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1. Introduction

T (0, &IGI TL HAHH (&I " @! . &H&@1;78&* 1121)*,"4"1,"+GI)*.1 (&I #)/"1A+!
71.&+! 4 91 S("(1 4),&/")! V"* @A."0! ;),(10&*+W! /& YA@&! , 1! +A/#"#&! JAO! ,/&),7&*,C!
0&*&,"I/&+"+)*&G!;(&*1,9;"/&+"+)*&GI)* ;1 A@),"1*.&*+",9  R&;&*.&* 14&()#"1/+=IT!
J@+1! 1A' 1 ;1,&*")@! /&), 7&,! +,),&0"&+! 11 '1A* &/)',! &)'(! 12! ,(&+&! +AI#'H)@!
7& (0 +7+ =I[")@@9G!TIO"#&!)+(1/,1;/"7&/11* (&)):;;@™),"1*+ 121 7" [12@A".";@),21/7+!
*.17),(&7),")@! 71.&@"0! )+! ,(&9! );;@9! ,1! ,(&! +,A.9! 12! 4) . &/")@! .9%)7"+! )*.!

)% 1AL & R &=

1.1 Antibiotics and resistance: a brief history

6(&I&)/@"&+,1)*,"4"1, "B &I&) &/ H&.12/1T1"* A+, /") @!.9&+G)*.11/"0") @ @9! A+&.!)+!
'9,1@10")@!+,)" =T, (&!@),&!OH*.18&)/@IIMN!'&* A& +GI3)A@!5(/@" (I(",|A;1*!,(&!".&)!
121A+"017&,(9@&*&IA@A&))+)+A" ) A@&!.9&!121/14) &/") BTEP@F") @! @&);!1210&*"A+G!
5U@"(1+AIT"+&.1,0),!,(&! .9&G! &22&' "H#&! "1 +,)"*"*01)0)"*+,1 9%6/$0'LI11/21 V"= @A."*0! (&!
7)@)/")!:),(L0&*WG! '1IA@.! 4&! A+&.1 )+ ) '(&71,(&/);&A," )0&* =! [A,A/&! S1/B! S1IA@.!
WLMD (&) +".8&1 8228 +1 121 7&,(9@E&*&! A@A&! )*.1)/["#&)),] LA™I%&(&! +&'1*.| B&I+,1+&!
SHIH&I9IS)H(),1120,( &I™("4",1/91&22&" +112:&*"" @@ 1 71 @.1 49! S@&Y)*.&/! [@&T 0! "]
(& ODMNGS("(! @&.! 1! ,(&! &*"/&! '@)++! 121 ;&*""@@"*! )*,"4"1,"+=! T*.&&.G! ,(&! :&/"1.!
4&,S&&*I OD\N!)*.1ObPN! S)+!'()/)', &/"U&.149 1/):".1 "+'1#&/9N)*1"7;@&T&*,),"1*+1 12!

a



@)/I0&! *ATA&/!I 121 )*"4"1"+Gl  "@A.0!  48BD))7+ G! )7"*10@9'1+".&+G!
2@AL/ILA1@1M8I 1, (&/+ "=B(&+&!.JAD+!"("4" &.1}),(10&*+!,(/LAO()! TA@," A.&! 12!
78&,(LA+G! "™ @A."™ 0! ;/1,&" +9% (&+"+] "*("4" "1*G! SKSXQKS! +9* (&+"+! "*("4" "1*G! )*.!
17:/17"+0! (&'&@@'S)@@=!T,!+&&7&.1)+!,(1A0(!+1"&,9!S)+!S&@ @' 1*! ,(&! SYI*, 110!
)1)324/41/#$)2*1%IH#0/5" G!,(&!h7)0"14A@ @&.1! /&), 7&*,,(),!5(/@"(I"7)0"™*&. P=T*&&.G!
4910bab! ,(&! +A/0&1* 0&*&/)@!/&7)/B&.Ihw! ,(),! S&! ().! &++&* )@ @9! .&28&),&.1"*2&' "1A+]
U+&)+&H )*IA@.! ' @1+&! (& 411B! 1*1 (&7P%le", (1A, LA&+,"1*G! )*,"4"1,"+] S&/&!
)I0A)A@9!,(&10/&),&+,17&.")@!."+ 1#&/9112!, (& MN'&* A/9=!

ANTIBIOTIC RESISTANCE ANTIBIOTIC
IDENTIFIED INTRODUCED

Periciin & Stophytcoccus 1940 —
[ 1943 Penicilia

1950 Tetracycioe
— 1953 Eyromycn

Tevacycine R -
Y Shigele 1959 } " -
MemioBia R Stophyfococces 1962
Periclin R preamicocces 1965 —
Eymromycnd Sreptococs 1968 —{ 1967 Gentamica

[ 1972 Vencomycn

Gertamicin R Enterococcys

3
|

[T 1985 Imipenem and
Ceftaricime-R Exterobacteriacose 1987 cefencme
1988

Vencomycn-R Enferacoccus

Levofionacin @ prewmococcss 1996 —1— 1996 Levofionaan
Imipenerm R Emerodacieriacese 1998
XDR wberososis 2000 ——1—— 2000 LUnezobd
Lnerold % Staphyococcus 2001
Vacomycin® Staphykcocs 2002 —] 2009 e

Coftriuone- R Nedssers gonomdosoe 2009 ——
POR Entercbacteriecese

Cetaroive R Suphylococcus 201

=~ 200 Ceftacine

"#$%&' () *&+,' -./&0" 12341" ' "5&0"/&' 3+ ' ./,"6"3,"7" 8&9&03-5&/," ./8'
1$61&:$&/,' &5&%#&/7&'3+'%&1"1,./782&'-0.7&5&/,'3+'./,"6"3,"71'.639&",2&',"5&0"/&'
73%%&1-3/81" ,3' 2&' =&.%' &.72' 4.1' 8&-03=&8>" 42"0&" ,2&' -0.7&5&/,' 6&034" ,2&' ,"5&'
73%%8&1-3/81',3',2&'=&.%'%&1"1,./7&'4.1'+"%1,'361&%9&8;'?&%&>",""1"5-3%,./,",3'/3,&",2.,'
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361&%9'3/'3+'%&1"1,./7&' 83&1'/3,'/&7&11.%"0=""5-0="0311'3+'.00' 70"/"7.0'$,"0",@"#2,’
-/&0'12341' 2&'+%&:$&/7="3+'./,"6"3,"7'-%&17%"-,"3/1'A-&%' (BBB'-&3-0&C'3/'.'1,.,&'6="
1,.,&'6.1"1;"1"#$%& % &-%38%$7&8'4",2'-&%5"11"3/'+%35'

|
6("+101@.&*1;&/"1.1121)* "4 1, &H&@1;7&* | @)+,&.1);;/1Y"7),&@9! NI O&)/+{I A/"*O1, ("+!
T&G! 7)*91 '17;1A% +] S&J&! &"(&/! "+ 1#&I&.! 1/ .&["#&.G! )*.1 "F2&' "1A+] "+&)+&!
+8&T&.) &+ "*&.1 IILA"B@9! 4&!) TA+&AT)/,"2), =1 J1S&H&IG! 4)',&/")1)/&I*1,("+01"21*1,!
).);)A@&R)* 10"#&*1 (& /1]);" LA @™),"1*!,"T&G! (&9 A*.&IOLI&HI @A, "1*11*],"7&+") @ &+!
TA(I7L&))"E,0,S0), ITIZ"0(,!,("*B=! GH#&*1 )+1 )* "4"1,"+] S&/&! 4&"*0! .&#H&@1;&.G!
4) ,&/")! S&I&! 0&*&J),"*01 )*.I A,"@"U"+0! )! S".&! )/N9! 121 +,/),&0"&+! 1! +A/#"#&] .JAO!
/&), 78* =1T*.&&.G,("+!¥), A)@!&H1@A,"1* ()+;/10/&++& I TA(1 TLI&));".@9! )} *1#8@!
)*,"4"1," &HE&@1;7&*,1 V['OA/&! ORI 611 '17;1A%.! ("+ :/14@&TG! ,(&! ;()/7)'&A,"™)@!
" A+ [T @91 KL, I &J&A+ &1 &H&@ L0 IHE&@!)*, "4 1, +GI S("(1)/&! 2")*™) @ @9!
A¥), /), "#&C! ,9;")@! "*2&', "1A+! "+&)+&+! [&LA"/&! ),! 71+, ) 2&S! S&&B+! 121 )* "4"1 "I
&), 7&% G S(&I&)H TLI&I (/1*"1'1*." "1*+G1 +A'(1)+! (9:&/,&*+"1*G1.")4&,&+G!)*.1 (&)/,!
+&)+&G! 12,8/ LA"/&! @FBI*0! /&), 7&* O] B(&+&! '(/1*"] "@ @*&++&+! 0&*&/),&! )! TA'(!
("0(&/! ;/12",! 2111 ;()7)&A,")@! '17;)*"&+G! )*.1 "*.&&. G! (& @),.&" ()@2! 12! ,(&!!MN
'&* AI9IH)SHLN+ " )@, "™ ,(&! .&H&@1;7&*,1 121 *&S!)*,"4"1 "+=1 J1S&#& /G!.A&! 1!)!
174", "1*1 121 4)' &1 @! &H#L@A,"1*GI#&/RI&+":"1#1 J*.| T"+A+&! 12! &Y"+," *0! JAO+ G!

[&+"+)* &I +11*1&7&/0&.!,11*&)/@9! &#&/9!)*,"4"1," 1" A+ &= T*.&&.G! +"*'&! (& Ob]N+G!,(&!

]!



S"™.1S1121&22")'914&, S&&*!(&!.&H&@1;7&* 1121)*1#H&@!)*,"4"1,"1)* .1 (& &7 &/0&*'&!112!
[&+"+) &1 )+ N)7),")@@9! +(1/,&*&. M@l @&)."*0! 7)*9! ,1! S1*.&/! S(&,(&/ ! T)/&!
1&,A/*"01,11,(&!N.)/B)0&+il12!,(&!;/& B*"4"1,"1&[) O

|

$H (& +M&X2M 'LTTAROL XL (& S".&/ A4@™ 0/).A)@@9! /& AF 1!
)B*1S@&.0"01,(&1"7;1/,)*& 1121)* "4"1,"1 &H#&@1;7&* 1)*.1+,&S)/.+("; OG&22&',"#H&@9!
). J&++"%01 | ("+] &T&IO&*,! '["+"+] [&LA"/&+! S1! '17;@&T&*)/9! +/),&0"&+=! c*&! "+1 1!
SHE@L;! *1HE&@! JADH! ¥ (&/):&A,"! T&, (141 11'174),! 4) &/")@! "*2&' "1*+ =I T, "+
&LA)Y@@9!'/",")@! 1! .&HE&@1;! &22&' "#&!)*,"4"1," /&), 7&* 1 :/1,1'1@+! ,(),! )1 &Y, &*.1 ,(&!
&22")'91 121 &Y"+,"%01 )* "4"1,"+=1 $* "4"1"1 /&), 7&* ! I&0"T&*+! ,(),! )/&! 1;,"7"U&.! 1!
7" 7U&L (&) T1AX 1 121)% "4"1 " A+&.GI S("@&! '1FAl/&* @9 7" 7"U™0! (& 1'()*'&! 12!
),(10&*:/1@"2&/),"11S"@@! &Y, &*.! (& h+(B@R&I! 121'1771*!);:/1#8&.1)* "4 1, +1)* |

&F+AI&),(),V/&+"+,) &) 1&+1*1 1+:/&).=! |

1.2 Mechanisms of antibiotic resistance

2) &/ @!/&+"+)*&! 11 JAO+I))/"+&) (JLAO(I79/).L  3),(S)9+!V ['0A/&!IN W=IT*
7591 +&+G/&+"+ ) &I "+ 0&*&, "] )*I "+ "#" A)@! 4)', &/"AT! YLA"&+)! + )4@&! TA,),"1*]
ON@@LS+" L LIS" (+)*.1)% "4" 1, /&), T&* =1 1&*&,"/&+"+)F&I))/"+&I2/17!  12#"( !

7A,),"1*+! 11 (1/"U1*)@! 0&*&! /)*+2&/%=] 6("+! +Ad:L;A@),"1* ,(&*! ;/1@"28&/),&+! )*.!
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&H&* A)@@9! .17™),&+! (& 1/'0™)@! 08&*1,9;&=! 8A'(l 7A,),"1*+! 12,&* @&).! ,1! ,(&!
A:I&OA@),"1*! 121 JAO! &22@AY! AT+ ()] ["#&! )*,"4"1,"+1 1A1 121 ™ "#" A)@! '& PE'E!
"HI&) & +O% (&+"+1 121 +17&1)*,"4"1," R&O/)."*01&*U97&! ,(),! &22&' "#&@9! .&'/&)+&+! ,(&!

" [)&@@A@)/! )*,"4" 1, '1¥&* [),"1* 4A&@1S! ,1Y"! @&HBEDA 71."2"),"1*+] "1 '@ @A@)/!
)/0&, /L& 4+ (),1/&*.&I1Y* "4 L, "1 4" "FON)*.1)"1%] @&++ &22&' "#&  0CMIQ&O)/.@&++!12!
(& )LMA@)! T&I()H+TG! 0&*&,™ [&+"+)¥&! "+ )1 ¥) AN@! "7:@"),"1*1 12! 7"/14")@!
EHL@A,"1H1" | "+ ) AN#1" )4@&! ["+BI"*(&/&* M) @ @' )*,"4"1," /&), 7&* +=1 T*.8&&.G! 7)*9!

+ AGHOH&IH(1SH,(),1)*,"4"1," /&), T&* +1 (&7 +&@#&+!7)9!"*/&)+&) (& @"B&@"(11.112!

0&*&,"1/&+"+,)*' &M%

/ Bacterial Survival Modes \

i Individual Population Level

Genetic Antibiotic-
Mutants Mediated Death

Quorum Sensing

Ribosome Social
. Inhibition ) | Interactions }

Persister

Multiple
Mechanisms

B C

B

5 [A]

2 E =

5} 3 < o

& A e = F
e

Initial cell density |

"#$%&D)'E/,"6"3,"7" ,30&%./7&'5&72./"151" ./8' 7300&7,"9&'" ./,"6"3,"7" ,30&%./7&'
AFE<CE;G.7,&%".'7./'1$%9"9&"./,"6"3,"7' ,%&.,5&/,",2%3%$#2'." 9.%"&,='3+'5&72./"151>'
&",2&%'3/',2&/8"9"8%$.0'3%'-3-$0.,"3/'0&9&0;'H+,&/>'5%$0,"-0&'5&72./"151".%&'".,"-0.=;'
G;' F300&7,"9&' ./,"6"3,"7' ,30&%./7&' AFE<C' "1' 8&+"/&8' .1' .' -3-$0.,"3/' 8&/1",=
8&-&/8&/7&' .;' "[,&%5&8".,&" ./,"6"3,"7" 73/7&/,%.,"3/1;" 13%' &J.5-0&>"' ., 0 34
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73/7&1,%.,"3/1>' -3-$0.,"3/1"' .%&" .60&" ,3'4",21,./8' ,%&.,5&/," %&#.%80&11' 3+' 8&/1",=}'
F3/9&%1&0=>".,"2"#2'./,"6"3,"7'73/7&/,%.,"3/1>'-3-$0.,"3/1'.%&"'"/2"6",&8' %&#.%80&11'3+'
8&/1",=;'?34&9&%>".,""/,&%5&8".,&'73/7&/,%.,"3/1>'-3-$0.,"3/' +.,& 8&-&/81'3/""/",". (0
8&/1",=;'F;'FE<'"1'72.%.7,&%"K&8'6=".",%./1","3/'"/'-3-$0.,"3/' +.,&" .1" .' +$/7,"3/' 3+'
"M".08&/1",=;

1&*&,™ [&+"+ V&I "1 "+ "% 1 2/17G1 )*.1 12,&*1 ;/&'&.&.1 49G!  [")IBI')I&H )'%2*/"&2!
$5,"4"1,"1 L@&/)¥&! "+ "+ "FOA"H(&.! 2/171 [&+"+,)¥ &I " ()1 " 1"+ (&*1,9;"C! , 1@&/)*,!
LA@),"1*+1)/&10&*1,9;")@@9! ".&*,")@! 1!, (&"/ +&*+","#&! 'LA* &/;)/, ¥ (1S&H&/G! ,(&9!
A"@"U&!)I*ATA&/N 121 7& ()" +7+1 LI+ A #&I)* "4"1,"1 /&), 78* =13&/();+!,(&! 71+,1S&@@R
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1.3 Phenotypic persistence
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1.4 Population -level behaviors
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1.4.2 Quorum sensing (QS) and biofilm formation
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1.4.3 Bistable inhibition of the replication machinery
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1.4.5 Social Interactions
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1.4.6 Density dependent survival leads to faster recovery from
antibiotic treatment
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1.5.1 Timing in antibiotic dosing
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1.5.2 Molecular interventions to disrupt CAT
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A. Inhibit Enzyme B. Inhibit QS C. Amplify Ribosome D. Innibit Key E. Inhibit Social
or Modulate PCD or Protein Function Inhibition Mechanism Interactions
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1.5.3 Treatment considerations
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1.6 Mathematical modeling in systems biology
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2. Introduction
2.1 Postantibiotic effect (PAE): definition and prevalence
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2.2 Premise
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2.3 Results !

2.3.1 A microfluidic platform for high throughput quantification of
PAE
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2.3.2. Quantification of PAE in E. coli cells in response to
streptomycin treatment
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2.3.4 A minimal model of antibiotic action
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2.3.5 Model validation: perturbation studies
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2.5 Conclusions
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3. Linear population allocation by bistable switches in
response to transient stimulation
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3.2 Decision making in biological systems
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3.3 Premise
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3.4.3 A bistable Myc -Rb-E2F model
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3.4.5 Initial lag in the toggle -switch and Myc -Rb-E2F models
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3.4.6 Advantages of linear activ ation
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3.5 Conclusions

2"+ )A@&! T1,"2+1 12, &*1 2A* "1¥1)+] & 4* F)B"™0! 71 A@&+! " @"#"*0! +9+ &7 +f1 "I
(&1 2)&! 12! 4"1'(&7™Y@@9! *1"+9! :1:A@),"1*+G! ) ,/)*+"&*,| +"TA@A+! ! )::1/,"1*! )!
+A4LA@),"1%,11&)' (1+&;))),&!+,&).91+,),&=1J&/&GITH(1S1,(),], ("+11A,'17&)."+,["4A,"1*]
) @"&)N 2A% MK 121 + "TA@A+! "+ &*+" 9G)JOA&! ,(),! +A(1)! ;/1:&/,9! '1A@.! 4&!
1;,"7"U&.G!&=0=1S(&*12)'&.I1S" (| @"7" &1 /&+1AI'&+=I6("+ @"*&)/1/&+;1*+&I 7)91/&;/&+&* 1)!
21/711214&R&.0"0G!&*)4@"01); LA@),"1*!, 11).ZA+,!1" v+1)#&/)0&! (&*1,9;&!  11/&+;1*.]
AIAR/&" VA@E&)TH." "1*+GI&=0=I*A,["&*).&;["#),"1*G1)*"4"1," 1+ & ++GI&, &

3.6 Acknowledgements

6("+!'();,&N"*"@A.&+! 7),&/")@!2/17 & /1.A'&.!S",(1;&/T"++"1*12/17 IE&&!6:2G!
8/"7)*"l:<z1&,)@G!hinear Population Allocation by Bistable SwitchiesResponse to Transient
Stimulation! .%"#0"2AACVMNO\W=

OON



4. Postantibiotic effect: implications for treatment
design

4.1 Introduction
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