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Our Abstract

“The development of reliable methods for restoring susceptibility
after antibiotic resistance arises has proven elusive. A greater
understanding of the relationship between antibiotic administration
and the evolution of resistance is key to overcoming this challenge.

Here we present a data-driven mathematical approach for
developing antibiotic treatment plans that can reverse the
evolution of antibiotic resistance determinants.

We have generated adaptive landscapes for 16 genotypes of the
TEM β-lactamase that vary from the wild type genotype TEM-1
through all combinations of four amino acid substitutions . . . . . .

· · · · · · · · ·

Overall this study shows that there is promise for reversing the
evolution of resistance through antibiotic treatment plans.”
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Time Machine
If We Can’t Stop Evolution, Maybe We 
Can Reverse It

Think of reversing the evolution as traveling back in time.
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Chemistry
Our time traveler is the resistance gene TEM β-lactamase.
Identified by Naomi Datta in 1963; named after patient Temoneira.

The TEM β-lactamase 

Wiki: Beta-lactamases are enzymes produced by some bacteria that
provide resistance to . . . antibiotics like penicillins, cephamycins, . . .

Beta-lactamase provides antibiotic resistance by breaking the antibiotics’

structure. These antibiotics all have a common element in their

molecular structure: a four-atom ring known as a β-lactam . . . 4 / 25



Evolution Observed

Of 190 clinically identified TEM genotypes, 174 differ from the
wild type TEM-1 by at most four amino acid substitutions:

Most TEMs Have Fewer than Five 
Substitutions

!
Number!of!amino!acid!
subs0tu0ons! Number!of!TEM!enzymes!

1! 53!
2! 53!
3! 37!
4! 31!
5! 10!
6! 2!
7! 2!
8! 0!
9! 0!
10! 1!
11! 1!

The Barlow lab studies a system with four amino acid substitutions.
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TEM-50 system
The TEM-50 genotyope is highly evolved.

It differs from the TEM-1 in four amino acid substitutions:

TEM-50 is  Highly Evolved

TEM$50'

M69L*'
1000'

E104K'
0100'

G238S'
0010'

N276D*'
0001'

Experiments: The Barlow lab

I created all 16 genotypes between TEM-1 and TEM-50

I measured the growth rates of 12 replicates of E.coli DH5α-E

I repeated in the presence of each of 15 β-lactam antibiotics
AMP, AM, CEC, CTX, ZOX, CXM, CRO, AMC, CAZ, CTT, SAM, CPR, CPD, TZP, FEP
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The 4-dimensional cube
How to create an adaptive landscape

Mutant& Isolated&
Binary&Allele&

Code&
Wild%Type% TEM,1% 0000%
M69L% TEM,33% 1000%
E104K% TEM,17% 0100%
G238S% TEM,19% 0010%
N276D% TEM,84% 0001%

M69L/E104K% ,% 1100%
M69L/G238S% ,% 1010%
M69L/N276D% TEM,35% 1001%
G238S/E104K% TEM,15% 0110%
G238S/N276D% ,% 0011%
N276D/E104K% ,% 0101%
M69L/E104K/

N276D% ,% 1101%
M69L/E104K/

G238S% ,% 1110%
G238S/N276D/

E104K% ,% 0111%
G238S/N276D/

M69L% ,% 1011%
TEM,50% TEM,50% 1111%

•  Create%all%
combinaGons%of%
mutaGons%
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The data
Measure the fitness of each of the 16 genotypes

How to Create an Adaptive Landscape
•  Measure'fitness'of'all'genotypes'

Treatment'
(with'1'an8bio8c)'

Control'
(without'an8bio8c)'

0000'
0100'
0100'
0010'
0001'
1100'
1010'
1001'
0110'
0101'
0011'
1011'
1101'
0111'
1011'
1111'

... in the presence of each of 15 antibiotics. 8 / 25



Fitness landscapes
For each of the 15 antibiotics AMP, AM, CEC, CTX, ZOX, CXM,
CRO, AMC, CAZ, CTT, SAM, CPR, CPD, TZP, FEP we have a

2×2×2×2-table f = (fijkl) with entries in R

We care about the dynamics on such fitness landscapes:

How to Create an Adaptive Landscape

•  Forward'arrows'
– New'subs-tu-ons'

•  Backward'arrows'
– Reversions'

•  Red'arrows'
– P7value'≥'0.05'

0000

1000 0100 0010 0001

1100 1010 1001 0110 0101 0011

1110 1101 1011 0111

1111
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Population genetics
A substitution model is a function

M : R16 −→ R16×16

that assigns to each fitness landscape f a transition matrix M(f).

We use two simple models:

I The Equal Probability Model (EPM)

Muv = 1/k

if u → v and genotype u has k outgoing arrows.

I The Correlated Probability Model (CPM)

Muv =
fv − fu∑
w (fw − fu)

if u → v and the sum is over all genotypes w with u → w .

Data yield matrices MXPM
(
f?
)

of format 16×16, where X = E ,C

and ? = AMP, AM, CEC, CTX, ZOX, CXM, CRO, AMC, CAZ, CTT, SAM, CPR, CPD, TZP, FEP
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Matrix algebra
Fix EPM or CPM, and consider the matrix product

M(fa1) ·M(fa2) ·M(fa3) · · · M(fak )

where a1, a2, a3, . . . , ak is any sequence of antibiotics.

There are 15k such sequences!

Rational Design of Antibiotic Treatment 
Plans

Which ones should the doctors try?

Fix two genotypes u, v ∈ {0, 1}4.

The entry of this matrix in row u and column v is the
fixation probability of genotype u mutating to genotype v .
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Combinatorial optimization
Let v = TEM-1 and u any other genotype.

Time Machine Problem: Maximize the (u, v) entry of the matrix

M(fa1) ·M(fa2) ·M(fa3) · · · M(fak )

over all 15k antibiotic sequences of length k.

Idea: Travel back in time to 1963

If We Can’t Stop Evolution, Maybe We 
Can Reverse It

•  By#op&mizing#our#ability#to#reverse#
evolu&on,#we#can#turn#resistance#
back#to#1963#

•  For#the#TEM#gene,#we#have#created#
a#&me#machine.#

#
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Just do it
Time Machine Problem: Given 15 transition matrices
of format 16× 16, consider all products of length k ,
and maximize a particular entry in the first row.

We implemented a brute-force approach for k = 2, . . . , 6 in maple,
and we computed optimal solutions for both substitution models.

Results:

How Reliable is The Time Machine?

Starting 
Genotype 

1 Step # 2 Step # 3 Step # 4  
Step 

# 5 Step # 

1000 1.0 1 1.0 3 1.0 7 1.0 15 1.0 31 
0100 0.617 1 0.617 6 0.617 36 0.617 219 0.617 1360 
0010 0.714 1 0.714 2 0.714 3 0.714 4 0.714 5 
0001 0.287 1 0.287 1 0.592 2 0.592 18 0.726 2 
1100   0.617 3 0.617 18 0.617 108 0.617 657 
1010   0.715 1 0.715 6 0.715 27 0.715 112 
1001   0.559 1 0.559 4 0.726 1 0.726 2 
0110   0.617 1 0.617 10 0.617 78 0.617 555 
0101   0.592 1 0.592 9 0.612 1 0.612 9 
0011   0.361 1 0.361 9 0.586 1 0.599 2 
1110   -  0.617 2 0.617 24 0.617 215 
1101   -  0.592 2 0.592 24 0.617 12 
1011   -  0.532 1 0.532 1 0.684 1 
0111   -  0.586 1 0.600 1 0.617 4 
1111   -  -  0.617 4 0.617 72 
!
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Biomedical interpretation
Since 1963:

The Time Machine
•  Uses$numbers$to$find$the$best$treatment$paths$to$

move$the$TEMs$back$in$8me$to$the$wild;type$state$
•  The$first$step$is$to$convert$growth$rates$into$fixa8on$

probabili8es:$
$
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Press Coverage

5/17/15, 6:34 AMResearchers find a way to reverse antibiotic resistance in bacteria - Birmingham science news | Examiner.com
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NEWS / SCIENCE & SPACE

The Centers for disease control reported that

23,000 people died in 2012 and over two million

were sickened to the point of hospitalization by

exposure to antibiotic resistant bacteria. The

CDC notes that three bacteria are an urgent

threat, 12 bacteria are a serious threat, and three

bacteria are a concerning threat. Biologist Miriam

Barlow of the University of California at Merced

and mathematician Kristina Crona of American

University have developed a regimen that

reverses antibiotic resistance using a set of 15

antibiotics. The discovery was reported in the

May 6, 2015, edition of the journal Public Library

of Science.

The World Health Organization reported a

growth of resistance to antibiotic and

antimicrobial drugs in infectious diseases like HIV

and tuberculosis across the world in 2015. The

report notes a growing limitation on the success

See also: science & space, antibiotic resistant bacteria

Researchers find a
way to reverse
antibiotic resistance
in bacteria
May 6, 2015
11:55 AM MST
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Biology leads to New Mathematics

Time Machine Problem: Given square matrices M1, . . . ,Mn,
maximize a particular matrix entry over all n` words
Mi1Mi2 · · ·Mi` of length ` in these matrices.

What is the computational complexity of this problem ?
Does there exists an efficient dynamic programming approach?

The answer is no. It can be reduced to k-SAT.

Theorem (Ngoc Tran & Jed Yang, arXiv: May 11, 2015)

“Antibiotics Time Machine Problem is NP-hard”.

Tran and Yang also show that a certain natural
convex relaxation can be solved in polynomial time.
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Biology leads to New Mathematics1

Time Machine Problem: Given square matrices M1, . . . ,Mn,
maximize a particular matrix entry over all n` words
Mi1Mi2 · · ·Mi` of length ` in these matrices.

What is the computational complexity of this problem ?
Does there exists an efficient dynamic programming approach?

The answer is no. It can be reduced to k-SAT.

Theorem (Ngoc Tran & Jed Yang 2015)

The Time Machine Problem is NP-hard.

Tran and Yang also show that a certain natural
convex relaxation can be solved in polynomial time.

1Is Theoretical Computer Science Part of Mathematics?
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Conclusion: Optimal Treatment Plans Can Be Designed

The Paths that are used in Optimal 
Treatment Plans

Ce#azidime,*Cefprozil*

0000

1000 0100 0010 0001

1100 1010 1001 0110 0101 0011

1110 1101 1011 0111

1111

.... by solving the Time Machine Problem
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Computer Scientists May Have Just Found A Solution For
Deadly Superbugs
" May 7, 2015

A computer program designed by two scientists could one day be a weapon in the fight against antibiotic
resistance in bacteria. Using complex algorithms, biologist Miriam Barlow of the University of California,
Merced and mathematician Kristina Crona of American University in Washington, D.C. were able to prevent
and actually reverse antibiotic resistance in a lab setting.

The discovery is exciting because antibiotic-resistant infections are some of the most pressing research
concerns in modern medicine. These mutated bacteria, such as MRSA, C. diff and more, have the power to
turn back the clock on all of the advances we’ve made since the advent of antibiotics.

To put the problem to scale, at least 2 million people are infected annually with antibiotic-resistant
bacteriain the U.S., and 23,000 people die each year as a result, according to the Centers for Disease
Control and Prevention. The global threat of antibacterial resistance is expected to get worse over time.

Currently, the way doctors fight drug-resistant infections is to start treating them with the most commonly
used antibiotics and then cycle through increasingly rarely used antibiotics. Often, the first few drugs are
ineffective and, in a worst-case scenario, doctors may end up using antibiotics that even increase an
infection’s resistance to medicine.

Here’s how the software test worked: Barlow focused on a single gene in E. coli bacteria that is responsible
for making the organism resistant to our arsenal of antibiotics. Together with Crona, she devised a
mathematical formula that matched known antibiotics to the bacteria at several stages of the mutation
process. The matching process, which is faster and more exacting than a doctor’s intuition, spit out the
optimal order of antibiotics to “cycle” through in order to prevent resistance. The matching process worked
so well that the researchers were even able to drag E. coli back to its “wild type,” or its natural state before
becoming resistant.

The name of their software, fittingly, is the “Time Machine.”

“With our treatment plans, the protocol is to find an order of using antibiotics that will take these highly
evolved genes conferring resistance to new antibiotics and to push them back to the wild type state, so
they’re not conferring antibiotic resistance to our more modern drugs,” Barlow told the Huffington Post.
“Without new antibiotics, resistance to the old antibiotics is increasing more and more all of the time, and
we need to find ways of making those antibiotics last.”

“In medical practice, many times doctors have great ideas because they have a feeling for the problem,
based on their experience,” Crona explained. “But [the software] is beyond what a medical doctor can do in
terms of his or her intuitions.”

Barlow and Crona’s program takes the guesswork out of choosing which known antibiotic to use for E. coli
bacteria at a given stage of mutation, bringing a sense of order and a higher chance of effectiveness to
infection treatment. But their initial project, published Wednesday in the scientific journal PLOS ONE, is still
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Resistência de bactérias aos antibióticos é revertida
Redação do Diário da Saúde

Evolução às avessas

A proliferação das bactérias resistentes aos antibióticos é um problema crescente em nível mundial.

A boa notícia é que esse problema talvez seja reversível.

Miriam Barlow (Universidade da Califórnia) e Kristina Crona (Universidade Americana) descobriram uma maneira de fazer
com que as bactérias retornem a um estado pré-resistente.

As duas pequisadoras demonstraram essa "evolução às avessas" usando uma família de 15 antibióticos disponíveis para
combater infecções comuns, incluindo a penicilina.

Ciclagem de antibióticos

Para anular o processo natural de evolução das bactérias, que as leva a desenvolver a resistência aos antibióticos, as
pesquisadoras as expuseram a 15 diferentes antibióticos e mediram suas taxas de crescimento. Com esses dados, elas
calcularam a probabilidade de mutações que retornariam as bactérias ao estado de suscetibilidade ao medicamento.

Para encontrar estratégias de ciclagem ideais, elas testaram até seis drogas em rodízio de cada vez.

"Nosso objetivo era encontrar um cronograma de antibióticos ordenado e preciso no qual os médicos podem confiar e saber
que, ao final, a resistência será revertida, e um antibiótico vai funcionar," explicaram.

Segundo as pesquisadoras, os resultados terão grandes implicações para os médicos que tentam combater infecções nos
pacientes usando a "ciclagem de antibióticos", a técnica de tratamento na qual diferentes antibióticos são usados em sistema
de rodízio.

Solução matemática

O estudo demonstrou que a ciclagem de antibióticos funciona, desde que seja adotado um esquema preciso, que está longe
de ser aleatório.

"Descobrir cronogramas ótimos de ciclagem de antibióticos apresenta um desafio matemático. Os matemáticos terão que
criar algoritmos que possam oferecer cronogramas mais eficientes para uma maior quantidade de antibióticos e bactérias,"
afirmaram as pesquisadoras.

O objetivo agora será testar o novo tratamento em um ambiente clínico, trabalhando com os médicos para fazer rodízios de
antibióticos de forma a maximizar a sua eficácia.

Posteriormente, o estudo terá que ser ampliado para forçar a "involução" de outras bactérias, utilizando outros antibióticos
disponíveis.

Descoberto novo antibiótico sem resistência

Fonte:
Diário da Saúde - www.diariodasaude.com.br
URL:http://www.diariodasaude.com.br/news.php?article=resistencia-bacterias-antibioticos-revertida&id=10571
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Antibiotic drug-resistance continues to be one of the toughest global issues that clinicians face today.

Development of new antibiotic classes with different mechanisms of action from currently prescribed

drugs has been slow. However, evidence continues to surface that supports the premise that antibiotics

which have been out of use could still be effective in treating drug-resistant bacteria.

Now, evolutionary biologists from the University of California (UC), Merced teamed up with

mathematicians from American University and found a method to return bacteria to a preresistant state

through the use of 15 common antibiotics. The implications of their discovery could have a major impact

for physicians who employ antibiotic cycling tactics to keep infections at bay.        

The findings from this study were published online today in PLOS ONE through an article entitled

“Rational Design of Antibiotic Treatment Plans: A Treatment Strategy for Managing Evolution and

Reversing Resistance.”

"Doctors don't take an ordered approach when they rotate antibiotics," said Miriam Barlow Ph.D.,

associate professor at UC, Merced and senior author on the current study. "The doctors would benefit

from a system of rotation that is proven. Our goal was to find a precise, ordered schedule of antibiotics

that doctors could rely on and know that in the end, resistance will be reversed, and an antibiotic will

work."

While antibiotic resistance is a natural result of bacterial evolution, given the selective pressure they are

put under by the drugs, the ability to stay out in front of the development of resistance is the key to

fighting tough infections. In an attempt to compensate for the bacterial evolution mechanism, many
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