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ABSTRACT: Microbes can be engineered to produce next-
generation biofuels; however, the accumulation of toxic biofuels
can limit yields. Previous studies have shown that efflux pumps can
increase biofuel tolerance and improve production. Here, we asked
whether expressing multiple pumps in combination could further
increase biofuel tolerance. Pump overexpression inhibits cell growth,
suggesting a trade-off between biofuel and pump toxicity. With
multiple pumps, it is unclear how the fitness landscape is impacted.
To address this, we measured tolerance of Escherichia coli to the biojet fuel precursor α-pinene in one-pump and two-pump
strains. To support our experiments, we developed a mathematical model describing toxicity due to biofuel and overexpression of
pumps. We found that data from one-pump strains can accurately predict the performance of two-pump strains. This result
suggests that it may be possible to dramatically reduce the number of experiments required for characterizing the effects of
combined biofuel tolerance mechanisms.
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Microbial production of next-generation biofuels has the
potential to provide drop-in alternatives to liquid

petroleum products including gasolines, diesels, and jet fuels.1

Aviation fuels, in particular, represent an area where biofuels are
especially important. In contrast to other transportation
markets that have alternative renewable technologies (e.g.,
gasoline vs electric vehicles), aviation requires liquid fuels that
are energy dense, work at low temperatures, and are not
prohibitively expensive. Terpenes are naturally occurring
compounds in plant biochemistry that have the potential to
serve as next-generation jet fuels. Several studies have
engineered pathways for terpene production in microbial
hosts.2,3 Recently, pinene has been synthesized as a jet fuel
replacement.2−4 Pinene dimers have a similar heating value and
energy density to the tactical jet fuel JP-10 and can be readily
synthesized from α-pinene by chemical catalysis.2,5

Although they hold great promise as renewable jet fuels, end
product inhibition is a critical factor in the microbial synthesis
of monoterpenes.2,6 Therefore, as biofuel production improves,
it will be necessary to also improve host tolerance. As the
intracellular concentration of biofuel increases, the protective
barrier provided by the cell membrane is weakened and
membrane permeability and fluidity increase from the break-
down of the tightly packed lipid bilayer. As a result, cellular
machinery and energy can be released across the membrane in
the form of ions, ATP, RNA, and proteins. This impacts
electrochemical energy gradients such as the proton motive
force that normally provide the driving force for essential
transport processes.7,8

Microbes have evolved a wide variety of mechanisms to
combat the effects of solvent toxicity.9,10 These include

alteration in the membrane phospholipid composition for
reduced permeability, active extrusion by efflux pumps, and
heat shock protein assistance in the refolding of unraveled
proteins.7,9 Here, we focus on the transport of solvents by efflux
pumps. Several previous studies have demonstrated that
expression of pumps can improve biofuel production.11−13

There is evidence that combinations of efflux pumps can confer
additional tolerance compared to expression of individual
pumps.14 Notably, bacteria have evolved to have multiple
parallel efflux pump systems. In P. putida DOT-T1E, toluene
tolerance is achieved by three solvent resistant pumps,
collectively known as the toluene tolerance genes (ttg), which
work in concert to improve tolerance.15 Here, we asked
whether simultaneous heterologous expression of non-native
efflux pumps in E. coli could enhance pinene tolerance relative
to a wildtype control and strains containing individual pumps.
Overexpression of efflux pumps can be detrimental to

growth, due to overloading of membrane insertion machinery
and changes in membrane composition.9,16 This creates a trade-
off between pump toxicity and biofuel toxicity where moderate,
but not high, expression is necessary to achieve optimal
growth.17,18 A similar trade-off has been observed with efflux
pumps in antibiotic resistance.19 With combinations of pumps,
there are multiple sources of pump toxicity but also potential
combinatorial benefits from reduced biofuel toxicity. Balancing
these competing factors has the potential to introduce a
complex fitness landscape. In addition, testing combinations of
pumps under different induction conditions with different levels
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of biofuel quickly results in a large set of conditions requiring
experimental characterization. Here, we show experimentally
that a simple model of toxicities can help predict how two
pumps act in concert, greatly reducing the number of validation
experiments required.
In this study, we used four efflux pumps that are known to

improve tolerance to α-pinene.11 Here, we refer to the pumps
by the gene numbers of the inner membrane component;
however, we note that each pump is composed of multiple
genes (Methods). Pp_3456 is native to Pseudomonas putida
KT2440, Maqu_3494, and Maqu_0582 are from Marinobacter
aquaeolei, and Abo_0964 is from Alcanivorax borkumensis SK2.
P. putida is a soil bacterium with known solvent tolerance
properties,20 M. aquaeolei is a hydrocarbon degrader that was
isolated from the head of an offshore oil well,21,22 and A.
borkumensis is known to dominate hydrocarbon-rich marine
environments like those near natural oil seepages or oil
spills.23,24 When tested individually in a strain of E. coli lacking
the major native solvent-tolerance pump, all four pumps were
shown to improve pinene tolerance.11 In the present study, we
comprehensively characterized the biofuel and pump toxicities
for each pump individually and then combined pumps,
repeating tolerance experiments. Using the single pump
experimental data, we fit a mathematical model describing
cell growth. From the single pump data we were able to predict
the fitness landscape with multiple pumps using the
mathematical model. This result captures the main features of
all tested combinations of pump induction and biofuel levels.
Importantly, this suggests that a small number of experiments
may be sufficient to predict combinatorial effects between
pumps.

■ RESULTS AND DISCUSSION

In order to quantify the benefit of efflux pump expression and
the toxicity of each pump, we performed growth assays with a
gradient of pinene concentrations and different levels of pump
induction (Methods). Because we were interested in testing

how combinations of pumps impacted growth, we used a two-
plasmid system in all experiments. Using E. coli BW25113 as
the host, we cotransformed cells with compatible medium copy
(p15A origin) and low copy (SC101 origin) plasmids
(Methods). As a negative control, we expressed red fluorescent
protein (rfp) and compared this to expression of each efflux
pump, individually or in combination. For concise notation, we
refer to the medium copy plasmid (p15A) as “A” and the low
copy plasmid (SC101) as “S.” For example, A-rfp/S-rfp is the
negative control, expressing no non-native efflux pumps, and A-
Maqu_3494/S-rfp is a single pump strain, with Maqu_3494
expressed from the medium copy plasmid.
In the wildtype strain, we observed a severe growth impact

with 0.5% and 1% pinene (Figure 1a). Although the pinene
levels tested here are well above those produced in engineered
strains at present (e.g., 0.004%, or 32 mg/L in E. coli2),
improving tolerance can increase yields even when the biofuels
being produced are well below toxic levels.11 We next expressed
Maqu_3494 under the control of the lacUV5 promoter (A-
Maqu_3494/S-rfp) and induced cultures with 10 μM IPTG,
resulting in low-to-moderate induction of the pump. The strain
harboring the pump was able to partially restore growth in the
presence of 0.5% and 1% pinene (Figure 1b). Next, we
measured the impact of pump toxicity by adjusting the level of
IPTG induction in the absence of pinene. Figure 1c shows the
effect of Maqu_3494 overexpression on growth. As the inducer
concentration is increased, the cells grow more slowly. These
data show the independent effects of biofuel and pump toxicity,
suggesting a trade-off when optimizing efflux pump expression.
To interpret the toxicity trade-off, we used the experimental

data from A-Maqu_3494/S-rfp to fit a mathematical model
describing cell growth, biofuel, and pump toxicity (Methods).
The model is based on the Monod growth equation,25 with
modifications to account for biofuel and pump toxicity. We ran
simulations for a range of inducer concentrations at a fixed
pinene concentration and recorded the intracellular pinene and
the final pump levels (Figure 1d). The combined impact of

Figure 1. Costs and benefits of efflux pump expression. (a) The negative control, E. coli BW25113 with plasmids A-rfp/S-rfp, exhibits pinene
toxicity. (b) Induction of a single pump strain A-Maqu_3494/S-rfp with 10 μM IPTG improves pinene tolerance. (c) Overexpression of
Maqu_3494 (strain A-Maqu_3494/S-rfp) by IPTG induction inhibits growth. (d) Simulation results showing the cost and benefit of Maqu_3494
expression in an environment containing 0.5% pinene. At low induction, biofuel toxicity is substantial, while at high induction pump toxicity
dominates. The total toxicity is minimized at an intermediate level. Biofuel and pump toxicities are normalized by their maximum values. (e)
Experimental data showing biomass after 8 h of growth with 0.5% pinene for the strain A-Maqu_3494/S-rfp as a function of IPTG concentration.
For a−c and e, error bars are the standard error of three biological replicates.
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biofuel and pump toxicity shows a clear minimum, suggesting
that an intermediate induction level will maximize cell growth.
We validated this experimentally by growing cells in the
presence of 0.5% pinene with varying levels of IPTG induction
(Figure 1e). As predicted by the model, growth in the presence
of pinene is maximized at an intermediate induction level.
Next, we comprehensively characterized biofuel and pump

toxicity for four efflux pumps. We chose three pinene and four
IPTG concentrations ranging from zero to complete inhibition
and induction respectively, for a total of 12 biofuel−inducer
pairs. We performed growth assays using four single-pump
strains: A-Pp_3456/S-rf p, A-Maqu_3494/S-rf p, A-rf p/S-
Maqu_0582, and A-rfp/S-Abo_0964. In all cases, efflux pump
expression is under control of the lacUV5 promoter and
induced by IPTG. Recall that 0.5% pinene completely inhibits
growth in the wildtype strain. Thus, the experiments with
Pp_3456 and Maqu_3494 show improvements in pinene
tolerance at low and moderate levels of induction (Figure 2a,
b). In addition, the effect of pump toxicity is visible in these
strains, with higher levels of IPTG corresponding to a reduced
growth rate. In contrast, the Maqu_0582 and Abo_0964 data
show weak improvements in pinene tolerance, and although the
pumps are toxic, as evidenced by a reduced growth rate in the

absence of pinene and IPTG, further induction does not have a
dramatic effect on growth (Figure 2c, d). We selected these
strains initially based on their improvement of pinene tolerance
in a previous study;11 however, differences between the strains
and plasmids likely account for the reduced pump performance
here. Overall, these experiments map the fitness landscapes for
four individual efflux pumps under different biofuel and
induction conditions, revealing trade-offs in pump expression
and tolerance.
Given our data set on growth rates for biofuel and inducer

pairs, we next asked whether our mathematical model could
capture the fitness landscape trade-offs. Using the experimental
data, we first modeled the impact of pinene toxicity (Methods).
The parameters were determined using data from the wild type
strain, A-rfp/S-rfp, and were then held constant across all
subsequent simulations. Next, we used the data from each
individual pump to fit the parameters associated with pump
toxicity and biofuel export. The modeled fitness landscapes
capture the features observed in the experimental data,
including the interplay between biofuel and pump toxicities
for the four distinct pumps (Figure 2). Our modeling results
are significant because they indicate that it may be possible to
measure only a subset of data points in a fitness landscape,

Figure 2. Fitness landscapes resulting from heterologous expression of single efflux pumps for a range of pinene and IPTG concentrations. Black
dots represent the experimentally measured mean growth rate in exponential phase at each set of conditions. The colored surfaces show the same
metric from simulated growth curves, as predicted by the mathematical model. Fitness landscapes are shown for four single-pump strains: (a) A-
Pp_3456/S-rfp, (b) A-Maqu_3494/S-rfp, (c) A-rfp/S-Maqu_0582, and (d) A-rfp/S-Abo_0964. Error bars for the experimental data are shown in
Supporting Information Figure S1a and error metrics are listed in Supporting Information Table S1.
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rather than exhaustively mapping all combinations. In addition,
the model of individual pumps can be used to produce testable
predictions about what happens when pumps are used in
combination.
Using the pumps we characterized individually, we next

constructed strains harboring two heterlogously expressed
efflux pumps. We tested A-Pp_3456/S-Maqu_0582 and A-
Maqu_3494/S-Abo_0964 with different combinations of
pinene and IPTG (Figure 3a, b). Although Maqu_0582 acting
alone showed little increase in pinene tolerance, the strain with
both Pp_3456 and Maqu_0582 exhibited an increase in growth
rate in the presence of pinene. This effect is especially

noticeable at the 1% pinene concentration, where the
combination of pumps outperforms the single pump strains.
These results suggest that combinations of pumps, even
including those that show limited benefit when expressed
individually, may be able to improve tolerance. In principle,
pumps from different sources could work together as chimeras
using, for example, inner membrane and periplasmic proteins
from one pump and outer membrane proteins from another.
Previous studies have shown examples of efflux pumps that can
function in this modular fashion.11,26

Using the model with parameters determined from the single
pump strain, we were able to capture the shape of the fitness

Figure 3. Fitness landscapes and growth curves resulting from simultaneous heterologous expression of two efflux pumps. Growth rate in
exponential phase as a function of pinene and IPTG for strains with two pumps: (a) A-Pp_3456/S-Maqu_0582 and (b) A-Maqu_3494/S-
Abo_0964. Black dots show experimental data; colored surface map is the modeling prediction. For error bars and analysis see Supporting
Information Figure S1b, Table S1. (c) Experimental growth curves for no pump, single pump, and two pump strains with 0 μm IPTG. Error bars
show standard error for three replicates. (d) Mathematical modeling predictions for the same conditions as in c.
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landscape for both combinations of pumps (Figure 3a, b). To
achieve this, we used the growth rate for the strain with no
pinene or IPTG to set the relative position of the fitness
landscape but otherwise changed no parameters (Methods). In
other words, the parameters determined using the single pump
strains, in combination with measurements from a single
condition of the double pump strains, were sufficient to
represent the entire fitness landscape for many different biofuel
and pinene combinations.
In addition to the growth rate predictions, the model can also

generate predictions of growth curve data. Here, we present
data for the no pump, one pump, and two pump conditions for
Pp_3456 and Maqu_0582, showing that the model captures
the features of the experimental data (Figure 3c, d). Again, the
modeling predictions from the two pump system are based on
single pump measurements. Such a model-guided approach has
the potential to drastically reduce the number of experimental
measurements necessary to optimize biofuel tolerance.
We next asked whether the model could be used as a tool to

predict the fitness landscape of a novel pump combination. To
test this, we constructed A-Maqu_0582/S-Pp_3456, A-
Abo_0964/S-Maqu_3494, and A-Pp_3456/S-Maqu_3494.
We measured the baseline growth under 0% pinene and 0
μM IPTG and then switched the pump expression rates to
account for the plasmid copy number swap, leaving all other
aspects of the model and its parameters unchanged. We then
performed growth assays with a subset of the pinene and IPTG
conditions (Figure 4a, b). Notably, both the model and the
experimental data show the superior pinene tolerance of the A-
Maqu_0582/S-Pp_3456 strain (Figure 4a) over the A-
Abo_0964/S-Maqu_3494 strain (Figure 4b). This is visible in
the experimental data at 0.5% pinene, where 10 μM IPTG
induction of the pumps leads to improved growth over the A-
Abo_0964/S-Maqu_3494 strain. This is a nontrivial prediction,
as the combined effects of the pumps without any pinene or
IPTG would have suggested that this strain was inferior. We
also tested A-Pp_3456/S-Maqu_3494. Individually, both
pumps produced increases in pinene tolerance (Figure 2a, b).
When combined, pump toxicity is substantial, though the strain
retains improved pinene tolerance relative to the A-rfp/S-rfp
control (Figure 4c).
This work provides a method for understanding trade-offs

when using efflux pumps to improve biofuel tolerance of a host
organism. By first testing single pump performance, selecting
pumps that work well with the native biofuel tolerance

machinery, and then using the model to predict the
performance of their combinations, it is possible to greatly
reduce the number of experiments required to optimize the
biofuel tolerance of a strain. Our model assumes that pump
toxicity is multiplicative, which is a good approximation for the
cases we tested; however, even in cases where this is not valid,
the model can suggest a subset of experiments to perform. A
limitation of our approach is that it is necessary to measure the
performance of the strain at one condition (without pinene or
IPTG) in order to set the baseline growth rate. We found that
some pump combinations were highly toxic even with only
basal pump expression (Figure 4c). In the future, improved
models that capture synergistic or antagonistic effects in the
absence of biofuel would be useful. For example, further
experiments characterizing how heterologous pumps interact,
and also, potential interactions with native E. coli efflux pumps
such as AcrAB-TolC could further improve the model.
Optimization of pumps and their expression systems may

further improve biofuel tolerance. For simplicity, we used a
single inducer for both pumps, but in principle the pumps can
be controlled independently. Further optimization using
distinct inducible promoters is likely to match the best
induction levels for each pump. Although we used inducible
promoters for this work, several recent studies have
demonstrated that biosensor-based feedback can improve
growth by minimizing toxicity.27,28 This approach can be
combined with preliminary screens based on the methods
presented here. In addition, the pumps used here have not been
optimized for expression in E. coli; codon optimization, directed
evolution, or other strategies could serve to further improve
tolerance.12 Further experimental data would also improve the
model accuracy. For example, direct protein measurements of
each of the components in the pump complexes could be used
to measure the ratio of the two pumps and how their individual
components interact. The ability to predict how combinations
of tolerance mechanisms work together based on a small subset
of experimental measurements has the potential to dramatically
reduce the effort associated with engineering biofuel tolerance,
leading to improved biofuel production strains.

■ METHODS
Bacterial Growth Conditions. Cultures were grown in

Luria Broth (LB) medium supplemented with 30 μg/mL
kanamycin and 35 μg/mL chloramphenicol at 37C with 200
rpm orbital shaking. Overnight cultures were inoculated from a

Figure 4. Experimental data and model predictions of fitness landscapes for additional pump combinations. (a) A-Maqu_0582/S-Pp_3456, (b) A-
Abo_0964/S-Maqu_3494, and (c) A-Pp3456/S-Maqu_3494. Black dots show experimental data for a subset of the pinene and IPTG conditions.
The surface shows modeling predictions. Note that although the baseline growth rate for the A-Abo_0964/S-Maqu_3494 combination is higher, A-
Maqu_0582/S-Pp_3456 and A-Pp3456/S-Maqu_3494 both achieve a higher growth rate at 0.5% pinene, 10 μM IPTG. The model predicts this
trend to extend to higher biofuel and inducer concentrations. For error bars and analysis, see Supporting Information Figure S1c, Table S1.
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single colony. Precultures were prepared by diluting overnight
cultures 1:100 in selective LB medium and were grown for 2 h.
Precultures were then diluted back to an optical density at 600
nm of approximately 0.2, IPTG was added to achieve
concentrations of 0, 10, 100, or 1000 μM, and the cultures
were transferred to a 48-well plate (total volume per well of 500
μL). α-pinene (Sigma) was added directly to the wells at
concentrations of 0, 0.5, or 1% v/v. We note that pinene is
insoluble in the growth medium and remains in a thin layer on
the surface of the well. Plates were sealed with membranes to
limit evaporation (Thermo Scientific AB-0580). Optical density
readings and rfp fluorescence measurements (Supporting
Information) were taken at 10 min intervals in a BioTek
Synergy H1 plate reader. All experiments were performed in
triplicate.
Plasmids and Strains. We used plasmid vectors pBbA5k

and pBbS5c from the BglBrick library.29 The rfp plasmids from
this library were used as controls. Efflux pumps were obtained
from the library developed in ref 11. The pumps used here
include all genes on the operon, which includes the inner
membrane protein and periplasmic linker for Pp_3456 and
Maqu_3494, and the inner membrane, periplasmic, and outer
membrane proteins for Maqu_0582 and Abo_0964. The NCBI
accession number for the inner membrane protein from
Pp_3456 is NP_745594, Maqu_3494 is YP_960752,
Maqu_0582 is YP_957870, and Abo_0964 is YP_692684. In
the original library, the efflux pumps are on the pBbA5k vector.
To make pBbS5c variants, we amplified the efflux pump genes
using PCR and cloned them into the pBbS5c vector, replacing
rfp with the coding sequences associated with all pump
components, as listed in ref 11. Plasmids were constructed
using the Gibson assembly method.30 pBbA5k and pBbS5c
plasmids were cotransformed into E. coli BW25113 and isolated
on LB plates with kanamycin (30 μg/mL) and chloramphenicol
(35 μg/mL).
Growth Rate and Toxicity Calculations. Optical density

data at 600 nm from the plate reader experiments was
converted to biomass (g/L) using an approximation of 1 g/L =
0.95 OD for exponential phase E. coli.31 In order to eliminate
single spurious data points to allow for derivative calculations,
growth curves were preprocessed using a moving average filter
with a window of five data points. In each window, the
maximum and minimum of the subset were eliminated and the
mean value of the remaining three points was calculated.
Growth curve derivatives were calculated from the filtered data
by taking the difference between the data points adjacent to
each point and dividing by the two time intervals between
them. The mean of the growth rate data in exponential phase,
which we defined as 1−4 h, was used as the metric to assess the
growth rate of the culture at each set of IPTG and pinene
concentrations for both the experimental and simulated data
(the sensitivity of the results to the selection of this time
window is given in Supporting Information Table S2). Biofuel
toxicity and pump toxicity (Figure 1d) were quantified as the
intracellular biofuel or pump protein concentration after 100 h
of simulation time. These values were normalized by the biofuel
or pump protein concentration corresponding to complete
inhibition.
Mathematical Model. A system of ordinary differential

equations was used to model the rate of change of biomass N,
growth substrate S, efflux pump on the medium copy plasmid
P1 and low copy plasmid P2, and intracellular pinene
concentration Ci. Cell growth (eq 1) and substrate con-

sumption (eq 2) were modeled using a modified form of the
Monod equation,25 as in ref 32.
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For single pump strains, the maximum growth rate μmax,
growth yield γ, and half-saturation constant Ks, were adjusted to
fit the toxicity profile specific to that pump (Supporting
Information). The half-inhibition constant for pinene Kc, and
the Hill coefficient h, were fit to the data for mean exponential
growth rate as a function of pinene concentration for the
wildtype strain, A-rf p/S-rf p from Figure 1a (Supporting
Information Figure S2). The half-maximum inhibition con-
stants for efflux pumps, Kp1 and Kp2, and the corresponding Hill
coefficients, hp1 and hp2, were set to match the mean
exponential growth rates of strains expressing the appropriate
pump at the selected IPTG induction levels (Supporting
Information Figure S3). For pump combinations, we set the
baseline growth parameters μmax, γ, and Ks based on the growth
observed in the absence of both pinene and IPTG; all other
parameters are the same as those determined from the single
pump experiments. Further details on model parameters and
their selection are available in Supporting Information.
Pump expression (eqs 3 and 4) was modeled using the

formula for chemically inducible expression from ref 17, with a
maximum expression rate of αp1/2 and threshold γI. These
expression constants, along with basal expression rates αp01/2
were attained from normalized rfp expression data for each of
the plasmids (Supporting Information Figure S4). β is the
pump protein degradation rate.

α α
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To model intracellular pinene concentration, a biofuel mass
balance was incorporated to ensure that while mass could pass
between the intracellular and extracellular domains, the total
mass of pinene in the entire domain was constant. Passive
diffusion of pinene through the cell membrane and export by
efflux pumps was modeled by eq 5, as in ref 32, where Ci and Ce
are the intra and extracellular pinene concentrations.

α α α̇ = − − +C
V
V

C C C P P( ) ( )c c ci 0
e

i
e i i 1 1 2 2

(5)

The gradient of biofuel concentration across the cell
membrane drives diffusion,33 and the concentration change is
accounted for by the ratio between the intracellular and
extracellular volumes (Vi and Ve) and the membrane
permeability constant αc0. The rate of export of biofuel due
to efflux pumps depends on the intracellular pinene
concentration, the pump protein concentration, and the rate
of export of each pump αc1/2, which were set to match
experimental data for each individual pump. All model
constants are listed in Supporting Information (Tables S3−
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4). The sensitivity of the results to changes in the model
parameters are shown in Supporting Information Figure S5.
Equation 1 uses the pump concentrations to improve growth

through a reduction in toxicity. Note that higher pump levels
do not necessarily correspond to improved growth. For
instance, a pump might be toxic but not provide tolerance
improvements.
All simulations were performed in MATLAB (MathWorks)

using the ode23s solver.
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