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Thermodynamics.

Gradients are everywhere
in nature...
... but sometimes they are ignored.

Mutational Pathway Determines Whether Drug Gradients Accelerate
Evolution of Drug-Resistant Cells

Philip Greulich, Bartlomiej Waclaw, and Rosalind J. Allen
Altempts 10 address this problem imclude the characterzation
of mutational pathways leading to resistance | 1,2], as well
as theoretical [3—8] and experimental [9-11] studies of the
emergence of resistance under different treatment regimens.
These studies usually assume a spatially uniform drog
concentration. However, in many clinical situations drug
concentrations vary in space |12,13], tor example, where

(2012) Phys. Rev. Lett.- THEORETICAL ) .
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Oops.

And resistance to antibiotics can -
evolve very rapidly in drug gradien

Acceleration of Emergence of
Bacterial Antibiotic Resistance in
Connected Microenvironments
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studies fail to probe how such mutations occur
and spread within a population during antibiotic
treatment. In particular, the importance of spatial
heterogeneities and their effect on evolutionary
processes during the emergence of antibiotic re-
sistance 1s often overlooked. Sewall Wright
(2011) Science. - EXPERIMENTAL
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Mutants isolated within 10h
of exposure to the drugs,
but unknown mechanism.
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Why evolution is so fast in the presence of antibiotic
gradients only studied theoretically... why?

On the rapidity of antibiotic resistance evolution
facilitated by a concentration gradient

Airtrer Herrears!, | Rarred Oecis, and Tarsnes Hama!

The rapid emergence of bacterial strains resistant to multiple anti-
biotics is posing a growing public health risk. The mechanisms
underlying the rapid evolution of drug resistance are, however,
poorly understood. The heterogeneity of the environments in
which bacteria encounter antibiotic drugs could play an important
role. E.g., in the highly compartmentalized human body, drug

(2012) PNAS.- THEORETICAL
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Antibiotic sensitivity tests

Diffusion-based methods have limited use...

Very sensitive to
antibiotic

Zone of inhibition

Microbial lawn

Somewhat sensitive Not sensitive
to antibiotic (resistant)
to antibiotic

This is an antibiogram, one of the most common
antibiotic sensitivy tests in the clinic. Highly standardised.



Zone of Inhibition Size

Antibiotic sensitivity tests

.. difficult to translate |

nto(U%speci dose.

A
Textbooks AND

research papers! - —
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Zol size « Drug... 1997 i
... or Zol size « log(Drug)? 2004 2012 |
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Drug Concentration

How the zone of inhibition changes with antibiotic
concentration is not clear (for microbiologists!), so

minimum inhibitory concentrations (MICs) estimatior *
ara incaticfartarv

Lorian (2005) Antibiotics in laboratory medicine.

Bonev et al. (2009) J. Ant. Chem. s ’ .
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Linear diffusion theory

Mathematical antibiogram

Dimension Y

™ Microbes

If diffusion occurs in three dimensions the Zol is a sphere.

And the radius r of a sphere is defined as...
=V x2+y2+ 22 P =X+ Y2+ 72

A =0(A, +A )

General solution:

v

A . X2+ y2

4
e ot

(X Y t) Adno

Diffusion identical in x and y,
so the resulting Zol is a circle.

Theﬁ a Ci S.
r=vx +y -)‘rE—x3+y§

Rearranging here
and there...

Reding-Roman et al., in prep.



What maths have to say.

Mathematical antibiogram

_ dose 1w A'_

—maximal Zol {radius 1.53)
—MBC
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distance from drug ()

Radius of 1.53
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Reding-Roman et al., in prep.



What maths have to say.

Mathematical antibiogram

A_here = 2x A_on the left

__dosalxhA _ doseZ2x A I w2 % 1.53
= C | G TSR e
——maximal Zol {radius 1.53) — maximal Zel (raditis 52 16} —J'J'J""
5} — MBC 5x —MBC | -
I
4% dx | |

2% 2%
1xMBC 1xMBC -y
0 = 0 2 10 So 5 0 5 T
distance from dreg (r) distance from drug {r)
Radius of 1.53 Radius just ~40% wider

Only when 4x A_the radius should double

(8x if 3D)
Reding-Roman et al., in prep.



Reality check.

What does the data say?

Ac
bacterial
Al(x) density
Added difficulty: Z has different size! Not easy
to look beneath an agar plate...
\F
0 spatial coord (x)

We designed a protocol that

mimics diffusion strictly in 2D...
(Maths easier to check)

...and built a device to
read them: the biobox.




Reality check.

What does the data say‘?
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— power model
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5

relative likelihood: 1.52—43
power coetf. 35% Cl (0.4,0.51)

40 60 80 100 120
drug concentration at centre (xMIC)

Post-processed biobox data.

Okay, your diffusion “theory”
seems to work. Now, what?

Reding-Roman et al., in prep.



Reality check.
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Escherichia coli K-12, str AG100 exposed to Doxycycllne

100 +::Jata (mean QB%CIJ
—— log model

— power model

fit B5% Cls

Okay, your diffusion “theory”
seems to work. Now, what?

o0
L

o
=

clearance zone radius {pixels)
i
=

] Now we apply it to

20+
lative likelihood: 1.52-43
;i:ileﬁ:ée?f? :EIDE% Cl [3.4,-3_513 Monod's g rowth |aW’
% 20 40 60 80 100 120 and see what happens...

drug concentration at centre (xMIC)

Reding-Roman et al., in prep.
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Reding-Roman et al., in prep.



in # ---l—!—l—' -—__
Changing the law. & ﬁ:\q * 1\‘\
Spatially-extended Monod gl \
Monod (1949) Ann. Reyv. 3 \ '
£ . “‘h}% ,
a & . 'I
a4 s 0 . Mimax b K] 1 in 100
Tetracycline concentration (upg'mi)
G(S) W oy O fA) __— Gullberg et al. (2011) PloS Pathogens.
=C X G
K+S Antibiotics reduce
growth rate...

i — G—"z—}‘—
2 S et ellcos

' M
K=:G(S*)=p__ /2
e T —igmopy ...aslong asthey don't S el
— .
0.4 —_— diffuse!
-
I ( /d)”z —
_ —(o X
. A(x)=A_e _
Eoos S(X):Ace_(E/D) X
g 0. miae Tl growdh sstes
n.15
01 |V|O'I’e drug Distancs ko Antioilic (px; 'III e i
this way!
.08 . o .
N We check this out in the biobox.
% 4.5 : 15 2 v 5 q

x (spatial coordinate — d'stance from arug) Reding-Roman etal.,in prep.



Bacterial growth rate maximised in gradients
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Cirowt 2 (A

8h? These things are used for weeks!

Bacterlal growth rate ma)umlqu in aradients
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Model based on increase in resistance gene copy number.

Tracking AcrAB-TolC abundance with the biobox

gfo-acrB per cell

ﬁ >2 at t=8h!

Fisher predicted
this... in 1937!
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Model based on increase in resistance gene copy number.
Tracking AcrAB-TolC abundance with the biobox
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Summary

1) The mathematical antibiogram says
that microbes only see twice as much
drug is four (or eight) times higher.

2) Antibiotics help microbes grow
faster in gradients by creating
reservoirs of carbon. Those growing

closer to the drug access more food!
3) And if they become resistant, they

gain access to even more food! So
there’s an incentive to be resistant.

"

¥ I-I'J.‘-i o

4) Resistance by increasing copies
of acr operon (within a day).

5) Spread of resistance consistent with

80yrs old theory.
6) Rings mostly ignored! Google for
antibiogram pictures and see...
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