYRW)W&S! =F @<C/#8&/&(C+229! \WQ#)Q!5"$%*\N! F)#3dR#]N EE*SRBBH W\ S ars*!
(R%!&R%!'S&\IQ*YIR) *SIF@!Y#Q %IW)_I[RS##* |R$H#)Q! Q* WWKYSSAHDHI R FRBHIRHE) S &1 % *!

)5 % IXR™SSIW)_196*IYEW_#)QC_MIWSHY#$E%* 1#)I2WXY*,0-!

Table 10 +Buffer mix for D! A gel electrophoresis.

E.'S,
H,1,/2 #&3$,2$0,

F+2#$G*$+"3, =&+)$+"#."*&+,
Agarose NEO Ultra-Quality 1 % (w/v)
TBE Buffer 1x
GelRed SNucleic Acid Gel St:0.01  I/m

J,K,DE/,0&.G*+2,G($,

HL,K,@MN,4AOO%$#,

H,64,%0A3,0.GG$#,

Bromphenol blue
Xylene cyanol FF
Glycerol

TRIS
Boric acid
Na,EDTA (pH 8.0)

Quick 1 kb (NEB)
6 x loading dye (NEB)
ddH,0

0.25 % (w/v)
0.25 % (wiv)
30 % (wiv)

108 g/l
55g/l
9.3¢/l

30 |
20 |
70 |

H"
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13GEH1$0" ($"&) %X " M*#$%P)X %R MP$" &) %

0IS*$%SH(%HE)!_HQ*$%HSIRS* '&SI(Y*WH)QID7ON&Y*(RY*$IW)_ 05 tUBSHIHIEB MR (1$#%6*$lak s |
%1 (&SS*$]&)_#)Q! S*$USH(U6#&)! *)CN*$! =D+ GHYH(*N! 9#(*Y #1 W)O, MAAHY VG HONS%#E,)! $*06! R]!
CH)_$18)!1% HIR$*_| S*EUSH(%6#E)! *)CMNFENI XH(WRSH*W (1 &'Ta #( 1 a#Y Y! (R%! D70 XRBHRERWY YA
a&SISIW%!:2511a#% 1, C &RSH) (RXWIHE)V6H\*-12"*_#Q*$Y6#&,)!$+%%#) QS a BIIVHSAS)_\SR\!7
*OWAJY SIS &a) ) 2WXY#10'%6*S!_#Q*$%#&)N!1%*1_BQBSIES IS WSW%* _IXA QXY I*Y*(%SE&] &S*$#$!
W)_IJRSH#*_1a#% IWIQ*Y *h%SW (%H#E&) f#%-!

Table 11 +D! A digestion mixture.

F+2#$G*$+"3, P&OA'$S
DNA/Vector lg

10 x NEB buffer 3.1 5 1

EcoRl 11

Xbal 11

Nuclease free water Fillupto50 1

2% #Q*$%*_ID7ON&Y*(RY*$IW)_I[*(%&S!a*S*1% %) YHQW%* 1% S&RQ YNSRI ESNTb#
HS1$ 8a)1H) I 2WXY* | -12 H " HQWOL#HE) aWS! [*S'&SV*_IR$H) Q1% *12:1 YHQWSH W) PAC TS+ SHOVuET!
XR™SI=73//#&YWXSNIE*S\W) >Nla #( la*S*H#) (RXW%*_1%6&Q*% *Sla#% 1% *_#ViS%*SHenHaSIW)_|
D70!#)$*S%! #)! W! :p,!\&YWS! SWO#&! &[*S)HQ %! Wo%! As1-1 0$! W! (&) SEH¥ DYFHHEIR(BSR *QWo%HE,)!
\HDYORSHHSI\W_*la #("1(&)%WH)SI&) Y N% *_#Q*$%* 1[*(%&S!a#% &R%!% *_#QF88H) | BIYE)SIB#-!
HQISR((*$S'RYISW%Ha )19 #SISW\Y*_# 1)&%!(&)%WH)IW)M (&Y &)#$1&)1% *1%SW)$' &S\WH#E)! Y W%+

Table 12 +D! A ligation mixture.

F+2#$G*$+"3, P&OA'$

T4 Ligase (5 units/ ) 0.8 |

10 x T4 DNA Ligase buffer 15 |

Insert/vector (1:3 ratio) DNA concentration dependent
Nuclease free water Filupto 15 | !

13<F%-OP)#'&0UP$" @& 0240$!2+%0!

5*dR*)(*C[WY#_W%* ITYWSW#_$!a*S* *Wo%6CS$ &(fl %SW) S LBFIER) QC%* S\ |S*$*S[W%#E)! W%! C
HGL-L (WY Y N (&\[*%*) BN 4645 YFR*SH]S& R(*_IR$H)QIH(*C(&Y _I$%*SEYRIFBIEKONI! W N
BIQYA(*S&Y!=[Z[>N!,0N9!<+<35N!]I12-0>-IBONY!"/la#% 1% *| (SBRNIIRYoH# X H& Yot ($! a*S*1#)&(RY WY !
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1S&(*_RS*' WS WX&[*NIW)_IT*Y Y*%6$! a*S* S*SR$J*)_*_IWQW#H)!#)! .I\Y I #XE(ES-! OMHARE%$! a*S*]

\W_*I#)1 -BI\YI3]]%)_&S'1%RX*$!a#% IHOBRS]*)$#8&) *W( NIY#dR#_C)#%S&Q*)!'S&C) VHGHE]%!\W%!C

2 *12SW)$'&S\WO6H&) &Y WS\ SMABERISH[*S'&S\* _1a#9%'12&], O='&SI*h] S*$$#&,) I[*(268&$9,0!

, %o HER.S\RY%W%E&SS$>-IG&SI2SW)$'&S\W#E&)NI% (A (WY YA (8\[*%6%)%!(*Y Y $larS*_SBESHN! 1&)!#(*-10
PR 1&186I"#QWYLH&) \HhIaWSIW__ * 196&1%™*I(*Y YSNI% *I\#blaW$! Q%)% Y N\#BE SO ERRBIY*
&)H(*-127%)196 *1(*Y Y $1a*S* W CS &(F*_I'&S!,\#)RY%*IW%!:.s 1) W!aW%*S B SNIODEBY Y $la*S*

Jvipg & IvizZ ] PIv(}E i ulvpd X (5 & $¥Z]5U30ii A.e }( > SA1SZIp3 A
W)_196™* (*YY$! a*S* SH(&[*S*_I'"@BRRSIW%! ;251! '&S!*h]S*$SHE)! &' W) VoHXHESGHO WSS &'
S*(&[*S"N!,00¢! &'1% * (RY%RS*$! aW$! [YW%* 1&)IWITYW%* SRITY*\¥)%* | a9 | S*$]*(YeH[*! W)Yo X#&YoH
Y*%&[*S!(RY%RS*$!a*S*! ()% SH#RQUBED MASHIH)N!% *)1% * [*Y Y*%6!aW$! SSRS]*)_ Oy Q)

V#RUW) TaWSIWYYITYW96* 18&)IW)&% *SITYW%*-12 Y W% $la*S*I#) (RXWYSL:1&[*S)#Q %!W9b!; ?

13<<%-OP)#'&0OUP$"&)%6&, +-$(1$".)/0-+($ %

1 (WY YA (&\[*%X) %@ 53G6H62=@!=523;>Po@$1a*S*!|S& R(*_IW((&S_#)Q!%&!W)!*b#$%6#)Q1]S&%& (&Y
=1 RW)( R*NI7WSWSWHIW)_I5(+#c*SNL.OO.>-12 (Y Y$Ia*S\W _*I(H#(WY Y YEHCGIRYIREH, !

919Q1Y C$&YRY%#&)IW)_!(&Y _1%SW)$'&S\W%#&) SWY %S$I=2EISWY %$>1atiA I OOSENIBIBNI 1IW1Y
=[Z[>'QYA(*SRBAYI&[*S)#Q %!(RY%RS*&'IW) 1) V@B ISBH6 2=@!=523;>FB@WH) aW$!]SFWS*_IW%!
WI%H[*SWORSHI&'1:251-10%!19% *I'&Y Y&a#) Q! WANINY!& 1% *&[*S)HQ %!(RY Y% REMBNSERNISHSS* |
-BI\YI3]])_&S'I%RX*$IW)_1aW$!(*)%SHRQWY%*_W%!,:NOOO!QI'&S!;01$!W%!:s1-10'%*SIBMEBNI% *I$SR]*S)
SH&L*_IW)_19% *I(*YYITFY Y*%laW$laWs ™ 1)L \YI(&Y_10-, SISEMRY%6#&)IW)_1aW$!(*)%S#RQW%* IWQWH#)W
;; NOOO!QI'&S!;0!$!1W%!:s1-12 I SR]*S)W%W)%! aW$! SA&[* I WQWH)NIW)_19%6™1 [*YNAYINWS! S*$R$]
(&Y_I 2E SWY%! $S&YR#E)-1 2°#1 (*YY! SR$]*)$#&)! aW$! #)(RXW%* | '& S OOWIRAHBN SR %!
#)(RXWO#E)! %#\*N! %™ *! (<Y YS! a*S* WQWH)! (*)%SH#RQW%*_1W%! :NOOO! GRES)OYAN)SH IS +]
SH&[* IWQWH)IW) 19 Y Y*%laWSEB)WNY% v Jv Ti1 ..o }0 d' « 08 «}opud]IvX (5 ¢
a*SHIS*W_AI'&SI0SW)$&S\WeH#E)IW) _la*SHix%!1&) #EAIR)%6#Y IR$*
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G&S! % * %SW)$'&S\WO#E)! &' % *! %WSQ*%! [YWSWH_$! #)%&! 'S*$'C\W_*! (" @ESBHEEHE %!
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Table 13 L CMS/MS parameter for c-di-GMP measurement.
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Table 14 +SDS-PAGE gel and buffer formulation.

F+2#$G*$+"3 P&OA'$,
>$3&0Q*+2,-$0,5HRI7, ddH,O 1.1ml
30% acryl-bisacrylamide mix 2.5 ml
1.5 M Tris (pH 8.8) 1.3 ml
10% SDS 50 +
10% ammonium persulfate 50 +
TEMED 2 +
I".)6*+2,-$0,5RI7, ddH,O 14 ml
30% acryl-bisacrylamide mix 330 +
1.5M Tris (pH 6.8) 250 +
10% SDS 20 +
10% ammonium persulfate 20 +
TEMED 2 +
HL,K,ID!,</-N #A++*+2 AA00$#
%S JTU. SDS 10 g/l
Tris 30.3 g/
Glycin 144.1gl/l !
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Gram-negative pathogens have evolved a remark-
able arsenal of molecular machines to manipu-
late their surroundings and facilitate survival and
propagation, including several protein secretion
systems. The type lll secretion system (T3SS) is
a syringe-like nanomachine that allows bacteria
to transfer proteins into eukaryotic target cells
in a one-step mechanism. The machinery, also
called injectisome, is assembled across both mem-
branes of Gram-negative bacteria upon entry into
a host organism. Target cell contact then leads to
the injection of a specific set of effectors. While
these effectors vary according to the bacterial
lifestyle and can promote both virulence and sym-
biosis, the injectisome itself is highly conserved.
Due to the essential role of the T35S for important
human pathogens, including Shigella, Salmonella
and Yersinia, many studies have elucidated the
function of the T3SS.

Introduction

To better survive and replicate in rapidly changing and often hos-
tile environments, bacteria have developed a broad range of tools,
including several secretion systems, termed type 1-10 secre-
tion systems (T1SS-T108S) (Costa et al., 2015; Rapisarda and
Fronzes, 2018; Palmer et al., 2021). Particularly predominant in
Gram-negative bacteria, these systems are highly diversified and
can be involved in attachment (T4SS, T5SS and T9SS), pathogen-
esis (T2SS, T3SS, T4SS, T6SS and T9SS), interbacterial com-
petition (T4SS and T6SS) and horizontal gene transfer (T4SS).
According to the type of machinery, the exported proteins can be
translocated to the extracellular space or directly into target cells.
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The type III secretion system (T3SS) injects effector proteins into
eukaryotic cells in a one-step mechanism. These effectors sub-
vert host biological activities, facilitating bacterial survival and
propagation. T3SS are used by both animal and plant pathogens
and also play a role in symbiosis. See also: Bacterial Pili and
Fimbriae.

The T3SS machinery itself and its pathogenesis have been
extensively studied in the important human pathogens Shigella
spp., Salmonella spp., Pseudomonas aeruginosa and Yersinia
spp. Understanding the working mechanism of T3SS may open
up new paths for targeted antivirulence therapeutics. Newly
designed drugs can interfere with various stages of type III
secretion, from gene regulation to machine assembly and effec-
tor efflux, by targeting different substructures within the system
(Anantharajah et al., 2016). In this article, we discuss the struc-
ture, mechanism and regulation of the T3SS and provide an
overview of the role of T3SS effectors and the competitive advan-
tages they bring to pathogens.

Structural Overview of the
Injectisome

Structural analyses of injectisomes have been refined since
the first electron microscopy (EM) image of an injectisome
in Salmonella, where a syringe-like structure spanning both
membranes was identified (Kubori et al., 1998). In this study, the
structure of a needle complex (NC), which comprises the external
needle and a transmembrane cylinder and displays similarity
with the flagellar basal body, was isolated and visualised by EM
(Kubori ef al., 1998). Further EM studies of the Shigella NC
helped define the core structure of the injectisome composed of
an external needle, a transmembrane segment and a cytosolic
bulb structure (Blocker er al., 1999). Over time, near-atomic
resolution of the T3SS NC was achieved using high-resolution
electron cryomicroscopy (cryo-EM), which allowed to deduce
the stoichiometry of the injectisome and function-related con-
formational changes (Schraidt and Marlovits, 2011). With the
emergence of direct electron detectors, modern single-particle
cryo-EM went through a resolution revolution, and in situ
structure reconstruction was made possible by cryoelectron
tomography (cryo-ET). These advances helped to resolve the

eLS © 2024, John Wiley & Sons, Ltd. www.els.net 1



0]]*)_#b!

Type Il Secretion

s 2

SctB/
Trans- Pore SctE
locators Tip SctA (filament FIiC)
Needle SctF (hook FIgE)

SctC

SctD

Sctd (FliF)
Meribiansy ) SctR,S,T (FIIRQ,R)
rings i

SctU (FIhB)

SctV (FIhA)
Export
apparatus SctK

SctQ (FIiM,N)
AL (FiiH)
Cytosolic SCW ;
complex SctN
SctO
Effector
Chaperones ‘/
\ i

Figure 1 Overall structure and composition of the injectisome.
Structural outline based on structural studies in injectisomes of the animal
pathogens Salmonella enterica, Shigella flexneri and Yersinia enterocolitica.
Protein names according to the common T35S nomenclature; flagellar
equivalents, where applicable, in italics.

structure of the export apparatus in the inner membrane (IM)
and the cytosolic complex of the injectisome, which does not
usually copurify with the NC (Majewski et al., 2019; Johnson
etal., 2019; Hu et al., 2015, 2017). Historically, species-specific
names were used for injectisome components. In this article, we
use the universal Sct nomenclature (Hueck, 1998; Diepold and
Wagner, 2014).

The syringe-like T3SS structure comprises four main parts: the
basal body, composed of the membrane rings in the inner and
outer membranes; the export apparatus in the IM; the cytosolic
complex including the sorting platform and ATPase, and the
needle which protrudes from the cells and is composed of the
needle filament and tip/translocation complex (Figure 1).

A core of T3SS components including parts of the basal body,
the export apparatus and the cytosolic complex is conserved in the
flagellum and the injectisome (Erhardt er al., 2010: Diepold and
Armitage, 2015) (Figure 1). While the flagellar T35S exports the
proteins forming the flagellar filament, the injectisome exports
virulence effectors in addition to the needle subunits.

Volume 3, Issue 11, September 2024

Besides a strong sequence and structural conservation of their
components, the overall structure of the core of both machiner-
ies is similar. Phylogenetic studies indicate that a common T35S
ancestor spread among different species via horizontal gene trans-
fer (Naum et al., 2009). The injectisome may have evolved
from an ancestral T3SS similar to the flagellum via loss and
acquisition of genes that enabled the ancestral injectisome to
become a dedicated protein translocation machinery (Abby and
Rocha, 2012). This article focuses on the injectisome, and the
term T3SS refers to the injectisome-type T3SS (sometimes called
virulence-associated T3SS) from here on. See also: Bacterial
Flagella; Bacterial Flagella: Flagellar Motor.

Basal body

The term basal body refers to the membrane rings of the T3SS.
These scaffold rings, spanning both membranes, provide the
structural basis for the entire injectisome. The basal body is
composed of the outer membrane (OM) and the IM rings. The
OM ring is formed by SctC, which belongs to the secretin family
of proteins with homologs in type Il secretion systems. The
formation of the secretin ring is assisted by the pilotin SctG, an
OM-anchored lipoprotein. Oligomerisation of SctC constitutes
a channel in the OM that is initially closed. SctD is a bitopic
IM protein, whose larger C-terminal domain forms a ring in the
periplasm, which encircles a ring formed by the Sct] lipoprotein.
While the OM ring consists of 15 SctC, an additional subunit
is present at the connection to the IM ring, providing a 2 : 3
stoichiometry between SctC and SctDJ, which are both present
in 24 copies (Hu ef al., 2019).

Export apparatus

The export apparatus forms the selective conduit of the T3SS and
is responsible for substrate recognition and the selectivity of sub-
strates entering the needle. It is composed of the transmembrane
proteins SctRSTUV. The core SctR;S, T, complex adopts a pseu-
dohelical arrangement serving as a platform for the later needle
filament assembly (Kuhlen et al., 2018). The self-cleaving pro-
tease SctU wraps around this core and plays a crucial role in
needle length regulation and the substrate switch described below
(Kuhlen ef al., 2020). An SctV nonameric ring with a total of 72
transmembrane helices and a cytosolic basket structure is thought
to act as the main export gate and serve as checkpoint prior to
substrate loading into the needle.

Cytosolic complex

The cytosolic components include SctK, SctQ, a protein with
homology to the flagellar cytosolic ring proteins FliM and FliN
but forming a six-pod structure instead of a C-ring (Hu et al.,
2015, 2017), SctL and the ATPase SctN. The SctKQL complex
has been proposed to mediate a hierarchical control by load-
ing appropriate substrates from the cytosol and was accordingly
termed sorting platform (Lara-Tejero ef al., 2011). The pods are
predominantly formed by SctQ and docked onto the IM ring via
interactions between the accessory proteins SctK and SctD and
serve as a socket for the ATPase SctN (Hu et al., 2017). The
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