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Abstract Systems metabolic engineering has made the re-
newable production of industrial chemicals a feasible alterna-
tive to modern operations. One major example of a renewable
process is the production of carboxylic acids, such as octanoic
acid (C8), from Escherichia coli, engineered to express
thioesterase enzymes. C8, however, is toxic to E. coli above
a certain concentration, which limits the final titer. 13C meta-
bolic flux analysis of E. coliwas performed for both C8 stress
and control conditions using NMR2Flux with isotopomer
balancing. A mixture of labeled and unlabeled glucose was
used as the sole carbon source for bacterial growth for 13C flux
analysis. By comparing the metabolic flux maps of the control
condition and C8 stress condition, pathways that were altered
under the stress condition were identified. C8 stress was found
to reduce carbon flux in several pathways: the tricarboxylic
acid (TCA) cycle, the CO2 production, and the pyruvate de-
hydrogenase pathway. Meanwhile, a few pathways became
more active: the pyruvate oxidative pathway, and the extra-
cellular acetate production. These results were statistically
significant for three biological replicates between the control
condition and C8 stress. As a working hypothesis, the follow-
ing causes are proposed to be the main causes for growth
inhibition and flux alteration for a cell under stress: mem-
brane disruption, low activity of electron transport chain,
and the activation of the pyruvate dehydrogenase regulator
(PdhR).
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Introduction

Biofuels and bio-based chemicals, produced from sustainable
resources compared to the non-renewable petroleum-based
processes, have drawn increasing attention in recent years
(Shanks 2010). Carboxylic acids (or fatty acids), a promising
class of bio-based compounds, can be used as a precursor for
industrial compounds, such as surfactants and polymers. Ef-
forts for higher titer and productivity of carboxylic acids using
metabolic engineering of different organisms have been un-
dertaken (Li et al. 2012; Zhang et al. 2011; Ruffing and Jones
2012), and much progress has been made (Tee et al. 2014).

Under the high concentration of targeted products, growth
inhibition by products or by-products is ubiquitous in fermen-
tation (Jarboe et al. 2013). The development of strains with
resistance to high titers of carboxylic acids in addition to
achievement of higher yield of them is necessary to overcome
a barrier of the toxicity. To find the mechanism of carboxylic
acid toxicity, transcriptomics study and experimental mea-
surement of membrane integrity in carboxylic acid producing
strains (Lennen et al. 2011) and by feeding exogenous carbox-
ylic acids (Royce et al. 2013; Liu et al. 2013) have been con-
ducted. However, our understanding of the toxicity effect of
carboxylic acids on overall metabolic pathways is limited.

Metabolic flux analysis, quantification of material flows in
metabolic pathways, provides the ultimate functional infor-
mation from complicated interactions and networks among
genes, proteins, and metabolites (Sauer 2006). It has been
successfully applied for strain development for the
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production increase of desired chemicals (Ranganathan et al.
2012; Becker et al. 2007).

In this study, we used octanoic acid, a short-chain fatty acid
with eight carbons, and Escherichia coli, which is an indus-
trial workhorse, as a model molecule and biocatalyst, with the
purpose of metabolic engineering for the development of
strains with the capability of higher yield and tolerance of
carboxylic acids. Based on this study, three major outcomes
of metabolic flux analysis of E. coli under C8 stress have been
presented. First, the metabolic pathways affected under C8
stress have been identified. Second, a hypothesis for the tox-
icity mechanism under C8 stress has been proposed. Finally,
strategies for improving the tolerance of E. coli to C8 are
discussed.

Materials and methods

Strain, inoculum screening method, and culture conditions

E. coli MG1655 wild type obtained from ATCC (Manassas,
VA, USA, ATCC#700926) has been used in this work to in-
vestigate the toxicity effect of C8 under aerobic conditions. In
order to have consistency in biological replicates for bioreac-
tor fermentation, the following screening procedure has been
conducted. The strain from −80 °C frozen stock was streaked
on Luria Broth (LB) plates and incubated at 37 °C for 12 h.
One single colony from the plates was used to inoculate a
250-mL flask with 25-mL defined M9 media. The M9
(Steen et al. 2010) defined media contained (per liter of de-
ionized water) 10 g of glucose, 0.8 g of ammonium chloride
(NH4Cl), 0.5 g of sodium chloride (NaCl), 7.52 g of disodium
phosphate (Na2HPO4), and 3.0 g of potassium dihydrogen
phosphate (KH2PO4). The following components were filter-
sterilized separately and added into media (per liter of deion-
ized water): 2 mL of 1 M magnesium sulfate (MgSO4) stock
solution, 100 μL of 1 M calcium chloride (CaCl2) stock solu-
tion (precipitate will occur when CaCl2 is added, stir until
dissolved), 1 mL of 1 mg L−1 thiamine hydrochloric acid
(HCl), and 10mL of a trace element stock solution (containing
(per liter) 16.67 g of iron (III) chloride hexahydrate (FeCl3·
6H2O), 0.18 g of zinc sulfate heptahydrate (ZnSO4·7H2O),
0.12 g of copper (II) chloride dihydrate (CuCl2 ·2H2O),
0.12 g of manganese (II) sulfate dihydrate (MnSO4·2H2O),
0.18 g cobalt (II) chloridehexahydrate (CoCl2·6H2O), and
22.25 g disodium ethylenediaminetetraacetic acid dihydrate
(Na2EDTA·2H2O)). The first overnight preculture was inoc-
ulated into the same volume of fresh media for the second
preculture. When the optical density (OD) of the second
preculture reached 1.0, the broth was centrifuged at 4000g
for 15 min at 4 °C, the supernatant was discarded, and the
pellet was re-suspended in fresh media. The procedure was
repeated two times, in order to get rid of any extracellular

metabolite residue. The washed pellet was then reconstituted
in fresh media and inoculated into 400-mL media in the bio-
reactor, with an initial OD550 of 0.035±0.005.

About 500 μL of antifoam (Antifoam B Silicone Emulsion,
J.T. Baker) aquatic solution (volume ratio of antifoam/water=
1:1) was added into the media to prevent foaming. The aerobic
fermentation was conducted at 37 °C in a 500-mL Multifor
bioreactor (Infors HT, Switzerland) with 400-mL working vol-
ume with a gas flow rate at 0.6 mL/min. The pHwas controlled
at 7.0±0.05 by adding 1 M potassium hydroxide (KOH), and
the stir speed was set at 600 rpm. In order to ensure aerobic
conditions, the dissolved oxygen level was maintained above
50 % of saturated levels. Cell biomass dry weight was deter-
mined by measuring optical density OD550 using a spectropho-
tometer (Genesys 20, Thermospectronic andMadison,Wiscon-
sin) and a correlation for cell dry weight with OD550 according
to the relation “1 OD550=0.36 g cell dry weight/L” from pre-
vious work (Choudhary et al. 2011). Biomass composition was
determined from the literature data (Ingraham et al. 1983). Glu-
cose and acetate were measured by Waters (Milford, MA)
HPLC system with a 410 refractive index (RI) detector using
the Aminex HPX-87H column (Bio-Rad) after filtering the
media with 0.2-μm Xpertek nylon filter disk (P.J. Cobert As-
sociates). Themobile phase was 5mM sulfuric acid with a flow
rate of 0.3 mL/min at room temperature.

13C carbon labeling experiment procedure

Batch fermentations were conducted for studying the toxicity
effect of octanoic acid on E. coliMG1655 under aerobic con-
ditions. For better identification of the impact of C8, a mixture
of uniformly labeled (U-13C), first carbon labeled (1-13C), and
natural glucose was used for 13C flux analysis (Schuetz et al.
2007; Zamboni et al. 2009; Blank et al. 2005). Specifically,
25 % U-13C glucose, 25 % 1-13C glucose, and 50 % of natu-
rally labeled glucose were used as the tracer in this study.

The biomass was harvested at the OD550=1.50±0.10 in the
mid-log phase, which ensures enough time (longer than 5
doubling times) to reach the isotopic steady state. All liquid
media in the bioreactors were distributed into 50-mL centri-
fuge tubes to harvest cells. The cell growth was quenched by
swirling the centrifuge tubes in a bath of dry ice ethanol for
40 s and then kept on the ice water bath. The cells were then
centrifuged at 4000g for 30 min at 4 °C. The pellets were
washed with nano-pure water, centrifuged again for 30 min
at 4000g, and then stored in a −80 °C freezer. The cell pellets
(around 96 mg of biomass) were thawed and 6N hydrochloric
acid (HCl) was added at the ratio of 1 mL of HCl/4 mg bio-
mass and transferred into four hydrolysis tubes (Pierce, Rock-
ford, IL). The hydrolysis tubes were purged with nitrogen and
vacuumed three times to remove the residual oxygen. The
hydrolysis was performed at 105 °C for 12–18 h. The residue
HCl in the hydrolysate was evaporated using RapidVap
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evaporator (Labconco, Kansas City, MO) under vacuum for
3 h at 45 °C. The dry hydrolysis residue was reconstituted by
adding 2 mL of nano-pure water and then filtered with centri-
fuge filter tubes at 5000g for 5 min to get rid of biomass ash.
The samples were frozen at −80 °C and lyophilized for 48 h in
Freezer Dry System (Labconco, Kansas City, MO). The dried
sampled was dissolved in 600 μL of D2O (Sigma, St. Louis)
in NMR tube for isotopic pattern measurement.

For measuring the isotopomers of proteinogenic amino
acids, 2D [13C, 1H] HSQC NMR spectra were collected on a
Bruker Advance DRX 500-MHz spectrometer (Bruker Instru-
ments, Billerica, MA) at 298 K, as shown in previous works
(Choudhary et al. 2011). The reference of 0 ppm was set using
methyl signal of trimethylsilyl-1-propanesulfonic acid, sodi-
um salt (Aldrich, Sigma, St. Louis) as an internal standard.
The resonance frequencies of 13C and 1H were 125.7 and
499.99 MHz, respectively. The spectral width was
5482.26 Hz along the 1H (F2) dimension and 5028.05 Hz
along the 13C (F1) dimension. Peak aliasing was used in order
to minimize the sweep width along the F1 dimension. The
number of complex data points was 1024 (1H)×900 (13C). A
modification of the intensive nuclei enhanced by polarization
transfer (INEPT) pulse sequence was used for acquiring
HSQC spectra. The number of scans was generally set to 16.
The software XWinNMR (Bruker Instruments, Billerica, MA)
was used to obtain all spectra, and the software NMRViewer
was used to quantify the non-overlapping multiplets on the
HSQC spectrum. Overlapping multiplets (α-amino acid),
which could not be processed with NMRViewer, were quan-
tified by peak de-convolution software based on spectral pro-
cessing algorithm proposed by Van Winden et al. (2001). The
standard deviation associated with the minimum set of 2 %.
The amino acid isotopomer abundances, measured by 2D
HSQC NMR, can be related with an isotopomer distribution
of the metabolite precursor by using amino acid biosynthesis
pathways, as described by Szyperski (1995). Relative multi-
plet intensities of amino acids from protein hydrolysates of
E. coli under control and 35 mM C8 exposure in three repli-
cates are shown in Supplementary Table S1.

Estimation of metabolic flux distribution

The metabolic model used in this study is compiled from
existing literature knowledge (Fischer and Sauer 2003; Sauer
et al. 1999; Siddiquee et al. 2004) and EcoCyc database. The
model includes a glucose transport and phosphorylation path-
way, Embden-Meyerhof-Parnas pathway, oxidative pentose
phosphate branch, non-oxidative pentose phosphate branch,
tricarboxylic acid (TCA) cycle, anaplerotic pathways, metab-
olite exchange reactions, Entner-Doudoroff (ED) pathways,
all amino acid biosynthesis pathways, and several amino acid
transamination reactions (Suthers et al. 2007). The reactions
shown in two-way arrows are bidirectional reactions based on

the knowledge from the EcoCyc database. For bidirectional
reactions, both net flux and the extent of reversibility have
been calculated by the following equations: Vnet=V1−V−1, in
which V1 is the forward reactions and V−1 is the reverse reac-

tion. In the extent of reversibility =min V 1;V −1ð Þ
max V 1;V −1ð Þ, R is set between

0 to 0.99 in order to avoid numerical problems (Choudhary
et al. 2011). Two scramble reactions are reactions in the TCA
cycle, which are reactions named “Succ” (Succ→Fum) and
“frd” (Fum→Mal). Vnet=V1+V2, in which V1 and V2 are the
two parallel reactions with reversed carbon atom transition

and the extent of scrambling S can be calculated by S ¼ V 2

Vnet
.

The measured fluxes include fluxes for biomass synthesis,
which can be determined by measuring the biomass compo-
sition for E. coli cell (Ingraham et al. 1983) and biomass yield,
and the specific glucose uptake rate and acetate production
flux from HPLC analysis. The generic program, NMR2Flux
(Sriram et al. 2006), was used for flux calculation. NMR2Flux
includes a singular value decomposition method to guess an
initial set of fluxes. These fluxes are then converted to
isotopomer distributions using a Boolean function mapping
method. The simulated and experimental (from NMR data)
isotopomer abundances are compared, and the error between
them is minimized using simulated annealing. The fluxes are
refined using the Monte Carlo method, and the process is
repeated until the global optimum is found. The program es-
timates a new set of initial fluxes, andmultiple simulations can
be carried out.

Effect of pyruvate supplement for tolerance to C8

Precultured E. coli was transferred into the 250-mL flasks
containing 50 mL of M9 minimal media with 1 % glucose,
25 mM of C8, and different concentrations of pyruvate 0, 1,
and 2 g/L, and grown in the shaker incubator at 37 °C and at
250 rpm rotation speed. The initial pH of the media was ad-
justed to 7 by adding 1 M KOH, and the optical density was
measured by the spectrophotometer.

Results

Physiological and phenotypic comparison between control
and octanoic acid stress

Challenge of wild-type E. coli MG1655 with 35 mM C8 in
M9 glucose media, pH 7, 37 °C, caused significant growth
inhibition and metabolic differences, as shown in Table 1. The
growth rate was 0.37±0.12 h−1 under octanoic acid stress and
0.76±0.03 h−1 for the control showing 51 % growth inhibi-
tion. The growth rate under C8 stress in this study was slightly
higher compared to ~0.2 h−1 at 30 mM of C8 in MOPs media
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under shaker flask conditions in other study (Royce et al.
2013). When other physiological characteristics were com-
pared, the specific glucose consumption rate and the biomass
yield decreased by 1.53-fold and 1.35 fold while the specific
acetate production rate and acetate yield increased by 1.34 and
1.82 fold at the C8 exposure. The differences of the values
were statistically significant by t test (one tail, p<0.05, n=3).

Oxygen uptake rate by the microbe was remarkably de-
creased in the presence of C8. When the dissolved oxygen
concentration in the liquid media saturated with air at 37 °C
was considered to be 0.22 mM (Alexeeva et al. 2002), it de-
creased by 27.3 % for control and by 50 % for C8 stress
compared to the initial oxygen concentration showing that
the oxygen consumption declined (Fig. 1).

Metabolic flux comparison

Central metabolic pathways were constructed as in Fig. 2 in-
cluding glycolysis, pentose phosphate pathways, ED pathway,
TCA cycles, anaplerotic reactions, metabolic pathways of
amino acids, and biomass synthesis pathways. Based on the
metabolic pathways, metabolic flux values were calculated
and compared between the control and C8 exposure by feed-
ing a mixture of 1-13C glucose and U-13C glucose. It has been
reported that 1-13C glucose provides better information on the

flux ratio at the branch point of glycolysis and pentose phos-
phate pathway and U-13C glucose is generally used for flux
estimation in the anaplerotic and TCA cycles (Toya et al.
2010). The flux values of the control were consistent with
those in the previous studies (Ranganathan et al. 2012;
Leighty and Antoniewicz 2012) when they were all normal-
ized to glucose uptake rate of 100 as shown in Fig. 3. Most of
the carbon flux (around 90 %) directed into the glycolysis
pathway while about 10 % of the flux entered the oxidative
pentose phosphate pathway. The ED and glyoxylate shunt
pathways were not totally shut down but had negligible flux
values as like the previous study under aerobic condition (Fi-
scher and Sauer 2003). The pyruvate oxidase pathway (pox)
which is an alternative pathway to acetate synthesis from py-
ruvate was also not active. The anaplerotic phosphoenolpyr-
uvate (PEP) carboxylase (ppc) flux from PEP into oxaloace-
tate (OAA) mainly used for refilling the OAA pool for bio-
synthesis requirement is active. The other anaplerotic reaction,
malic enzyme reaction (ana), which routes carbon flux from
malate into pyruvate, was active, but with the small flux.

The addition of C8 strikingly changed the fluxes in the
central metabolic pathways. The detailed flux results for both
normalized flux and absolute flux values for both conditions
are shown in Table 2. Under C8 stress, the relative flux to
TCA cycle was decreased from 67.2±0.3 to 41.4±5.5, and
the flux in pyruvate dehydrogenase pathway (“[14] ace” in
metabolic reaction model) was diminished from 136±8 to
65.6±9.3. The net production of CO2 was also reduced from
248±1 to 217±20. The reduction percentages were 38.4% for
TCA cycle, 51.8 % for ace flux, and 12.6 % for CO2 produc-
tion rate. On the other hand, the pyruvate oxidase (PoxB) flux
named as “pox” in the flux model became active under C8
stress with the flux increase from 1.2±7.7 to 85.9±4.2, and
the extracellular acetate flux increased by 75.6 % (from 50.0±
0.1 to 87.8±3.7).

Cofactor (NADH, NADPH) production and ATP

Since the mechanism of fatty acid toxicity was thought to
be interference of electron transport chain and oxidative

Table 1 Comparison of physiological state for both control and C8 stress conditions

Culture
conditions

Growth rate Biomass yield Acetate yield Glucose uptake rate Acetate production rate
h−1 mol biomass/mol

glucose consumed
mol acetate/mol
glucose consumed

mmol g−1 h−1 mmol g−1 h−1

Control 0.76±0.03 2.65±0.25 0.40±0.12 11.5±1.41 4.48±1.00

35 mM C8 0.37±0.12 1.73±0.22 0.73±0.15 8.50±1.80 6.00±0.25

Fold change −2.02 −1.53 1.82 −1.35 1.34

p value 0.0025 0.0041 0.0210 0.0445 0.0317

Data shown are average data from three biological replicates; the fold change shown in negative signmeans decreasement. The p values are from one-tail
t test
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Fig. 1 Exposure to octanoic acid decreases oxygen uptake rate. Oxygen
uptake by E. coli is lower in the presence of 35 mM C8 compared to that
in the control in pH-controlled bioreactor (pH=7 and 37 °C)
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phosphorylation by fatty acids (Desbois and Smith 2010),
production rates of cofactors which are critically involved
in the aforementioned cell functions were determined from
the flux values under the control and octanoic acid chal-
lenge. The net flux for cofactor production can be

calculated by summing up the pathways that produce co-
factors and then subtracting the pathways that consume
cofactors. Figure 4 shows the pathways related to cofactor
production and consumption in the central carbon metabo-
lism pathways and used for the calculation of net

Fig. 2 Central carbon metabolism pathways involved in the E. coliwild-
type strain MG1655 with glucose as sole carbon source. Enzyme(s) cat-
alyzing shown reactions are as follows. Glucose transport and phosphor-
ylation: [1], phosphoenopyruvate-dependent phosphotransferase system
(PTS). Oxidative pentose phosphate: [2], glucose-6-phosphate dehydro-
genase and 6-phosphgluconolactonase; [3], 6-phosphgluconate dehydro-
genase; [4], transketolase; [5], transketolase; [6], transaldolases. EMP:
[7], phosphoglucose isomerase; [8], 6-phosphofructokinase; [9], fructose
biphosphate aldolase; [10], glyceraldehyde-3-phosphate dehydrogenase;
[11], phosphoglycerate kinase; [12], phosphoglycerate mutases and eno-
lase; [13], pyruvate kinase. Pyruvate dissimilation: [14], pyruvate dehy-
drogenase complex; [15], pyruvate oxidase; [16], phosphate acetyltrans-
ferase and acetate kinase. ED: [17], Entner-Doudoroff aldolase. TCA
cycle ana anaperotic reactions: [18], citrate synthase and isocitrate

dehydrogenase; [19], α-ketoglutarate dehydrogenase; [20], succinate de-
hydrogenase; [21], fumarase; [22], malate dehydrogenase and malate/
quinone oxidoreductase; [23], phosphoenolpyruvate (PEP) carboxylase;
[24], malic enzyme (NAD linked) and malic enzyme (NADP linked);
[25], isocitrate lyase monomer; [26], malate synthase A. C1 metabolism:
[27] , 3 -phosphog lyce ra t e dehydrogenase ; [28] , s e r i ne
hydroxymethyltransferase. Amino acid biosynthesis and transanimation:
[29], L-threonine aldolase; [30], threonine synthase; [31],glutamate-py-
ruvate aminotransferase; [32], alanine dehydrogenase and alanine syn-
thesis from precurser; [33], L-serine deaminase; [34], aspartate amino-
transferase; [35], aspartate synthesis from precurser; [36], glutamate syn-
thase; [37], glutamate synthase; [38], proline synthase; [39], arginine
synthase. Cell mass biosynthesis: [40], synthesis of cell mass from pre-
cursor metabolites, indicated by asterisk as superscript
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production of the cofactors. When fluxes of pathways in-
volved in different enzymes such as malic enzyme reaction
(NAD-dependent SfcA (or MaeA) and NADP-dependent
MaeB) and the reaction from malate to oxaloacetate
(NAD-dependent malate dehydrogenase (Mdh) and
malate/quinone-oxidoreductase (MQO)) were included for
the calculation of cofactor production, errors for production
of reducing cofactors (NADPH and NADH) were deter-
mined assuming that either one of two enzymes in those
reactions was active since the reactions that have the same
stoichiometric constraints and carbon rearrangement can-
not be distinguished by 13C flux analysis.

Total net production for all cofactors, NADH, NADP
H, and ATP (relative to 1 mol glucose consumption) was
inhibited under C8 stress as shown in Fig. 4. The per-
centage of the cofactor production decreased by 38.5 %
for NADPH, 24.7 % for NADH, and 10.1 % for ATP
due to the octanoic acid toxicity. When NADH produc-
tion and ATP production were considered in the glycol-
ysis pathway (up to the pyruvate node), a slight increase
of ATP production (4 %) was observed under C8 stress
condition than the control condition whereas the NADH
production under C8 stress was 21 % less than that in
the control as shown in Fig. 4. In the TCA cycle,

Fig. 3 In vivo metabolic flux distribution for wild-type MG1655 under
control condition (top) and C8 stress condition (bottom) as calculated via
isotopomer balancing using NMR2Flux software. Estimated fluxes are
normalized to the molar percentages of the average specific glucose up-
take rates, which are 11.5±1.4 and 8.5±1.8 mmol/g cell dry weight/h,
respectively. The flux values shown are the average of three replicates±
standard deviation. The empty arrows in bubble shapes represent

decreased carbon flux when the cell is under C8 stress, and the black
arrows in the bubbles represent flux increase in the pathways under C8
stress.Bidirectional arrowes in the fluxmodel are for reversible reactions;
the triangle arrowheads indicates the direction of fluxes shown as posi-
tive (flux values with negative sign indicates that the reaction direction is
opposite to arrowheads)
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Table 2 Relative flux based on 100 mol glucose consumption and absolute flux under C8 stress and control condition

Pathway name Reaction Enzymes Relative flux Absolute flux value
(mmol/g CDW.h)

Control 35 mM C8 Control 35 mM C8

Glucose transport and phosphorylation

[1] pts Glu+PEP->G6P+PYR PtsG, ManZ, PtsH, PtsP 100±0 100±0 11.5±1.4 8.5±1.8

Oxidative pentose phosphate branch

[2] zwf G6P->6PG Zwf 8.9±1.1 5.2±1.5 1.0±0.1 0.4±0.1

[3] rpi 6PG->R5P+CO2 Gnd, Rpe, RpiA, RpiB 4.2±0.4 2.8±1.0 0.5±0.1 0.2±0.0

Non-oxidative pentose phosphate branch

[4] tkt R5P+R5P->S7P+T3P TktA, TktB 0.2±0.2 0.2±0.1 0.0±0.0 0.0±0.0

[5] tktAB R5P+E4P->F6P+T3P TktA, TktB −1.7±0.1 −1.7±0.2 −0.2±0.0 −0.1±0.0
[6] talf S7P+T3P->F6P+E4P TalA, TalB 0.2±0.2 0.2±0.1 0.0±0.0 0.0±0.0

EMP pathway (glycolysis)

[7] pgi G6P ->F6P Pgi 89.8±1.1 93.7±1.6 10.3±1.3 8.0±1.7

[8] fbp F6P ->FBP PfkA, PfkB 87.8±1.3 91.9±1.3 10.1±1.3 7.8±1.7

[9] fba FBP->T3P+T3P FbaA, FbaB 87.8±1.3 91.9±1.3 10.1±1.3 7.8±1.7

[10]tpi T3P->DPG TpiA 178±1 184±2 20.5±2.6 15.6±3.3

[11] pgk DPG->3PG Pgk 178±1 184±2 20.5±2.6 15.6±3.3

[12] eno 3PG->PEP Eno 172±1 175±2 19.8±2.4 14.9±3.1

[13] pyk PEP->PYR PykF, PykA 45.0±2.3 48.3±4.6 5.2±0.5 4.1±0.9

Pyruvate dissimilation

[14] ace PYR->ACCOA+CO2 Lpd, AceF, AceE 136.2±7.8 65.6±9.3 15.7±0.9 5.6±1.2

[15] pox PYR->AC+CO2 PoxB 1.2±7.7 85.9±4.2 0.1±0.9 7.3±1.5

[16] ackf ACCOA->AC Pta, AckA, Acs 48.8±7.7 1.9±2.0 5.6±0.9 0.2±0.0

Entner-Doudoroff pathway

[17] eda 6PG->PYR+T3P Eda 4.7±1.4 2.5±0.6 0.5±0.2 0.2±0.0

TCA cycle and anaplerotic pathway

[18] icd ACCOA+OAA ->AKG+CO2 IcdB, Icd 67.2±0.3 41.4±5.5 7.7±1.0 3.5±0.7

[19] suc AKG->SUCC+CO2 Lpd, SucA, SucB 60.5±0.3 35.6±5.7 7.0±0.9 3.0±0.6

[20] frd SUCC->FUM SdhA, SdhB, SdhC, SdhD 60.5±0.3 37.8±8.3 7.0±0.9 3.2±0.7

[21] succ FUM->MAL FumA, FumB, FumC 60.5±0.3 37.8±8.3 7.0±0.9 3.2±0.7

[22] mdh MAL->OAA Mqo, Mdh 57.7±2.0 30.6±10.5 6.64±0.2 2.6±0.6

[23] ppc PEP+CO2->OAA Ppc 23.9±1.9 23.7±2.9 2.8±0.9 2.0±0.4

[24] ana Mal->PYR+CO2 MaeA, MaeB 3.3±1.9 9.4±0.7 0.4±0.2 0.8±0.2

[25] aceA ACCOA+OAA->GOx+SUCC AceA 0.0±0.1 2.2±2.6 0.0±0.0 0.2±0.0

[26] aceB ACCOA+GOX->MAL AceB 0.0±0.1 2.2±2.6 0.0±0.0 0.2±0.0

C1 metabolism and amino acid biosynthesis
and metabolic pathway

[27] ser 3PG->Ser SerA, SerC, SerB 2.3±0.1 6.1±0.3 0.3±0.1 0.5±0.1

[28] gly Ser->Gly+C1 GlyA 0.3±0.0 0.3±0.0 0.0±0.0 0.0±0.0

[29] thrgly Thr->Gly+ACCOA LtaE 3.2±0.3 2.1±0.0 0.4±0.0 0.2±0.0

[30] thr OAA->Thr ThrC 4.7±0.3 3.1±0.1 0.5±0.0 0.3±0.1

[31] ALATA AKG+Ala->Glut+PYR AlaA, AlaB, AlaC −0.8±2.8 0.4±0.2 0.0±0.0 0.0±0.0

[32] Ala PYR->Ala11 DadA 2.2±2.8 2.8±.4 0.3±0.0 0.2±0.1

[33] SdaRf Ser->PYR SdaA, SdaB, TdcB, TdcG 0.0±0.1 4.1±0.3 0.0±0.1 0.3±0.1

[34] ASPTA AKG+Asp->Glut+OAA AspC 0.2±2.8 0.4±0.1 0.0±0.0 0.0±0.0

[35] Asp OAA->Asp AspC 1.7±2.8 1.3±0.2 0.2±0.3 0.1±0.0

[36] GLUSy AKG+Gln->Glut+Glut GltB, GltD −0.1±2.7 2.9±0.5 0.0±0.3 0.2±0.1

[37] GluDy AKG ->Glut GdhA 6.8±4.8 1.7±0.4 0.8±0.6 0.1±0.0
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NADH, NADPH, and ATP production decreased by
37.8, 27.9, and 41.2 % under C8 stress condition com-
pared to those in control. In addition, the flux in
transhydrogenation reaction (NADP+ + NADH→NAD+

+ NADPH) was decreased under C8 stress condition.
The transhydrogenation flux in C8 condition accounted
for 53.6 % of that in control (20.5±11.4 for C8 condition
and 37.9±11.6 for control condition, based on the glu-
cose uptake rate of 100). The detailed consumption and
production of cofactors and ATP are shown in Supple-
mentary Table S2). Thus, the production of reducing
equivalents and energy-storing compound from flux
values representing in vivo enzyme activities exhibited
inhibition by the short-chain fatty acid.

Improvement of tolerance by pyruvate

Upregulation of the pdhR gene is observed in E. coli ex-
posed to several organic acids and inorganic acids (King
et al. 2010). The PdhR transcription factor affects adverse-
ly the enzymes of electron transport in membrane and at
the pyruvate node which is relieved when it binds to pyru-
vate (King et al. 2010). We tested in shake flask experi-
ments if pyruvate affects the tolerance of E. coli to octanoic
acid by binding to this transcription factor. The growth rate
was 0.427±0.041, 0.488±0.020, 0.537±0.004 h−1 at 0, 1,
and 2 g/L of pyruvate at 25 mM of C8 concentration even
though slight growth inhibition was observed in only py-
ruvate addition without C8 as shown in Fig. 5. The

Table 2 (continued)

Pathway name Reaction Enzymes Relative flux Absolute flux value
(mmol/g CDW.h)

Control 35 mM C8 Control 35 mM C8

[38] GlnDy Glut->Gln GlnA 1.5±2.7 4.3±0.5 0.2±0.3 0.4±0.1

[39] Arg Glut->Arg ArgH 1.7±0.0 1.5±0.0 0.2±0.0 0.1±0.0

[40] Pro Glut->Pro ProC 1.3±0.0 1.1±0.1 0.2±0.0 0.1±0.0

Metabolite transport pathway

ac AC->ACout 50.0±0.1 87.8±3.7 5.8±0.7 7.5±1.6

co2 CO2->CO2out 248.3±0.9 217.0±19.5 28.6±0.1 18.4±3.9

Cell biomass synthesis pathway

G6pb G6P ->biomass 1.3±0.0 1.0±0.2 0.1±0.0 0.1±.0

R5pb R5P ->biomass 5.6±0.0 4.0±0.6 0.6±0.1 0.3±0.1

E4pb E4P ->biomass 1.9±0.1 2.0±0.0 0.2±0.0 0.2±0.0

T3pb T3P ->biomass 0.8±0.0 0.7±0.0 0.1±0.0 0.1±0.0

PEPb PEP ->biomass 3.2±0.0 2.8±0.1 0.4±0.0 0.2±0.1

PYRb PYR ->biomass 12.1±0.0 10.3±0.8 1.4±0.2 0.9±0.2

ACCOAb ACCOA ->biomass 23.4±0.0 19.9±1.3 2.7±0.3 1.7±0.4

AKGb AKG ->biomass 0.6±0.0 0.4±0.0 0.1±0.0 0.0±0.0

OAAb OAA ->biomass 8.2±0.0 6.6±0.6 0.9±0.1 0.6±0.1

3PGb 3PG ->biomass 3.2±0.1 2.9±0.1 0.4±0.0 0.2±0.1

F6Pb F6P ->biomass 0.4±0.0 0.3±0.0 0.0±0.0 0.0±0.0

C1b C1 ->biomass 0.3±0.0 0.3±0.0 0.0±0.0 0.0±0.0

serb Ser ->biomass 2.1±0.0 1.8±0.1 0.2±0.0 0.2±0.0

glyb Gly ->biomass 3.5±0.2 2.4±0.0 0.4±0.0 0.2±0.0

thrb Thr ->biomass 1.5±0.0 1.0±0.0 0.2±0.0 0.1±.0

glutb Glut ->biomass 1.6±0.0 1.4±0.0 0.2±0.0 0.1±0.0

glunb Glu ->biomass 1.6±0.0 1.4±0.0 0.2±0.0 0.1±0.0

alab Ala ->biomass 3.0±0.0 2.4±0.2 0.4±0.0 0.2±0.0

aspb Asp->biomass 1.4±0.0 0.9±0.0 0.2±0.0 0.1±0.0

argb Arg ->biomass 1.8±0.0 1.5±0.0 0.2±0.0 0.1±0.0

prob Pro ->biomass 1.3±0.0 1.1±0.1 0.2±0.0 0.1±0.0

The detailed stoichiometric and related enzymes are listed. The values shown in this table with the format of average±SD are from three biological
replicates

EMP Embden-Meyerhof-Parnas pathway, TCA tricarboxylic acid
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addition of 1 and 2 g/L of pyruvate to the media with
25 mM C8 increased the growth rate by 14.3 and 25.8 %
compared to that without pyruvate, and the growth rates
were recovered to 69.1 and 76.1 % of the growth rate in the
control (with neither C8 nor pyruvate). When octanoic acid
concentration of whole media was measured by GC-FID as
described in Supplementary Materials, it was 25.1±
0.9 mM (n=4) at the beginning and 24.6±0.6 mM (n=
12) at the end of experiment, indicating that degradation
of octanoic acid by the strain was negligible. Regarding
acetate production at different treatments as shown in

Supplementary Table S3, addition of pyruvate increased
acetate yield (mol carbon acetate produced/mol carbon
consumed) by 1.8-fold for no addition of C8 (0.15±0.00
for the control; 0.27±0.01 for the 2 g/L pyruvate condi-
tion) and by 1.3–1.4-fold under C8 stress condition (0.22±
0.02 for the 25 mM C8 condition; 0.28±0.04 for the
25 mM C8+1 g/L pyruvate condition; 0.30±0.10 for the
25 mM C8+2 g/L pyruvate condition). This indicates that
the added pyruvate contributed to acetate production.

Discussion

Flux changes in metabolic pathways under octanoic acid ex-
posure aid to understand the C8 toxicity mechanism. After the
membrane is damaged under C8 stress, the membrane disrup-
tion potentially leads to destabilization of membrane-bound
proteins, such as NADH dehydrogenase. The malfunction of
this enzyme may cause difficulty in turnover from NADH to
NAD+. The subsequent NAD+ deficiency may lead to the
reduction of enzyme activities in pyruvate dehydrogenase
and TCA cycle, which need NAD+ as a substrate, and alter
the flux in the pyruvate oxidase pathway indirectly. The pyru-
vate oxidase (PoxB), which converts pyruvate to acetate and
CO2, is reported to be activated by free fatty acids, and the
activated enzyme has higher affinity for the substrate,

Fig. 4 Cofactor (NADH, NADPH) and energy (ATP) production in central carbon metabolism

Fig. 5 The improvement of tolerance to C8 with addition of pyruvate.
The growth rates of E. coli were measured at different levels of pyruvate
in M9 minimal media with 1 % glucose and 25 mM C8
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pyruvate (Blake et al. 1978). In addition, lack of NAD+ avail-
ability might direct the flux to pox pathway preferentially
rather than to pyruvate dehydrogenase multi-enzyme complex
pathway (ace) which requires NAD+. In the case of TCA
cycle, the decrease of fluxes in 2-ketoglutarate dehydrogenase
complex and malate dehydrogenase pathways (suc and mdh)
decreased with C8 addition that could also result from the
limited availability of NAD+.

The oxygen uptake by the cell decreased dramatically under
C8 stress resulting in the low activity of the respiration chain
due to the limited availability of a terminal electron acceptor,
oxygen. The decrease of superoxide, O2−, produced by
membrane-bounded enzymes under aerobic condition leads to
the reductive stress from accumulation of ferrous iron (Fe2+) by
inhibition of Fenton reaction (Brynildsen and Liao 2009). Un-
der abundant Fe2+ condition, transcription factors like Fur can
become active, similar to the proposed isobutanoltoxicity
mechanism. When hydrochloric acid was added to the micro-
bial cells grown at 35 mM octanoic acid for the NMR sample
preparation, the color of solution turned light green while the
control sample was whitish (Supplementary Fig. S1). This dif-
ference presumably indicates the increase of Fe2+ or the reduc-
tive environment for the samples grown in the presence of C8.

The tolerance to octanoic acid toxicity was improved by
addition of pyruvate. This may come from repression of a
transcription factor regulating enzymes in pyruvate node and
electron transport chain of membrane. PdhR transcription fac-
tor is a master regulator for controlling the PDH complex,
NADH dehydrogenase II, and cytochrome bo-type oxidase
encoded by aceEF and lpdA, ndh, and cyoABCDE (King
et al. 2010). It is also sensitive to pyruvate (Ogasawara et al.
2007). We postulate that the intracellular concentration of py-
ruvate decreases under C8 stress, which allows PdhR to bind
the target promoter, rather than pyruvate, and to block tran-
scription of the aceEF-lpdA operon, ndh, and cyoABCDE
genes. That causes the decrease of flux in pyruvate decarbox-
ylase complex enzyme and low NADH turnover and the low
efficiency of the respiratory electron transport chain. When
pyruvate is added, growth rate was recovered, as would be
expected from our proposed toxicity mechanism. This result
supports our proposed sequence of events, with PdhR binding
with pyruvate and derepressing transcription of the aceEF-
lpdAoperon, ndh, and cyoABCDE genes. Further study of
transcription factor analysis from transcriptome data and in-
tracellular level of pyruvate from metabolite profiling under
stress and control condition is warranted.

Fig. 6 Illustration for the hypothesized C8 toxicity effect. The dashed
green line shows the activated effect of C8 stress. The red font reprents
inhibition when the cell is exposed to C8 stress. The green font represents
the activation when the cell is under C8 stress. The italic font in black box
shows genes, the normal font in green box means activation of specific

enzymes, and the ones in red box mean inhibition of specific enzymes.
The gene regulaion effect has been shown in solid arrows, while the flux
change has been shown in dashed arrowes. The green arrows in green
dashed box show the pool size change of intracellular metabolites, such as
pyruvate, NADH, and NAD+ (Color figure online)
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Our proposed general scheme of the mechanism of C8
toxicity is shown in Fig. 6, based on the flux values in the
central metabolic pathways and the previous studies. When
the microbe is exposed to a certain amount of C8, the cell
membrane is damaged, which causes the malfunction of
membrane-bound proteins, such as NADH dehydrogenases
and cytochrome bo oxidase. The low activity of these en-
zymes results in the low efficiency of electron transport chain
as well as lower NAD+ availability, which in turn alters the
carbon fluxes of pathways at pyruvate node and in TCA cycle.
In addition, ineffective electron transport chain and lower
electron acceptor affect ATP production by oxidative phos-
phorylation. Moreover, the C8 stress may also lead to the
decrease of intracellular pool of pyruvate and then activated
PdhR regulator, which is a master regulator of ndh, aceEF,
and cyoABCDE genes.

The 13C flux analysis successfully identified the pathways
that are influenced by C8 stress and assisted to understand the
mechanism of octanoic acid toxicity. The effect of C8 toxicity
is wide and comprehensive that various strategies should be
explored for the enhancement of tolerance. The possible strat-
egies could include overexpression of genes, such as ndh and
cyoABCDE, which encode the proteins in the electron trans-
port chain, replacement of enzymes in pathways regulated by
NADH/NAD+ with NADH/NAD+ insensitive ones, and addi-
tion of other terminal electron acceptors rather than oxygen.
Further systematic approach by integrating transcriptomics,
proteomics, and metabolomics will provide more detailed in-
formation on the regulation of gene, protein, and metabolite to
find genetic modifications for fatty acid tolerance.
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