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Adapted Pseudomonas putida strains grew in the presence of up to 6% (vol/vol) butanol, the highest reported
butanol concentration tolerated by a microbe. P. putida might be an alternative host for biobutanol production,
overcoming the primary limitation of currently used strains—insufficient product titers due to low butanol

tolerance.

The focus of biofuel production research has recently shifted
from ethanol to bioenergy carriers that are more compatible
with existing infrastructure (e.g., refineries, transport, and car
engines). At the forefront is n-butanol (hereafter referred to as
butanol) for which large-scale production processes have been
implemented (16, 35). Existing fermentations, however, are
limited in energetically attractive butanol titers, because buta-
nol inhibits microbial growth at concentrations above 16 g/liter
(2, 10). As reported for other organic solvents with low loga-
rithm of the partition coefficient in a two-phase octanol/water
system (log P,,,), this toxicity is due primarily to accumulation
of butanol (log P, 0.8) in the cell membrane and subsequent
impairment (4, 17, 30, 33). With the maximum aqueous solu-
bility of 0.97 M (8.8% [vol/vol]), the maximum membrane
concentration of butanol was calculated to be 1.59 M (17),
spotlighting its potential toxicity. The low achievable butanol
titers have necessitated large reactor volumes, resulting in high
purification costs (8, 15). Recent metabolic engineering strat-
egies for improving biobutanol fermentation have focused on
maximization of butanol production rates (10, 19), reducing
the levels of by-products (20), finding alternative substrates
(20), or finding alternative hosts (2, 12, 21, 31). However,
recently engineered microbial strains (1, 14) have not over-
come butanol toxicity.

High organic solvent concentrations are tolerated by strains
of the bacterial species Pseudomonas putida reported to grow
in a second phase of octanol (25), toluene (13), or styrene (32).
This suggests that solvent-tolerant P. putida strains withstand
high butanol titers and therefore warrant exploitation as host
for butanol production. Indeed, viable solvent-tolerant P.
putida S12 cells were observed at butanol concentrations of up
to 10% (vol/vol) by live-dead staining and fluorescence micros-
copy (5) (see supplemental material). We used growth as the
parameter of interest, because growth in the presence of bu-
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tanol directly indicates the potential of selected P. putida
strains as hosts for recombinant butanol production.

Three solvent-tolerant P. putida strains, DOT-T1E (23), S12
(32), and Pseudomonas sp. strain VLB120 (18), and the sol-
vent-sensitive P. putida reference strain KT2440 (24) were ex-
amined for their ability to grow in the presence of butanol.
Toxicity assays were performed in 96-well microtiter plates
(System Duetz [7]) at 30°C and 300 rpm using glucose-supple-
mented LB and M9 media (with 10 and 5 g/liter glucose,
respectively) (26). Higher glucose concentrations in LB me-
dium did not increase butanol tolerance (data not shown).
Butanol was added in all experiments to cells in the mid-
exponential phase. Cell growth was monitored by changes in
optical density, and substrate and butanol concentrations were
analyzed by high-pressure liquid chromatography (Trentec
308R-Gel.H; VWR Hitachi). Comparable low butanol concen-
trations were withstood by all P. putida strains, with butanol
tolerance highly dependent on the medium composition (Ta-
ble 1). Growth was observed at butanol concentrations up to
3% (vol/vol), occurring in a culture of Pseudomonas sp. strain
VLB120 using glucose-supplemented LB medium.

Because reported adaptation approaches (3, 17, 18, 32) were
not successful (see supplemental material), a modified adap-
tation protocol was developed. Cells were incubated at 30°C on
LB agar plates in an airtight desiccator with a butanol satu-
rated gas phase. Colonies were repeatedly transferred every 2
days to new plates for at least 15 times. Cells that underwent
this procedure, referred to as treated cells, were harvested and
either stored at —80°C prior to testing or assessed immediately
for tolerance to butanol (Fig. 1).

The treated solvent-tolerant cells grew at rates above 0.05
h™' (approximately 5% of the maximum growth rate without
butanol) in the presence of up to 6% (vol/vol) butanol. Butanol
concentrations in the medium decreased during the experi-
ments due to evaporation (i.e., at a rate of 0.76 = 0.03 mmol
1”' h™") from an initial concentration of 5% (vol/vol) and,
more significantly, due to consumption. Similar butanol uptake
rates were observed for all four strains at 5% (vol/vol) initial
butanol, ranging from 5.2 to 6.6 mmol 17! h™'. Therefore, the
butanol concentration decreased to only 3.5% (vol/vol) and
4% (vol/vol) after 9 h of cultivation in experiments at initial
butanol concentrations of 5% (vol/vol) and 6% (vol/vol), re-
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TABLE 1. Tolerated butanol concentrations in different
growth media

Maximum butanol concn [% (vol/vol)]*

Pseudomonas strain and M9 minimal
treatment or cell type medium . LB medium with
with glucose LB medium glucose (10 g/liter)
(5 glliter)
P. putida DOT-T1E
Untreated 1.5 1.5-2.0 2.5
Adapted 1.0(1.0) 1.5(2.0) 6.0 (5.0)
P. putida KT2440
Untreated 1.0 1.5 2.0
Treated 1.0(1.0) 1.5(1.0) 1.5(1.5)
P. putida S12
Untreated 1.5 2.0 2.5
Adapted 1.0 (1.0) 1.5-2.0(1.5) 6.0 (5.0)
Pseudomonas sp. strain
VLB120
Untreated 1.5 2.0 2.5-3.0
Adapted 1.0(1.5) 1.5-2.0(1.5) 6.0 (6.0)

“Values represent the maximum butanol concentration allowing growth
(growth rate of =0.05 h™'). Data in parentheses were measured in experiments
with cells that were stored at —80°C.

spectively. This decrease resulted in an average butanol con-
centration of 4.5% (vol/vol) tolerated by the DOT-T1E, S12,
and VLB120 cells. Notably, the time course of butanol con-
centration did not differ significantly with solvent-sensitive P.
putida KT2440 that did not grow above 1.5% (vol/vol) butanol.

To rationalize the metabolic responses of untreated and
treated strains to butanol, we performed '*C-labeled tracer-
based flux analysis (3, 18, 27, 34), using minimal medium with
20% U-'3C-labeled and 80% naturally labeled glucose, as re-
ported recently (3, 6, 9). During growth without butanol, the
four Pseudomonas strains had similar intracellular carbon flux
distributions, independent of any prior adaptation to butanol
(data not shown). In the presence of butanol, all untreated
cells revealed significantly higher specific glucose uptake rates
while growth rates decreased (Fig. 2). The reduced biomass
yield was not caused by by-product formation (data not shown)
but by changes in intracellular flux distribution: the carbon flux
was rerouted from biomass synthesis to the tricarboxylic acid
(TCA) cycle, which was fueled by pyruvate via pyruvate dehy-
drogenase and citrate synthase activity. The anaplerotic and
gluconeogenic reactions were unaffected. The overall redox
cofactor regeneration rates (approximately fourfold higher)
resulting from this rerouting suggest that larger amounts of
energy are demanded for cell maintenance during butanol
stress, similar to the response of P. putida during growth in the
presence of other organic solvents with low log P, (22, 23, 28).

In contrast, physiology and flux distributions differed for
adapted DOT-T1E, S12, and VLB120 cells, but not treated
KT2440 cells. These strains, coping with high butanol concen-
trations, had low net glucose consumptions, resulting in com-
parably lower TCA cycle fluxes and consequently lower redox
cofactor regeneration rates (Fig. 2). As indicated above (Fig.
1), P. putida KT2440 did not adapt to butanol, and no meta-
bolic changes were observed compared with the untreated
strain.
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Coconsumption of butanol was considered in calculating the
absolute intracellular fluxes by correcting the fractional label-
ing [FL = n"*C/(n"*C + n'3C)] of the affected amino acids—
aspartate, glutamine, isoleucine, leucine, and threonine. The
dilution of the fractional isotope label due to butanol cocon-
sumption decreased from acetyl coenzyme A (acetyl-CoA)
(FL = 8%) to 2-ketoglutarate (FL = 13%) and oxaloacetate
(FL = 15%), suggesting that butanol is cometabolized via
B-oxidation to acetyl-CoA, followed by oxidation in the TCA
cycle.

As calculated from the fractional label of the m-15 isoto-
pomer of leucine (FL = 14%), approximately 60% of the
acetyl-CoA originated from butanol. For example, in P. putida
KT2440, butanol contributed to the synthesis of acetyl-CoA
about 7.22 = 0.23 mmol g~! h™!, corresponding to the mea-
sured glucose uptake rate of 11.22 = 0.74 mmol g * h™!
[(7.22/11.22) X 100 = 64%]. The untreated solvent-tolerant
strains had slightly lower consumption rates of approximately
6.5 mmol g ' h™! for butanol and 10.2 mmol g~ ' h™" for
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FIG. 1. Butanol tolerance of P. putida. Growth rates of untreated
(A) and adapted (B) cells in LB medium with 10 g/liter glucose as an
additional energy and carbon source. The concentration of butanol
(cguon) is shown on the x axis. The growth rates are normalized to the
growth rate in the respective control experiments without butanol.
Lines are drawn for better visualization. Error bars present standard
deviations of independent experiments (n = 3 to 6). Symbols: l, P.
putida DOT-T1E; @, P. putida KT2440; A, P. putida S12; V¥, Pseudo-
monas sp. strain VLB120.
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FIG. 2. Flux distributions in P. putida under butanol stress conditions. The flux distributions in the P. putida strains DOT-T1E, KT2440, and
S12 and Pseudomonas sp. strain VLB120 (from top to bottom) were determined during growth in glucose-containing M9 medium supplemented
with 1% (vol/vol) butanol using untreated and adapted cells. Butanol catabolism was traced by the fractional labeling of central carbon metabolites
(see text for details). The errors for all fluxes were below 10% with the exception of highly active or negligibly fluxes including PEP carboxykinase,
pentose-phosphate-pathway (PPP), and phosphoglycoisomerase. The upper bound of the NAD(P)H regeneration rate is presented. Glucose-6-P,
glucose-6-phosphate; PGA, 3-phosphoglycerate; PEP, phosphoenolpyruvate.

glucose. Compared with the untreated strains, adapted DOT-
TI1E, S12, and VLB120 cells had lower uptake rates of 3.8 to
5.2 mmol g~' h™! for butanol and 4.9 to 6.6 mmol g~ * h™* for
glucose. Butanol did not contribute significantly to the synthe-
sis of pyruvate (FL = 19%) and PEP (FL = 20%, or the
contribution was below the FL detection limit of 0.5%), sug-
gesting that malic enzyme and phosphoenolpyruvate (PEP)
carboxykinase are marginally active under these conditions.
This suggests that a synthetic pathway for butanol synthesis
from glucose can be implemented in P. putida using native
genes for butanol dehydrogenase and aldehyde dehydrogenase
with a concomitant decrease of B-oxidation activity.

Butanol degradation of P. putida KT2440 was comparable
with the rates of solvent-tolerant cells, but butanol tolerance
was not induced, suggesting activity of additional mechanisms

of adaptation or tolerance, such as solvent removal by efflux
pumps and physiochemical changes of membrane lipids (11,
22). These mechanisms reduce cellular growth rates and bio-
mass yields by imposing higher energy demands. Additionally,
energy loss can be caused by swelling and alteration of the lipid
layer due to increased proton permeability of the membrane
(4) and by reduced efficiency of the electron transport chain
(30). In butanol-tolerant cells, the observed reduction in TCA
cycle use and energy production in the presence of butanol
suggests cell membrane adaptation by lowering its energy de-
mands for maintenance.

The observed higher tolerance to butanol in LB medium
compared with minimal medium can also be explained by de-
creased metabolic costs for sustaining biomass synthesis due to
direct supply of biomass precursors like amino acids (29). Ad-
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ditional supplementation of LB medium with glucose en-
hanced butanol tolerance, most likely due to increased energy
supplies. For P. putida S12, we calculated glucose uptake rates
of 8.01 = 0.21 mmol g~' h™' and 13.53 + 0.34 mmol g~ ' h™!
at initial butanol concentrations of 1% (vol/vol) and 3% (vol/
vol), respectively, translating into an increased ATP regener-
ation rate at 3% (vol/vol) butanol of minimally 13.5 mmol g~*
h™! (substrate phosphorylation via the Entner-Doudoroff
pathway) and up to approximately 350 mmol g~ h™! (oxida-
tive phosphorylation). The additional energy demand in the
presence of butanol necessitates particular attention during strain
and medium engineering.

We report solvent-tolerant P. putida strains growing at bu-
tanol concentrations as high as 6% (vol/vol). Metabolic flux
analysis suggests that this is not based on glucose-butanol co-
consumption but rather effected by lowered cell maintenance
costs.

In conclusion, butanol-tolerant P. putida strains are promis-
ing candidates as production hosts, overcoming the principal
limitation of biobutanol production—product inhibition at low
concentrations.

We acknowledge financial support from Deutsche Bundesstiftung
Umwelt (DBU).
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