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Recent advances in systems biology, omics, and computational studies allow us to carry out data mining for
improving biofuel production bioprocesses. Of particular interest are bioprocesses that center on microbial
capabilities to biotransform both the hexose and pentose fractions present in crop residues. This called for a
systematic exploration of the components of the media to obtain higher-density cultures and more-productive
fermentation operations than are currently found. By using a meta-analysis approach of the transcriptional
responses to butanol stress, we identified the nutritional requirements of solvent-tolerant strain Clostridium
beijerinckii SA-1 (ATCC 35702). The nutritional requirements identified were later validated using the che-
mostat pulse-and-shift technique. C. beijerinckii SA-1 was cultivated in a two-stage single-feed-stream contin-
uous production system to test the proposed validated medium formulation, and the coutilization of p-glucose
and p-xylose was evaluated by taking advantage of the well-known ability of solventogenic clostridia to utilize
a large variety of carbon sources such as mono-, oligo-, and polysaccharides containing pentose and hexose
sugars. Our results indicated that C. beijerinckii SA-1 was able to coferment hexose/pentose sugar mixtures in
the absence of a glucose repression effect. In addition, our analysis suggests that the solvent and acid resistance
mechanisms found in this strain are differentially regulated compared to strain NRRL B-527 and are outlined

as the basis of the analysis toward optimizing butanol production.

Butanol is an important commodity molecule used in the
manufacturing of a number of familiar products such as enam-
els, lacquers, latex surface coating, and plasticizers and as a
solvent in the production of hormones, vitamins, and antibiot-
ics (42). Butanol can also act as a direct replacement for
gasoline, since its characteristics as fuel additive make it supe-
rior to ethanol with regard to its energy content, lower vola-
tility, less hydroscopic, and less corrosive properties (18). The
current market for butanol has been estimated at 7 to 8.4
billion dollars per year (17) with a projected expansion of 3%
per year (37), which makes the production of butanol as a
biofuel molecule very attractive in today’s market. In recent
years, high crude oil prices and the adverse effects of green-
house gas emissions have renewed interest in the production of
biobutanol in developed and emerging economies (42). The
common goal is to substitute 5 to 10% of fossil fuels with
biofuels, including butanol, within the next 5 years. However,
food, feedstock, and biofuel productions compete for the same
agricultural land, creating a situation that could greatly impact
feedstock prices and food availability (20, 63).

As an alternative to sustainable starch and sugar, attractive
substrates for microbial biofuel production may well be plant
biomass or low-cost non-grain-based feedstocks (i.e., agricul-
ture wastes), which are cheaper and abundant. It is thought
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that the use of plant biomass could potentially reduce the vast
quantity of land area currently dedicated to energy-producing
crops. Ongoing research has drawn considerable interest in
evaluating the potential of many crop residues, such as straw
and wood shavings, for providing the sugars necessary to sup-
port biofuel production (24). One of the most abundant sugar
components of plant biomass are hemicelluloses, which are
heteropolymers of pentose and hexose sugars where D-xylose is
the main pentose. However, repression of pD-xylose utilization
by p-glucose, known as catabolite repression, can cause tech-
nological problems in D-xylose utilization when using plant
hydrolysates (40, 41). In solventogenic clostridia, catabolite
repression of D-xylose utilization by D-glucose (21, 22) and the
utilization of arabinose, xylose, and ribose is controlled by
AraR, XylR, and RbsR, respectively (60). In Clostridium ace-
tobutylicum, the catabolite repressor protein CcpA appears to
regulate transcription of the xylose catabolic genes, and its
inactivation allows for cofermentation of glucose and xylose
(59). In addition, these regulators may be involved in integrat-
ing different metabolic branches to achieve well-balanced
growth, as demonstrated by the tight coupling between carbon
and nitrogen metabolism in Bacillus subtilis (47). From an
economic standpoint, the feasibility of a bioprocess for biofuel
production from low-cost non-grain-based feedstocks relies on
the producer strain’s ability to overcome the glucose repres-
sion effect for efficient biotransformation of both the hexose
and pentose fractions in the feedstock. Solventogenic clostridia
have attracted the attention of the biofuel industry, because
they offer a major advantage for producing solvents from a
large variety of carbon sources such as mono-, oligo-, and
polysaccharides from starches and biomass hydrolysate con-
taining pentose and hexose sugars (15, 55).
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Solventogenic clostridia are one of the few organisms able to
ferment xylose, arabinose, and ribose to produce acetone, bu-
tanol, and ethanol (ABE fermentation) while simultaneously
showing a significant resistance to the solvent’s toxic effects
(43). A vast number of reports describe solvent production by
using closed production systems where the final accumulation
of solvent is limited by strain sporulation, which is triggered by
solvent toxicity. Since solvent stress is closely coupled to
sporulation (56), operating continuous butanol production
processes can be challenging. Despite these difficulties, the
continuous mode operation with high-volume large-scale
fermentation process is more advantageous and desirable.
Continuous processes allow better control of the cell physio-
logical state (30), attain higher productivity, have lower pro-
duction costs, and improved process control. Because ABE
fermentation is biphasic, where during the acidogenic phase
butyric acid is generated and in the solventogenic phase the
butyric acid is converted to butanol, a process in a multistage
reactor appears to be best suited for allowing us to take further
advantage of the self-regulating capacity of the continuous
culture system.

Clostridium cell densities during butanol production are typ-
ically low, reaching optical density values below 10 or 11 ODy,
units (ODg, stands for optical density at 600 nm). Low cell
densities have been connected to factors that include but are
not limited to low aerotolerance, sporulation, acid intolerance,
and strain instability and theoretically connected to the meta-
bolic status of the cells through quorum sensing (55). The
sporulation pathway is influenced by a number of factors, in-
cluding nutritional limitations during growth (1, 33, 45). Stan-
dard medium formulations for microbial production of butanol
meet the transient needs of many clostridial strains; however,
these formulations have not dramatically changed since the
time fermentation of clostridia began. It is naive to assume
that a desired optimal production phenotype can be achieved
through a “one size fits all” medium. New formulations are
essential for cultivation production and can make a consider-
able impact on selected or genetically engineered strains with
a desirable trait requiring key ingredients that are often over-
looked. Studies on the behavior and nutritional needs of cells
when confronted with stressors that may interfere with a de-
sirable trait should be completed before a multistage continu-
ous process can be implemented. Examining conditions and
nutrients for strains or strain derivatives that lead to higher-
density cultures require systematic assessments of medium
components that can support more-productive fermentation
operations (55). However, optimization of medium formula-
tions for clostridial fermentation have been hindered by the
inherent instability of butanol-producing strains (7, 31, 35). For
this reason, stable butanol-producing strains such as SA-1 (43)
need to be reevaluated as part of a course for medium opti-
mization that can lead to improvements in the low-yield tradi-
tional transient production processes.

Approaches used to obtain solventogenic Clostridium spp.
capable of increased butanol production include strain isola-
tion (10, 62), strain selection (43, 58, 59, 64), gene overexpres-
sion (16, 57, 66), and site-directed and random mutagenesis (5,
11, 29). Clostridium beijerinckii mutant SA-1 (ATCC 35702),
selected by Lin and Blaschek (43), can withstand butanol con-
centrations toxic to the parental wild-type strain by delaying
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the onset of sporulation at high butanol concentrations. We
have taken a meta-analysis approach to defining medium re-
quirements for sustaining the growth of SA-1 (ATCC 35702)
with the goal of maintaining the culture in a predominantly
vegetative state, thereby increasing the number of cells able to
efficiently biotransform mixed carbon sources while generating
end products, including butanol.

We examined transcriptional data published by Alsaker
et al. (2) to identify nutrient requirements of C. acetobutylicum
growing under butanol stress. Our analysis was then contrasted
with previously described medium compositions (43, 54, 69,
70), the components consolidated and later validated in a for-
mulation focused on improving the production of butanol
while using sugar mixtures rich in six- and five-carbon sources
(p-glucose and p-xylose). In this study, we report a two-step
continuous process/production strategy after identifying dis-
tinctive nutritional and environmental conditions that are bet-
ter suited for butanol production when cultivating C. beijer-
inckii SA-1.

MATERIALS AND METHODS

Strains, media, and cultivation methods. The Clostridium beijerinckii SA-1
strain (ATCC 35702) (referred to as SA-1/ATCC 35702) was deposited by Lin
and Blaschek (43) as an offspring strain derived from Clostridium acetobutylicum
ATCC 824. Later, Johnson et al. (32) identified SA-las belonging to the C.
beijerinckii species by DNA relatedness. After this finding, Blaschek recatalogued
their ATCC 824 strain as C. beijerinckii NCIMB 8052 (23). For this work,
Clostridium beijerinckii NRRL B-527 was obtained from the Agricultural Re-
search Service (ARS) (Northern Regional Research Laboratory [NRRL]) Cul-
ture Collection, and C. beijerinckii SA-1 (ATCC 35702) was obtained from the
American Type Culture Collection. Species identity was verified by PCR ampli-
fying the 16S rRNA gene using prokaryotic 16S rRNA gene universal primers
515F (F stands for forward) (5'-GCGGATCCTCTAGACTGCAGTGCCA-3")
and 1492R (R stands for reverse) (5'-GGTTACCTTGTTACGACTT-3"). The
organisms were routinely maintained at —80°C on reinforced clostridial medium
(RCM) (Oxoid, England) containing glycerol (10%), and this medium was cho-
sen for batch experiments. The compositions of the newly consolidated and
validated media are shown in Tables 3 and 4. The base medium components were
always sterilized without p-glucose, D-xylose, and trace elements. These compo-
nents were always sterilized by filtration and added aseptically to the medium
reservoir.

Growth experiments were performed in 2-liter Biostat B plus fermentors
equipped with controllers for pH, temperature, and agitation (Sartorius BBI
Systems, Melsungen, Germany). Single-stage experiments were carried out in
chemostat mode of operation with a working volume of 900 ml and agitation
speed of 200 rpm. Later, experiments employing two reactors operating in
cascade were carried out. The first reactor was operated with a working volume
of 700 ml, while the second reactor’s working volume was varied to obtain the
desired retention time. The first reactor was fed with fresh validated medium
(see Table 4) by a type 520Du peristaltic pump (Watson-Marlow, Falmouth,
United Kingdom). The overflow of the first stage was pumped into the second
stage and then out into a collection reservoir.

In order to maintain anaerobic conditions after inoculation, a continuous
stream of sterile nitrogen gas (0.1 VVM [volume of air/volume of reactor X
minutes]) was passed through the reactors. The gassing was stopped upon cell
production of sufficient gases (positive headspace pressure), usually between 24
and 48 h. Sterile 5 M potassium hydroxide (KOH) was used to maintain the
desired pH level in the reactors. Antifoam A (Sigma-Aldrich Inc., St. Louis, MO)
was incorporated into the media at 0.10 g/liter. Exact conditions for the fermen-
tations are detailed below when the different assays are presented. The purity of
the culture was checked daily by direct microscopic examination and by plating
dilutions on RCM agar plates.

Chemostat pulse-and-shift experiments were performed in a Biostat B plus
chemostat (Sartorius) with a working volume of 600 ml and used throughout
these experiments. The temperature was set at 37°C, the agitation speed was set
at 200 rpm, and the pH was kept at 6.5 by the automated addition of 1.5 N KOH.
The dilution rate was fixed at 0.135 h™!, which corresponded to half of the
growth rate (p/2) and was determined in previous experiments using batch
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cultures with controlled pH. The residence time (7, = 1/D where 7, is the
residence time and D is the dilution rate) was 7.4 h. Steady states, as assessed by
biomass, glucose, xylose, and product concentrations, were reached following at
least 3 or 4 volumes of medium replacement. Turbidometric values and p-glucose
and Dp-xylose concentrations at different steady states during the experiment are
shown below in Fig. 3. The various compounds that were determined to be
necessary using the chemostat pulse-and-shift technique were sterilized by fil-
tration and added to the vessel aseptically.

Butanol and butyric acid growth tolerance assays. Comparative growth curves
were performed to evaluate the reduction of specific growth rates as a response
to the strain’s resistance to butanol and butyric acid. Inoculums were obtained
from exponential-growth-phase cultures harvested by centrifugation and resus-
pended in sterile RCM medium to an initial optical density at 600 nm (ODjgq)
of ca. 0.1. The RCM medium was prepared from the same batch, and the desired
pH values were adjusted by adding the adequate amount of base to the medium.
The doubling time of each culture was calculated from the slope after fitting the
exponential-growth-phase data to a linear regression with correlation coefficients
(%) of 0.99. Each point represents the mean of at least two independent assays.

The strain’s butanol tolerance was evaluated by inoculating and growing in
medium containing increasing concentrations of butanol (0, 40, 45, 50, 55, and 60
mM) (0, 2.96, 3.34, 3.70,4.07, and 4.44 g/liter). To test for butyric acid resistance,
the strains were inoculated and grown in medium containing increasing concen-
trations of butyric acid (0, 1, 2, 3, 4, 5, and 6 g/liter). Since nondisassociated forms
of organic acids can diffuse through the plasmatic membrane, the initial pH of
the medium was adjusted using the Henderson-Hasselbalch equation (27, 28) to
maintain the same initial concentration of the nondisassociated butyrate forms at
0.1 g/liter at the time of inoculation. The pH was also monitored during the
experiment in order to calculate the time course development of nondisassoci-
ated acid concentration.

Meta-analysis of the transcriptional response of C. acetobutylicum ATCC 824
to butanol stress. The National Institutes of Health (NIH) defines meta-analyses
as systematic methods that use statistical techniques for combining results from
different studies to obtain a quantitative estimate of the overall effect of a
particular intervention or variable on a defined outcome (http://www.nlm.nih.gov
/nichsr/htal01/ta101014.html). Microarray raw intensity values from strain
ATCC 824 exposed to butanol or butyric or acetic acid were downloaded from
the GEO database (2). The data were log, transformed and imported into JMP
Genomics (SAS, Cary, NC). Afterwards, loess normalization was applied to
preprocessed data. Following normalization, gene-specific effects were modeled
in terms of the residuals. Two independent model-based approaches were ap-
plied to the normalized data: a mixed-model analysis (14) and a step-down
quadratic regression model for pattern recognition (44). The outcome of respon-
sive genes from our analysis was then grouped into functional categories (Clus-
ters of Orthologous Groups [COG]) (http://www.ncbi.nlm.nih.gov/COG/grace
/uni.html). For statistical significance, P values of =0.05 were considered
significant.

Analytical methods. Biomass proliferation in the fermentation tank was
monitored using an in-line biomass sensor (Fundalux; Sartorius BBI Systems,
Melsungen, Germany) and also by measuring the ODgq, on a digital spec-
trophotometer (SmartSpec Plus; Bio-Rad). Direct cell counts were made by
phase-contrast microscopy using an improved Neubauer hemocytometer slide
chamber. Substrate (D-glucose and p-xylose) consumption and accumulation of
end products were performed by high-performance liquid chromatography
(HPLC) and gas chromatography (GC-8A) fitted with a flame ionization detec-
tor (Shimadzu Corporation, Kyoto, Japan). b-Glucose and p-xylose were quan-
tified with an HPLC under isocratic conditions at 65°C and a mobile phase of 5
mM sulfuric acid (H,SO,) at a 0.4-ml/min flow rate using an Alltech IOA-1000
organic acids column (300 mm by 7.8 mm) (Alltech, IL) and coupled to a
refractive-index detector. The products of the fermentations (butanol, butyric
acid, acetone, acetic acid, and ethanol) were separated in a GC SS Porapak Q
80/100 column (OV, Marietta, OH) using 200 kPa of nitrogen as the mobile
phase with an injection temperature of 220°C and a column temperature of
140°C.

RESULTS

Comparative analysis of the specific growth rates of Clos-
tridium beijerinckii strains growing in the presence of increas-
ing butanol concentrations. The literature reports that the
C. beijerinckii selected strain (SA-1/ATCC 35702) is able to
tolerate higher concentrations of butanol when grown in broth.
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FIG. 1. Batch growth kinetics of C. beijerinckii NRRL B-527 and
SA-1/ATCC 35702 strains grown at 37°C in reinforced clostridial me-
dium (RCM) containing increasing concentrations of butanol (0, 40,
45, 50, 55, and 60 mM). C. beijerinckii (SA-1/ATCC 35702) is repre-
sented by solid symbols connected with solid lines, while the C. beijer-
inckii (NRRL B-527) is represented by open symbols connected with
solid lines.

To confirm the phenotype, we measured the specific growth
rates (- h™*) on the C. beijerinckii strains (NRRL B-527 and
SA-1/ATCC 35702) grown in the presence and absence of
butanol. Each strain was grown separately in serial individual
flasks each containing increasing concentrations of butanol.
Figure 1 shows the growth curves of the NRRL B-527 and the
SA-1/ATCC 35702 strains challenged to butanol at different
concentrations (0, 40, 45, 50, 55, and 60 mM). When compar-
ing the growth rate of the NRRL B-527 and SA-1/ATCC 35702
strains in the presence of increasing butanol concentrations,
the derivative strain SA-1/ATCC 35702 maintained higher spe-
cific growth rates, evident by the steeper slopes, in medium
containing butanol concentrations greater than 45 mM (Fig.
1). Therefore, we confirm here that strain SA-1/ATCC 35702
maintains an increased resistance to butanol and a retarded
sporulation cycle compared to NRRL B-527 strain. Higher
resistance to butanol toxicity should theoretically allow the
strain to produce greater quantities of butanol.
Transcriptional meta-analysis of C. acetobutylicum ATCC
824 response to butanol stress. In order to identify the nutri-
ents required for optimal growth and butanol production, we
analyzed publically available microarray data obtained from
stress experiments of samples exposed to 50 mM butanol (3).
Figure 2 shows the results of the analysis and grouping of the
responsive genes when cells from C. acetobutylicurn ATCC 824
were exposed to 50 mM butanol compared to nonexposed
controls. The analysis includes short-time-course microarray
experiments of culture samples exposed to butanol or grown in
the absence of butanol for 10, 30, 45, 60, 120, 360, 720, and
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FIG. 2. Transcriptional response of C. acetobutylicum ATCC 824 after the cells were challenged with 50 mM butanol. The bar graphs denote
significantly upregulated and downregulated genes as percentages of the total number of responsive genes. Significant responsive genes were
grouped into functional categories (Clusters of Orthologous Groups [COGs] [www.ncbi.nlm.nih.gov/COG/grace/uni.html]) after the normalized
series were analyzed by short-time-course microarray (44) and mixed-model analysis (14). (A) Frequencies of genes showing a significant kinetic
linear pattern (time course microarray series 10, 30, 45, 60, 120, 360, 720, and 1,440 min) compared to genes that show a flat pattern (no regulation);
(AA) percentages of genes that belong only to the metabolic grouped category (COG groups G, E, F, H, I, P, and Q) found in panel A;

(B) frequencies of genes showing a significant responsive after mixed-model analysis [time X treatment =

(360 min butanol) — (360 min control)];

(BB) percentages of genes that belong only to the metabolic grouped category (COG groups G, E, F, H, I, P, and Q) found in panel B.

1,440 min. Figure 2A shows frequencies of genes demonstrat-
ing a kinetic linear pattern of up- or downregulation compared
to genes showing a flat pattern or no regulation. Figure 2B
shows the frequencies of significantly (P = 0.05) up- and down-
regulated genes exposed to 50 mM butanol compared to non-
exposed controls [e.g., differential of time X treatment = (360
min butanol) — (360 min control)].

Independent of the type of analysis performed to the series
(3), a high percentage of the responsive genes can be grouped
into either the metabolism category or into the “gene unknown
function” category (Fig. 2). Furthermore, by disaggregating the
genes within Clusters of Orthologous Group (COG) functions
grouped into each metabolic category, we found genes altered
by this change now fitting in larger proportions into the COGs
of transport and metabolism of carbohydrates and amino acids,
as well as coenzymes and inorganic salt transport (Fig. 2AA
and BB). Tables 1 and 2 show selected C. acetobutylicum
ATCC 824 genes with statistically significant responses follow-

ing exposure to 50 mM butanol compared to nonexposed con-
trols after applying Stromberg analysis (44) or mixed-model
analysis (14).

Formulation of a consolidated medium for cultivation of
solventogenic Clostridium spp. The compositions of the com-
monly used media (43, 45, 54, 69, 70) for clostridial cultivation
are presented in Table 3. Typical characteristics of the media
utilized for Clostridium cultivation are the inclusion of nitro-
gen-rich components and phosphate limitation. Nitrogen-rich
components increase the overall process cost and may compli-
cate product recovery. On the other hand, phosphate limita-
tion is a condition that appears to contribute to the initiation of
solventogenesis and to the stability of C. acetobutylicum grow-
ing in continuous cultures. However, phosphates are present in
many complex substrates used for solvent production, which
would entail removal via preprocessing, thereby increasing the
price of butanol (9). Generally, the utilization of media simpler
in composition is limited in carbon or ammonia and often
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TABLE 1. Selected genes showing a significant response identified after meta-analysis of microarray data of C. acetobutylicum ATCC 824
exposed to 50 mM butanol compared to nonexposed controls applying the step-down quadratic regression method*

Product type and substrate” Butanol-downregulated or -upregulated product name® ECI?Ig(’ Locus tag Overall P value
Butanol-downregulated products
VitB,, Cobyrinic acid a,c-diamide synthase CobB/CbiA (CBIB protein) H CAC0582 0.001301656
Phosphatidylserine synthase I CAC0676 0.00234798
Predicted permease E CACO0875 0.00077822
Co Cobalt transport (ATPase component) P CAC1368 0.002664104
VitB,, Precorrin 8X methylmutase H CAC1376 0.000268975
VitB,, Precorrin 6B methylase CbiT H CAC1378  3.97206E—07
VitB,, Precorrin 4 methylase CbiF H CAC1380 0.000110082
THF Enzyme of dihydrofolate reductase family, ortholog YWFD of H CAC1495 0.00520426
B. subtilis
Lipid 3-Ketoacyl-(acyl carrier protein) reductase I CAC2626 0.00025712
Proline/glycine betaine ABC-type transport system, permease E CAC2849 0.000922292
component fused to periplasmic component
Proline/glycine betaine ABC-type transport system, ATPase E CAC2850 1.31008E—05
component
Oligopeptide ABC transporter, ATPase component P CAC3182 0.0047743
Oligopeptide transport permease protein E CAPO0177 0.000635715
Butanol-upregulated products
Fe Nitrogenase iron protein (nitrogenase component II) P CAC0253 0.000816333
gene nifH
Peptidase T E CAC0476 0.001467584
His ATP phosphoribosyltransferase catalytic subunit E CAC0936 2.40248E—05
His Phosphoribosylformimino-5-aminoimidazole carboxamide E CAC0940 7.91786E—05
ribonucleotide (ProFAR) isomerase
Lipoprotein, attached to the cytoplasmic membrane, NLPA P CAC0986 0.003698933
family
Lipid Phosphatidylglycerophosphate synthase related protein I CAC2024 0.009199846
(fragment)
Urea N-Acetylornithine aminotransferase E CAC2388  2.72258E—05
Urea Acetylglutamate kinase E CAC2389 0.000250975
Urea N-Acetyl-gamma-glutamyl-phosphate reductase E CAC2390 0.003281643
Dipeptidase PepV E CAC2723 0.002038606
Se Possible selenocysteine lyase E CAC2805 0.000640894
(aminotransferase of NifS family)
Lys Lysine-specific permease E CAC3164 0.003458938
Met Homocysteine methyltransferase E CAC3348 0.000180346
ABC-type polar amino acid transport system, ATPase E CAC3618 0.000132942
component
Amino acid ABC transporter, permease component E CAC3619 0.006894683

“ The meta-analysis includes time course microarray experiments at 0, 10, 30, 45, 60, 120, 360, 720, and 1,440 min). Figure 2A shows the frequencies of genes
displaying a kinetic linear pattern of up- and downregulation compared to genes showing a flat pattern (or no regulation) after applying Stromberg analysis (44). The
step-down quadratic regression method was applied to normalized data for pattern recognition (44). Data were obtained from cells cultivated in clostridial growth

medium (CGM [69]).
 VitB12, vitamin B,,; THF, tetrahydrofolate.

¢ CBIB, cobyrinic acid a,c-diamide synthase; YWFD, synonym for bacilysin biosynthesis oxidoreductase BacC; NLPA, family of lipoproteins.
4 COGs, clusters of orthologous groups (http://www.ncbi.nlm.nih.gov/COG/grace/uni.html); EHIP, COG groups E, H, I, and P.

creates problems with culture stability by triggering early spo-
rulation and low solventogenesis performance (46). Thus, we
did not consider phosphate limitation during our effort to
obtain a higher concentration of biomass with our validated
medium while cofermenting both p-glucose and p-xylose to
produce initial threshold concentrations of butyrate or acetate.

Therefore, to formulate a new medium capable of sustaining
growth and solventogenesis, we surveyed microarray data to
identify metabolic pathways differentially expressed in C. ace-
tobutylicum ATCC 824 during butanol stress. As a result, we
incorporated the following components into the growth me-
dium: vitamin B,,, riboflavin, tryptophan, glutamine, aspara-
gine, cysteine, and histidine (Table 3). Histidine as a limiting
factor was interesting, since examination of the literature illus-
trated that induction of genes for histidine biosynthesis has

recently been shown to contribute to the acid tolerance re-
sponse in Lactobacillus casei (12). The decision for adding the
above compounds was made by comparisons with various clos-
tridial growth media and by the findings of our meta-analysis
(Table 1 and 2). We then compared and contrasted these
findings with medium formulations traditionally used for
growth of Clostridium spp. (43, 45, 54, 69, 70) and developed a
new consolidated medium formulation. The new consolidated
formulation was subsequently adjusted and later validated by
applying the chemostat pulse-and-shift technique (6, 38, 49),
using a nonlimiting carbon source (comprised of a mixture of
D-glucose and D-xylose) and specified ammonium concentra-
tions (Table 3 and 4).

Validation of the consolidated medium by the chemostat
pulse-and-shift technique. To ensure the proliferation of C.



4478 HELUANE ET AL.

ApPL. ENVIRON. MICROBIOL.

TABLE 2. Selected C. acetobutylicum ATCC 824 genes showing a significant response after exposure to 50 mM butanol
compared to nonexposed controls by using a mixed-model analysis”

COG

Substrate Product name” EHIP Locus tag Difference? —Log;o P value
S O-Acetylhomoserine sulfhydrylase E CAC0102 2.31573 13.35289
S Adenylylsulfate kinase P CAC0103 2.31299 10.6627
S ABC-type probable sulfate transporter, periplasmic binding protein P CAC0106 2.19078 9.92702
S ABC-type sulfate transporter, ATPase component P CACO0107 2.22341 4.68265
S ABC-type probable sulfate transporter, permease protein P CAC0108 1.63887 6.53352
S Sulfate adenylyltransferase subunit 2 E CAC0109 2.44843 10.70661
S GTPase, sulfate adenylate transferase subunit 1 P CACO0110 2.13862 7.30271
Asp Aspartate semialdehyde dehydrogenase E CAC0568 0.90651 5.24713
Lys Diaminopimelate decarboxylase LisA E CAC0608 0.94998 2.35148
Fe Ferrichrome transport permease P CAC0788 0.68284 4.07679
Cys v-Cystathionine synthase E CAC0930 1.52732 7.36916
His ATP phosphoribosyltransferase catalytic subunit E CAC0936 1.28815 3.9961
His Histidinol dehydrogenase E CAC0937 1.63942 10.93148
His Imidazoleglycerol-phosphate dehydratase E CAC0938 1.30102 7.31492
His Phosphoribosylformimino-5-aminoimidazole carboxamide E CAC0940 0.87342 6.57009
ribonucleotide (ProFAR) isomerase
His Phosphoribosyl-AMP cyclohydrolase E CAC0942 0.57879 3.28315
Arg Argininosuccinate lyase E CAC0974 1.65485 10.71147
5-Formyltetrahydrofolate cycloligase H CAC1090 0.70186 2.19531
Asp Aspartate kinase I E CACI1810 0.707 2.50719
Mo Molybdopterin biosynthesis enzyme, MoeA, fused to the P CAC2020 0.92291 3.22569
molybdopterin-binding domain
Cys Cysteine synthase/cystathionine beta-synthase, CysK E CAC2235 0.40506 2.13166
Arg/Lys N-Acetylornithine aminotransferase E CAC2388 1.51803 7.14475
Urea Acetylglutamate kinase E CAC2389 1.07553 4.10307
Urea N-Acetyl-gamma-glutamyl-phosphate reductase E CAC2390 1.7949 7.75867
Fe Ferric uptake regulator (FUR family), YGAG B. subtilis ortholog P CAC2634 2.70695 4.15283
3-Hydroxybutyryl-CoA dehydrogenase I CAC2708 0.54094 2.51473
Lipid Butyryl-CoA dehydrogenase I CAC2711 0.61838 3.75509
3-Hydroxybutyryl-CoA dehydratase I CAC2712 0.56573 3.00566
Lys Lysine-specific permease E CAC3164 0.92611 5.19834
Dihydroxy-acid dehydratase E CAC3170 0.55559 2.16606
Met Homocysteine methyltransferase E CAC3348 0.4169 2.22381
Lipid 3-Oxoacyl-acyl carrier protein reductase I CAC3462 0.78625 5.23967
Lipid Phosphatidylglycerophosphate synthase I CAC3596 1.88139 5.43757
K K" -transporting ATPase, ¢ chain P CAC3680 0.65812 3.02242
K Potassium-transporting ATPase subunit B P CAC3681 0.74665 3.01109

“ The mixed-model analysis (JMP Genomics [SAS, Cary, NC]) was performed on data obtained from microarray results (3) comparing the cells exposed to butanol
for 360 min [e.g., differential of time X treatment = (360 min butanol) — (360 min control)]. Figure 2B shows the frequencies of genes displaying up- or downregulation
after mixed-model analysis (14). Data were obtained from cells cultivated in clostridial growth medium (CGM [69]).

® YGAG, synonym for the PerR protein, which encodes a FUR homolog in B. subtilis; CoA, coenzyme A.

€ COGs (clusters of orthologous groups) (www.ncbi.nlm.nih.gov/COG/grace/uni.html).

4 Difference in P values are shown.

beijerinckii and avoid nutrient limitation as a consequence of
butanol and butyric acid toxicity (4, 12, 19, 43, 50, 54), nutrients
were independently added to the reactor (pulse) and when the
observed response was an increase in biomass after pulsing a
particular compound into the reactor, that compound (the
limiting factor) was subsequently incorporated into the culture
medium reservoir, which is referred to as the “shift.” Com-
pounds causing decrease or no change in biomass were not
included in the culture medium. Final concentrations of each
component incorporated in the working volume are shown in
Table 4. Pulse-and-shift experiments were conducted in the
presence of excess sugars, D-glucose (30 g/liter), and D-xylose
(15 g/liter). In our experiments, both sugars were simultane-
ously consumed, and catabolite repression was not observed
during the fermentation. Iron limitation during ABE fermen-
tations has been previously studied (34) and was also one of
the components showing an early positive effect during the
pulse-and-shift experiment. The inclusion of this component

confirmed the results seen in our meta-analysis (Tables 1 and
2). Also, in preliminary chemostat pulse-and-shift experiments,
we determined the nutritional requirement of the cells for bio-
available iron and lipids (data not shown). Therefore, the chem-
ical siderophore EDTA (0.1 mM) was added to the medium to
guarantee iron bioavailability and also to protect the cells from
oxidative stress (13). The final pulse-shift experiment demon-
strated that growth of strain SA-1/ATCC 35702 was limited in
yeast extract, trace elements, MgSO,, and Tween 80 (Fig. 3).
Consequently, concentrated solutions of yeast extract (2 g/li-
ter), trace elements (double that of the original medium; see
Table 3), MgSO, (0.1 g/liter), and Tween 80 (1 ml/liter) were
added to the fermentor. A reduced amount of yeast extract
(0.2%) was used in the medium composition to overcome the
nitrogen limitation, while keeping carbon in excess to achieve
high levels of solvent production (48, 61). The integration of
these medium components was developed into a validated
medium formulation (Table 4).
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TABLE 3. Composition of media used to cultivate Clostridium spp.

Component concn (g/liter) in medium“:

Component Consolidated medium Wiesenborn et al. ~ Ounine et al.  Lin and Blaschek ~ Woolley and Morris i
of this study (69) (54) (43) (70) Long et al. (45)

KH,PO, 3 0.75 0.5 0.75 3
K,HPO, - 3H,0 0.5
K,HPO, 0.75 0.75
MgSO, - 7TH,O 0.03 0.2 0.03 0.2
MgSO, 0.4 0.02
MnSO, 0.01 0.01 0.01
MnCl, - 4H,0 0.01 0.01 0.01
FeSO, - 7TH,O 0.01 0.01 0.01
FeSO, - 2H,0 0.01 0.01 0.01
NaCl 0.01 1.0 0.01 1
CH;COONH, 22
(NH,),HPO, 6
NH,Cl 3 3
(NH,),SO, 0.5 2.0 2 0.5
CaCl, 0.011 0.011
CaCO, 20
CuSO, + 5H,0 0.032 0.032
CoCl, * 6H,O 0.032 0.032
ZnSO, 0.044 0.044 0.05
(NH,)¢Mo,0,, - 4H,O 0.022 0.022
Biotin 0.001 1.107° 0.001 tr
p-Aminobenzoic acid 0.002 0.001 0.002 0.001
Thiamine HCI 0.002 0.002 0.001
Cysteine 0.05 0.05 0.5
Asparagine 0.05 2.0 2
Yeast extract 1 5.0 10
EDTA 0.1 mM
Tryptophan 0.05
Histidine 0.05
Glutamine 0.05
Riboflavin 0.001
Vitamin B, 0.001
Carbon source D-Glucose/D-xylose D-Glucose Several Corn starch D-Glucose D-Glucose

“ The first or leftmost column shows the composition of the consolidated medium utilized for the cultivation of Clostridium spp. used in this study. The medium was
formulated after evaluation of meta-analysis data from cultures of C. acetobutylicum ATCC 824 exposed to butanol (Tables 1 and 2) and through comparisons to media
described in the references shown. Concentrations are expressed in grams/liter except for EDTA, which is expressed in millimolar.

Analysis of growth and butanol production in continuous
culture. The next series of experiments were performed in
order to evaluate the suitability of strain SA-1/ATCC 35702 for
butanol production in a continuous, high-density bioprocessing
system. First, we analyzed the environmental conditions nec-
essary to obtain higher concentration of products. We sought
to produce butanol and control the strain’s capacity to main-
tain its physiological vegetative state at different dilution rates
in a single-step fermentation process using a mixture of D-glu-
cose and p-xylose. Taking into account the fact that the bipha-
sic nature of ABE fermentation is best accommodated by a
multistage continuous mode of operation, we later evaluated a
production process in two stages to accommodate the genera-
tion of butyric or acetic acid in the first phase and the gener-
ation of butanol or acetone in the second phase.

Physiological behavior of C. beijerinckii SA-1/ATCC 35702 in
a single-stage chemostat culture. C. bejjerinckii SA-1/ATCC
35702 was cultivated in a single-stage chemostat culture con-
taining D-glucose (30 g/liter) and p-xylose (40 g/liter) in the
medium (Table 4). The starting concentrations of fermentable
sugars were adjusted to a traditionally dilute sugar solution,
because these biotransformations are influenced by the toxicity
of butanol accumulation at low concentrations (1.5% to 2.0%).

During the fermentation, the pH was held at 6 and tempera-
ture was maintained at 37°C. The dilution rate was varied from
0.040 to 0.135 h™! for each steady state, and three samples
were collected and tested with three retention time intervals
between each sample taken (Table 5). As expected, butyric
acid appeared as the major fermentation end product for all
dilution rates tested, which is in agreement with the expected
behavior of the strain during the acidogenic phase (8, 9). In-
terestingly, we observed that strain SA-1/ATCC 35702 initiated
the solventogenic phase at higher retention times when a small
fraction of butyric acid was converted to butanol. Furthermore,
catabolite repression was not observed, since cofermentation
of p-glucose and D-xylose was noticeable in the different steady
states and the largest amount of sugars was consumed at a
dilution rate (D) of 0.04 h~* (40.7 g/liter). For all dilution rates
tested, the amount of D-glucose consumed was double the
amount of D-xylose consumed. The lowest product yield (0.30
g/g of carbohydrates) was observed at D = 0.040 h™*, while
product yield increased (0.39 g/g of carbohydrates) at higher
dilution rates (D = 0.135 h™!). Since the butyric acid produc-
tivity increased with the dilution rate, we choose this maximum
value (D = 0.135 h™") (Table 5) and subsequently focused on
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TABLE 4. Composition of the validated medium formulated in this
study to cultivate C. beijerinkii SA-1¢

Component of

validated medium Final conen

Medium components

KHLPO ottt 3 g/liter
NH,CI...... ... 3 glliter
(NH,)SO, ... 0.5g/liter
NaCl..... ... 0.01 g/liter
EDTA.......... . 0.1 mM
Yeast extract .. ... 2 gfliter
TWEEN 80 .. 1 ml/liter
Trace components”

MgSOy * THoO ittt 0.1 g/liter
CaCly..ccvvnneee 22 mg/liter
MnCl, - 4H,0 ....20 mg/liter
FeSO, - 2H,0... ....20 mg/liter
CuSO, - 5H,0 .. ... 0.4 mg/liter
COCly * OHLO it 6.4 mg/liter
ZnSO, 8.8 mg/liter
(NH,)¢M0,054 * 4HL0 i 4.4 mg/liter
Biotin .c.coceeeeeiicnnne . 1 mg/liter

p-Aminobenzoic acid .. 2 mg/liter

Thiamine HCI... ... 2 mg/liter
Cysteine........... ... 0.1 g/liter
Asparagine . ... 0.1 g/liter
Tryptophan. ... 0.1 g/liter
Histidine ..... ... 0.1 g/liter
Glutamine... ... 0.1 g/liter
Riboflavin ... ... 0.001 g/liter
ViItamin B s .eeoeeeiinieiineccee e 0.001 g/liter

¢ Validated medium composition was obtained by applying the pulse-and-shift
optimization technique (Fig. 3). The carbon source(s) is not included in the
formula.

 Trace components were prepared by filtration and aseptically added to the
medium.

testing alternative environmental conditions (pH and temper-
ature), using a single-step chemostat culture.

Determination of the optimum operational parameters of
the reactor with a fixed dilution rate. The same validated
medium (Table 4) obtained previously containing glucose
(30 g/liter) and p-xylose (15 g/liter) was employed. Note the
change in the D-glucose/D-xylose ratio based on the results
obtained in the former assay. The culture pH was varied by 0.5
unit from pH 6.0 to 7.0, and three culture temperatures were
tested, 30, 37 and 40°C. The results for the different parame-
ters tested in the chemostat are shown in Table 6. For all
physiological states tested, the cells were able to simultane-
ously consume both p-glucose and p-xylose. We observed the
highest butyrate productivity and improved strain stability at
D = 0.135 h™'. An additional advantage pertaining to opera-
tional convenience was the short time needed (retention time
of 7.4 h) to establish steady state.

The data in Table 6 illustrate the advantage of our cultiva-
tion techniques by exposing the C. beijerinckii SA-1/ATCC
35702 cells to less acid stress (butyric and acetic acid). Clearly,
while it is important to attain our objective of maximized
efficiency of the acidogenic phase, the cells were less stressed
by maintaining the dissociation of butyric acid to the less-toxic
butyrate anion. Within the working conditions tested, the high-
est butyric acid concentration (4.56 g/liter) was obtained at
37°C and pH 6.5. By using these conditions, we also observed

ApPL. ENVIRON. MICROBIOL.

a reduced final concentration of acetone (0.09 g/liter). The
combined total amount of butyric acid plus butanol remained
constant (approximately 3.6 g/liter) and was independent of
the pH and temperature variables tested, including 37°C and
pH 6.0, 40°C and pH 6.0, and 30°C and pH 6.5. Conversely,
suboptimal operational conditions, such as 30°C and pH 6.0
and 40°C and pH 7, lead to reduced product accumulation of
butyric acid and butanol. Interestingly, while steady-state cul-
ture conditions at 40°C were achievable, slight deviations in
dilution rate, pH, and temperature during routine operation of
the continuous fermentation processes easily triggered cell
sporulation. Therefore, we established that an operating tem-
perature of 37°C was necessary for a stable continuous fermen-
tation process using C. beijerinckii SA-1/ATCC 35702.

In traditional processes, butanol production is favored at an
acidic pH (8, 25, 61, 65); however, interestingly, strain SA-1/
ATCC 35702 produced significant amounts of butanol at pH
6.0. This demonstrates the ability of SA-1/ATCC 35702 to
initiate solventogenesis in parallel with the acidogenic phase at
a growth rate that significantly improves butanol volumetric
productivity.

Growth Kkinetics of C. beijerinckii in the presence of increas-
ing butyric concentrations. Butyric acid is known to directly
influence the pH of the media; therefore, we investigated the
effect of butyric acid on the growth of the strains of C. beijer-
inckii (C. beijerinckii SA-1/ATCC 35702 and NRRL B-527).

Tween 80
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FIG. 3. Pulse-and-shift technique applied to C. beijerinckii SA-1/
ATCC 35702 culture in a chemostat (dilution rate [D] = 0.135 h™') at
37°C. Time (in hours) versus D-glucose or D-xylose consumed (g/liter)
and biomass (in arbitrary units [AU]) are depicted on the graph. The
pulse location for each component that was added is indicated on the
graph by arrows (| ). Each compound was tested individually by adding
to the consolidated medium reservoir (pulse) (Table 3). Once an
ingredient limitation was satisfied, an increase in sugar utilization
followed by a transient increase in biomass (responses) was observed,
and the compounds showing a positive response were added to the
medium reservoir (shift) before the next component was tested. A
steady state was reestablished before each new element was added and
evaluated. Each compound was added to the reactor at the following
final concentrations; yeast extract (2 g/liter), trace elements (double
the concentration added to the original medium [see Table 4]), MgSO,
(0.1 g/liter), and Tween 80 (1 ml/liter).
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TABLE 5. Results of cultivating C. beijerinckii SA-1/ATCC 35702 in a single-stage chemostat containing
D-glucose and D-xylose in the validated medium®

Mean concn (g/liter) + SD of the following fermentation product:

Final concn (g/liter) of the
Productivity of

D (h~1y following consumed sugar: b (iver b)
utyrate iter
Acetate Butyrate Ethanol Acetone Butanol D-Glucose D-Xylose v
0.04 4.20 = 0.69 7.53 £1.43 0.14° 0.06° 0.55 = 0.06 25.93 = 0.37 14.95 = 0.68 0.30
0.08 4.08 = 0.75 5.44 +0.13 0.11 = 0.01 0.08 = 0.04 0.30 = 0.13 18.71 = 1.50 10.53 = 3.00 0.43
0.102 4.31 = 0.08 5.61 £0.18 0.11 = 0.01 0.04 = 0.01 0.15 = 0.07 20.04 = 0.65 11.25 = 0.88 0.57
0.135 4.35*+0.20 4.56 = 0.23 0.14 = 0.09 0.09 = 0.01 0.36 = 0.09 16.23 = 0.36 8.13 = 0.96 0.62

@ C. beijerinckii SA-1/ATCC 35702 was grown in a single-stage chemostat containing D-glucose (30 g/liter) and p-xylose (40 g/liter) in the validated medium described

in Table 4 at pH 6.0 and 37°C.
? D, dilution rate.

Cell growth was challenged by the presence or absence of
butyric acid; each strain was grown separately in individual
flasks containing increasing concentration of butyric acid (0, 1,
2,3, 4,5, and 6 g/liter). All through the butyric acid exposure
studies, the initial concentration of undissociated butyrate in
each flask was made constant by adjusting the initial pH of the
RCM in each flask (Fig. 4A), thus allowing only a maximum of
0.1 g/liter of the butyric acid to readily enter the cells. During
cell growth, the pH decreased, and the amount of protonated
acid in each culture increased (Fig. 4A). This effect was more
pronounced with greater concentrations of butyric acid. When
comparing strains NRRL B-527 and SA-1/ATCC 35702 in the
presence of increased concentrations of butyric acid, SA-1/
ATCC 35702 demonstrated longer duplication times than
NRRL B-527 (Fig. 4A and B). In particular, concentrations of
butyric acid greater than 1 g/liter reduced specific growth rates
of SA-1/ATCC 35702 compared to NRRL B-527. Therefore,
our results show that SA-1/ATCC 35702 has an increased sen-
sitivity to butyric acid compared to NRRL B-527. Butyric acid
sensitivity was an unexpected phenotype, considering the fact
that the final solvent accumulation in the biphasic process is
normally correlated with higher accumulation of organic acids
in the fermentation broth. Since butyric acid stress can be a
limiting factor of cell growth (Fig. 4), the amount of butyric
acid in the culture can be reduced by growing C. beijerinckii in
a more neutral pH in continuous fermentation system, thus
allowing the cells to propagate and continue producing buta-
nol. Accordingly, in our experiments, SA-1/ATCC 35702 was
able to transform sugars more efficiently and accumulate more
butanol when the organic acid toxicity was reduced under
steady-state conditions (Table 4).

Evaluation of cell performance during the solventogenic
phase at different physiological states employing a two-stage
continuous process. Finally, a two-stage process was tested in
order to evaluate the acidogenic and solventogenic phases.
Dissociating the overall process into two independent steps
increased the process stability by favoring cell proliferation and
production, thus keeping the toxic effects of acetic acid or
butyrate under control during the first stage of fermentation
and allowing solventogenesis to continue in the second stage of
the fermentation. At a pH of 6.5, the concentration of the
undissociated acid species in the medium is minimized, thereby
reducing cell stress; therefore, the pH in both reactors was
maintained at 6.5. As a result, the number of physiologically
active vegetative cells that continuously reseed the second fer-
mentor should be maximized, as the second fermentor is the
location where the main biotransformation of acid to butanol
should be achieved.

Two fermentors were connected in a series, and the harvest
of the first fermentor became the feed stream to the second
fermentor. Both fermentors were inoculated simultaneously
and cultivated in batch conditions at 37°C with a pH of 6.5. The
carbon sources were increased to 40 g/liter for glucose and 20
g/liter for p-xylose. When the cells in the first fermentor
reached the log phase of growth, the medium feed was initi-
ated. The volume in the first fermentor was maintained at 700
ml, while the volume of the second fermentor was modified
according to the desired dilution rate. Three samples were
taken once the steady state of the reactor was established with
at least three retention times between each of the samples.
Concurrently, cell stability based on the percentage of sporu-
lation in the culture for both fermentors was monitored daily

TABLE 6. Results for parameters for C. beijerinckii SA-1/ATCC 35702 grown in a single-stage chemostat containing
D-glucose and D-xylose in the validated medium®

Mean concn (g/liter) = SD of the following fermentation product:

Mean final concn (g/liter) = SD
of the following consumed sugar:

Temp (°C) pH
Acetate Butyrate Ethanol Acetone Butanol D-Glucose D-Xylose

30 6.0 1.56 = 0.20 0.99 = 0.13 0.04 = 0.01 0.04 = 0.01 0.21 = 0.04 8.53 = 0.65 0.70 = 0.40
37 6.0 2.02 = 0.37 1.16 = 0.04 0.15 £ 0.00 1.31 £ 0.05 2.42 = 0.04 19.40 = 0.57 5.07 £ 0.27
40 6.0 244 =0.22 2.38 = 0.10 0.16 = 0.02 0.58 = 0.17 1.18 = 0.31 14.65 = 0.49 4.86 = 0.19
37 6.5 435 = 0.20 4.56 £0.23 0.14 = 0.09 0.09 = 0.01 0.36 = 0.09 16.23 = 0.38 8.13 = 0.96
40 6.5 3.05 = 0.11 297 = 0.13 0.25 = 0.01 0.22 = 0.08 0.62 = 0.15 17.35 = 0.07 6.55 = 0.41
40 7.0 2.18 1.19 0.14 0.14 0.20 8.50 2.06

@ C. beijerinckii SA-1/ATCC 35702 was grown in a single-stage chemostat containing p-glucose (30 g/liter) and p-xylose (15 g/liter) in the validated medium described
in Table 4 at D = 0.135 h™'. The culture pH and three culture temperatures (30°C, 37°C, and 40°C) were evaluated.
? The standard deviations were not determined for the final condition (40°C and pH 7.0).
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FIG. 4. (A) Growth kinetics of C. beijerinckii SA-1/ATCC 35702 exposed to increasing concentrations of butyric acid. Each flask contained
identical initial concentrations of undissociated butyric acid. Symbols connected with dotted lines show pH evolution, symbols connected with solid
lines show growth of the SA-1/ATCC 35702 cells, and open symbols with solid lines show the amount of undissociated butyric acid in each flask.
The growth curves for strain SA-1/ATCC 35702 are biphasic. (B) Comparison of duplication times of C. beijerinckii (NRRL B-527) and C.
beijerinckii (SA-1/ATCC 35702) challenged with increasing butyric acid concentrations. The duplication times of both slopes for SA-1/ATCC 35702

are labeled ATCC 35702.1 and ATCC 35702.2.

to confirm stationary consistency at the respective steady
states.

Throughout the assay, the environmental parameters (37°C
and pH 6.5) and the dilution rate of D = 0.102 h™' were
maintained in the first fermentor in order to continuously
produce physiologically active vegetative cells. The tempera-
ture of the second fermentor was also maintained at 37°C,
while the overall dilution rate was varied from 0.04 to 0.05 and
finally to 0.06 h™". In the second fermentor, the pH was ini-
tially fixed at 6.5 for all dilution rates. In order to evaluate
acidic conditions, we also assessed the conditions in the second
stage, where the pH was no longer controlled, thus allowing
the pH to drop and stabilize at a value of pH 5 for all dilution
rates tested. The results of this assay are shown in Table 7.

Overall, the highest concentration of butanol (7.2 g/liter)
and the majority of end products were obtained at a dilution
rate of 0.06 h™* and a pH of 6.5. By using a pH of 6.5, we found

butanol accumulation improved as dilution rates were elevated
until a value of 43.2% (wt/wt), indicating that acid stress tox-
icity is reduced at this pH. In all steady-state conditions eval-
uated, butyric acid and lactate were also produced as by-prod-
ucts. Although butanol was detected in the culture medium of
the first fermentor, microscopic examination revealed the ab-
sence of spores in the medium, therefore implying that C.
beijerinckii SA-1/ATCC 35702 is capable of producing butanol
in the vegetative stage. The number of vegetative cells and
spores counted in the second fermentor at different dilution
rates are shown in Table 7.

The presence of more vegetative cells in the culture and
higher butanol concentrations (Table 7) were observed when
the second fermentor operated at an overall D of 0.06 h~' and
pH 6.5. A greater number of spores was detected when the
continuous culture of the second fermentor was operated at an
overall D of 0.04 h™!, which also coincided with lower butanol

TABLE 7. Results for C. beijerinckii SA-1/ATCC 35702 cultivated in a two-stage, one-feed-stream chemostat culture containing
D-glucose and D-xylose in the validated medium®

Mean concn (g/liter) = SD of the following

Proportion (%) of

sugar that was Butanol yield No. of

Reactor Overji ]ll D pH fermentation product: consumed (mol/mol vegetative NO' Of
() of substrate) cells spores
Acetate Butyrate Acetone Butanol D-Glucose  D-Xylose
First reactor 0.102 6.5 3306 63x05 02x01 05=*=03 69.2 31.0
Second reactor 0.04 6.5 1.6+08 64*=30 02=x01 04%x02 93.3 59.1 0.018 73 E7 23 ES8
0.05 6.5 1210 40=*x08 05*x02 18=*=08 96.9 67.6 0.078 1.4 ES8 1.5 E8
0.06 6.5 2010 16x10 53*x06 72=x02 83.2 529 0.380 1.8 E8 1.3 E8
0.04 Free 27*x02 32*12 11=x01 37=x04 95.7 475 0.183
0.05 Free 20x04 35*+02 05x01 20%x0.1 96.6 32.7 0.105
0.06 Free 20x01 32*x09 04=x01 21x05 93.5 57.6 0.100

@ C. beijerinckii SA-1/ATCC 35702 was cultivated in a two-stage, one-feed-stream chemostat culture containing p-glucose (40 g/liter) and p-xylose (20 g/liter) in the
validated medium described in Table 4 at 37°C and pH 6.5. The dilution rate (D) and pH were varied in the second reactor.
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concentrations. Since the literature extensively supports the
concept that acidic conditions favor solventogenesis (8, 25, 33,
65), we also evaluated this environmental condition (i.e., acid-
ity). However, as expected, due to the acid sensitivity of strain
SA-1/ATCC 35702, our data showed improvement in butanol
production at the lower overall retention time tested at pH 6.5.
Furthermore, steady-state concentrations of butyric acid re-
mained constant under all conditions tested when the pH of
the culture was allowed to fluctuate (Table 7).

Degeneration of the strain in terms of acid drift or morpho-
logical changes did not occur during the 40-day experimenta-
tion period. The strain maintained its capability to produce
butanol; therefore, a stable continuous culture of C. beijerinckii
SA-1/ATCC 35702 on D-glucose/pD-xylose mixtures for ex-
tended periods of time was achieved.

DISCUSSION

Clostridium spp. must constantly deal with factors that can
affect their growth and viability with two of the major threats
being acid and solvent stress. Acid stress occurs from the pas-
sive movement of nondissociated organic acids across the cell
wall and the resulting accumulation of acid in the cytoplasm.
Solvent stress happens when there is an accumulation of bu-
tanol, acetone, and ethanol in the growth medium. One ap-
pealing strain to study butanol production and tolerance is
C. beijerinckii ATCC 35702 (SA-1 butanol-resistant strain), an
offspring of the Clostridium reference strain NCIMB 8052 (23).
Lin and Blaschek (43) characterized SA-1/ATCC 35702 as a
strain that maintains a higher resistance to butanol toxicity
than NCIMB 8052 and exhibits characteristics of delayed lysis
during sporulation similar to a C. acetobutylicum Iyt-I mutant
(67). Our results confirmed the ability of C. beijerinckii SA-1/
ATCC 35702 to tolerate higher concentrations of solvents (Fig.
1), which should allow for the production of greater amounts
of butanol (43). In addition, C. beijerinckii SA-1/ATCC 35702
exhibits unique hydrolytic and xylanolytic activities (40, 41),
making it possible to obtain reliable butanol production in a
continuous production process using a mixture of D-glucose
and D-xylose.

It has traditionally been assumed that when cells are ex-
posed to stress, the presence of complete biochemical path-
ways for the synthesis of metabolic intermediaries meet the
conditions that are sufficient for the cells to survive and pro-
liferate. However, the transcriptomic response to cell stress
clearly shows a pronounced demand for some intermediaries
when cells are exposed to increasing concentrations of stres-
sors. Advances in genomic and proteomic technology allow us
to analyze previously generated microarray data, so that valu-
able information can be obtained that assists us in understand-
ing complex cellular processes or to use this information in
drug discovery (39). These technologies have the potential to
increase our understanding of cellular behavior and to inte-
grate this knowledge into the design of future bioprocesses. In
particular, gene expression profiling of industrial microorgan-
isms generate valuable information that can be used to en-
hance the yield and productivity of processes (26). We per-
formed meta-analysis on the extensive transcriptomic data of
C. acetobutylicum ATCC 824 exposed to the fermentation ac-
ids acetate and butyrate and the solvent product butanol.
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These transcriptome data were generated by the Papoutsakis
group, publicly available at the Gene Expression Omnibus
(GEO) database (http://www.ncbi.nlm.nih.gov/geo/) (2). The
information obtained from our meta-analysis of the butanol
stress response of C. acetobutylicum ATCC 824 was utilized to
identify limiting growth factors for clostridial cells when con-
fronted with butanol stress. After intensive statistical analysis
and screening of the data, we were able to identify metabolic
responsive genes that correlate with requirements for com-
pounds that appeared to be limiting during butanol stress (Ta-
ble 2). The responsive genes were classified by their member-
ship into the following metabolic categories (Clusters of
Orthologous Groups [COG] groups G, E, F, H, I, P, and Q).
The growth medium was subsequently adjusted by adding the
components associated with the gene function that showed a
significant upregulated response. Thus, the nutritional de-
mands of the strain under stress were met by including optimal
concentrations of metals and/or vitamins in the medium.

Once the medium components for culturing C. beijerinckii
SA-1/ATCC 35702 were defined and validated, we character-
ized the responses of Clostridium spp. to environmental fluc-
tuations in pH, temperature, growth, and production rates. We
performed one- and two-stage chemostat experiments to dem-
onstrate the reliability and productivity of our enhanced bio-
process compared to the performance of previous bioprocesses
employing C. acetobutylicum (36, 52, 53). For example, our
formulation allowed for the stable propagation of the butanol-
resistant C. beijerinckii SA-1/ATCC 35702 strain in chemostat
culture using a mixture of sugars for over 2 months.

The results obtained after examining the batch growth ki-
netics of the two strains in the presence of butanol or butyric
acid emphasizes the complexity of solvent and acid toxicity in
clostridia, reinforcing the need for a flexible genomic approach
for discovering genes involved in solvent tolerance. For exam-
ple, surprisingly, we identified an increased sensitivity to bu-
tyric acid by strain SA-1/ATCC 35702 (Fig. 4) (43). This dis-
covery was unexpected, since cells require acid accumulation in
the fermentation broth as a prerequisite for triggering butanol
formation and sporulation.

Due to the biphasic nature of butanol production by clos-
tridia, we designed our process in two stages, a technique that
has been successfully employed for C. acetobutylicum DSM
1731 (9). The goal in the first stage was to determine the
conditions that would support the highest possible butyric acid
concentration, which would subsequently trigger solventogen-
esis. In the second stage, the goal was to obtain the highest
butanol concentration possible. C. beijerinckii SA-1/ATCC
35702 tends to sporulate under standard growth conditions;
therefore, our new medium formulation was used to evaluate
the process parameters and variables that addressed product
formation, cell density, and culture stability.

Our experiments confirm that continuous production of veg-
etative cells in the first fermentor allows for continuous feeding
into a second fermentor, therefore avoiding process shutdown
due to toxic acid accumulation or sporulation. The two-stage
process makes it possible to continually generate butanol at a
concentration of 7.2 g/liter by cofermenting a mixture of p-glu-
cose and D-xylose. The generated butanol is similar to concen-
trations that have been previously reported using a continuous
culture with different carbon sources (4, 51, 52). The butanol
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yield obtained for C. beijerinckii SA-1/ATCC 35702 varied
from 0.018 to 0.38 mol (butanol produced per mole of sub-
strate consumed) and was dependent on the working condi-
tions of the second reactor. The highest butanol yield was
obtained when the dilution rate of the second reactor was 0.06
h™! and had a pH of 6.5. Yields from the second reactor are in
the range of those previously reported for batch and continu-
ous culture data using different carbon sources (68). Not sur-
prisingly, the optimal pH results confirmed the sensitivity of
C. beijerinckii SA-1/ATCC 35702 to butyric acid (Fig. 4). This
phenotype explains the optimum environmental conditions of
reactor operation and improved our understanding of organic
acid metabolism for the initiation of solvent production by
C. beijerinckii SA-1/ATCC 35702.

Improving the growth of low-density solventogenic clostrid-
ial cultures has been hindered by the complexities involved in
formulating an optimal medium for a more productive fermen-
tation process (55). Our results show that by using meta-anal-
yses and a functional approach such as the pulse-and-shift
technique, we were able to formulate and validate a medium to
support the growth and butanol production by cells displaying
a phenotype with enhanced butanol tolerance, C. beijerinckii
SA-1/ATCC 35702. Furthermore, we were able to optimize the
environmental conditions that influence the continuous growth
and production of butanol by C. beijerinckii SA-1/ATCC 35702
and improve the reproducibility and consistency of the final
process. We also show the ability of C. beijerinckii SA-1/ATCC
35702 to grow to cell densities between 10 and 11 ODg, units
by cofermenting D-glucose and D-xylose in the absence of glu-
cose repression and initiating solventogenesis at neutral pH.
Summarizing, C. beijerinckii SA-1/ATCC 35702 was cultured in
a continuous fermentation process, we were able to improve
the genetic stability of the strain, prolong its vegetative state,
and sustain the production of butanol.
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