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« Technique modification reduces substrate inhibition and mass transfer limitation.
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Clostridium carboxidivorans was grown on model syngas (CO:H,:CO, [70:20:10]) in a defined nutrient
medium with concentrations of nitrogen, phosphate and trace metals formulated to enhance production
of higher alcohols. C. carboxidivorans was successfully grown in a limited defined medium (no yeast
extract, no MES buffer and minimal complex chemical inputs) using an improved fermentation protocol.
Low partial pressure of CO in the headspace, coupled with restricted mass transfer for CO and H,, was
required for successful fermentation. In the absence of substrate inhibition (particularly from CO), growth

I;E)t’ :;fglds" limitation increased production of alcohols, especially butanol and hexanol. Concentrations of butanol
Hexanol (over 1.0 g/L), hexanol (up to 1.0 g/L) and ethanol (over 3.0 g/L) were achieved in bottle fermentations.

Syngas fermentation Minimal medium and controlled supply of CO and H; should be used in characterizing candidate butanol

Medium development
Culture techniques

and hexanol producing strains to select for commercial potential.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Bacteria capable of autotrophic growth on CO and H, have been
shown to produce ethanol, butanol, hexanol and other alcohols as
byproducts of energy conservation for growth and cell function
(Liou et al., 2005; Liu et al., 2014a; Phillips et al., 1994; Worden
et al., 1991). Clostridium carboxidivorans derives energy and carbon
for growth from CO and H,, and produces alcohols by reduction of
organic acids formed in the mechanism for energy conservation
and synthesis of cell material (Liu et al., 2014b).

CO and H, are components of syngas derived from gasification
of biomass, coal and wastes, or reforming of natural gas, and from
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manufacturing waste gases, particularly from steel production. Use
of these feedstocks can reduce waste generation and contribute to
meeting the demand for energy and chemical production without
using food resources.

Ethanol is a major component in achieving the goals of renew-
able fuels proposed by the US Department of Energy (EIA, 2012).
However, higher alcohols such as butanol and hexanol have been
the focus of recent research initiatives. Butanol can be directly
incorporated in current fuel infrastructure, and thus is viewed as
a “drop-in” fuel (EERE, 2012). In acetone-butanol-ethanol (ABE)
fermentation, molasses or corn starch was converted to a mixed
solvent product by strains of Clostridium (Rogers et al.,, 2006).
Syngas fermentation typically uses clostridial bacteria, and the ini-
tial investigation of the fermentation benefited from experience
and theory of the ABE fermentation (Wilkins and Atiyeh, 2011;
Worden et al., 1991).

Production of solvents in the ABE fermentation followed a shift
from production of acetic and butyric acids that was induced by
nutrient limitation for nitrogen or phosphate (Rogers et al.,
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2006). In addition to enhancing formation of a specific product,
medium design is driven by balancing the expense for nutrient
supply with the requirement for an active syngas fermenting bac-
terial culture to achieve fermentation productivity (Gao et al,,
2013). Design of production medium progresses from the isolation
medium employed to promote growth (Saxena and Tanner, 2011;
Tanner, 2007) to minimized inputs that support syngas fermenta-
tion activity in a controlled growth environment (Phillips et al.,
2011).

Enzyme activities in the Wood-Ljungdahl pathway are subject
to the availability of chemical nutrients like metals or cofactors
provided in the medium. For example, the B vitamin pantothenate
is a component of coenzyme A and can limit the rate of carbon fix-
ation during syngas fermentation (Gaddy et al., 2007; Phillips et al.,
1993). Production of ethanol at more than 20 g/L was achieved in
syngas fermentation by supplying CO and H, balanced with the
kinetic capability of Clostridium ljungdahlii in a minimal medium
(Gaddy et al., 2007; Phillips et al., 1993).

The objective of the present study is to develop medium and
culture methods for production of higher alcohols using syngas fer-
mentation. Growth of C. carboxidivorans during syngas fermenta-
tion in defined medium without complex nutrients is reported in
the present study. Accordingly, a minimized medium was sought
to promote selectivity for butanol and hexanol in a production fer-
menter. Fermentation was monitored through successive modifi-
cations of the defined medium to assess the potential for
commercial production of butanol and hexanol from syngas. The
performance of C. carboxidivorans in batch culture using minimal
defined medium was highly dependent on culture technique. A
program of agitation, gas supply and pH adjustment was devel-
oped to sustain timely growth of C. carboxidivorans for culture
maintenance and syngas fermentation.

2. Methods

C. carboxidivorans strain P7 (Liou et al., 2005) was used in all
experiments. Cited costs are for laboratory grade chemicals pur-
chased in quantities of 1kg or less, with prices updated
December 10, 2014 (Sigma-Aldrich, St. Louis, MO, or Fisher
Scientific, Waltham, MA). Selected nutrient components were
studied in serum bottle batch fermentation to allow replication
of experiments in a timely manner.

2.1. Base defined medium (BDM) development

The base defined medium (BDM) was developed from rich med-
ium used at the University of Oklahoma to maintain bacterial cul-
tures and identify potential for alcohol production (Tanner, 2007).
The developed medium contained no yeast extract and only three
vitamins (biotin, pantothenic acid and PABA). Cu (1 x and 0x) and
Mo (1 x and 10x) were varied in developing the BDM. The compo-
sitions of rich medium and BDM medium are shown in Table 1.

The effects of copper (Cu) and molybdenum (Mo) and were
studied in 160-mL serum bottles with 20 mL of fresh medium pre-
pared in an anaerobic chamber (Liou et al., 2005). The sealed bot-
tles were autoclaved and cooled before the addition of 0.12 mL of a
solution containing 2% (w/v) of each cysteine (Sigma-Aldrich, St.
Louis, MO, USA) and Na,S-9H,0. The headspace gas was replaced
(Liou et al., 2005) with model syngas mix (CO:H,:CO, [70:20:10])
and the pressure was set to 310 kPa (abs). The bottles were
warmed to 37 °C and then inoculated with 10% (v/v) active culture.
Experimental treatments, run in triplicate, were inoculated with
cells grown in the experimental medium that had been inoculated
with C. carboxidivorans maintained in yeast extract medium. The
inoculated bottles were kept horizontal without shaking at 37 °C,

and the pressure was returned to 310 kPa by the addition of pure
CO on days 6 and 12 after inoculation. Liquid samples were taken
on day 15 and analyzed for product concentrations by gas chro-
matography (GC), pH, and OD at 600 nm (Liou et al., 2005).

2.2. Removal of buffer and reduction of N and P from BDM medium

The composition of the BDM was modified to reduce cost, first
by the elimination of the buffer 2-(N-morpholino)ethanesulfonic
acid (MES) and associated base (KOH) that together account for
over 90% of the BDM cost, and then reducing the concentration
of ammonium and phosphate that comprise over 40% of the cost
of the remaining medium. Nitrogen and phosphate limitation were
identified as key factors in solvent production by Clostridium spe-
cies used in commercial ABE fermentation (Rogers et al., 2006). A
baseline for batch fermentation in shaken serum bottles was estab-
lished using the BDM, then MES was removed and nitrogen was
decreased. NH4Cl (ammonium chloride) was replaced with a lesser
amount of NH; (ammonia added as ammonium hydroxide, NH,OH,
an inexpensive bulk chemical). Fermentation was studied using 4%
of nitrogen (designated N1) and 25% of phosphate (designated P1)
compared to the BDM concentrations (NOPO in similar designation,
see media N1PO and N1P1 in Table 1).

The syngas fermentations with modified BDM media were per-
formed in 282-mL serum bottles (Wheaton, Millville, NJ, USA) with
30 mL of fresh medium boiled, purged with N, and dispensed into
N, purged bottles. The bottles were sealed, autoclaved and cooled
before an addition of 0.15 mL of a solution containing 4% (w/v) of
each cysteine (Sigma-Aldrich) and Na,S-9H,0. The gas in the head-
space was purged with model syngas and the gas pressure was set
to a target value of 238 kPa or less. The syngas was mixed from
pure gases (H,, CO and CO,) using thermal conductivity mass flow
controllers (Porter Instrument Division, Hatfield, PA, USA) to the
target composition (CO:H;:CO, [70:20:10]). The bottles were
warmed to 37 °C and then inoculated with 5% (v/v) active culture.
Experimental treatments were run in triplicate. Inoculated bottles
were kept upright on a shaker (New Brunswick Scientific, Enfield,
CT, USA) at 37 °C and shaken at 0-150 rpm, dependent on toler-
ance for the substrate gas. After the base addition for medium
preparation, no effort was made to control pH.

2.3. Effect of trace metals

Molybdenum (Mo), zinc (Zn), tungsten (W) and nickel (Ni)
reportedly affected solvent production (Andreesen and Makdessi,
2008; Saxena and Tanner, 2011; Strobl et al., 1992; White and
Simon, 1992). Medium (designated as P7Mt in Table 1), with the
low concentrations of nitrogen and phosphate (N1P1) and 20% of
Mo and Zn concentrations from the BDM, was used to study trace
metals. Concentrations of W, Ni and both W and Ni were doubled
as variations in the trace metals experiment with P7Mt medium.
The syngas fermentation was performed as in Section 2.2 in 282-
mL serum bottles with the volume of fresh medium increased to
50 mL to accommodate more samples.

2.4. Development of cultivation protocol

The fermentation technique was modified to minimize the lag
phase following inoculation and shorten overall fermentation time.
The medium adopted was minimal defined medium (P7Mt med-
ium in Table 1) prepared as in Section 2.3. The minimal defined
medium with increased W and Ni (P7MtWNi) was used with three
syngas compositions to study the microbial cultivation procedure.
In the revised protocol, serum bottles containing 50 mL of medium
were prepared with 140 kPa of (CO:H,:CO,:N; [20:5:15:60]) syn-
gas (28 kPa CO) and inoculated with 20% v/v from a week old



116 J.R. Phillips et al./Bioresource Technology 190 (2015) 114-121

Table 1

Composition and cost of media used in the present study.
Component Formula Rich medium” BDM® N1P0O¢ N1P1¢ P7Mt®

Concentration (mg/L)

Yeast extract Undefined 500 0 0 0
MES CeH13NO4S-H,0 10000 10000 0 0 0
Potassium hydroxide KOH 1165 1165 0 0 0
Ammonia NH; 0 0 38.7 38.7 38.7
Minerals
Ammonium chloride NH,4CI 2000 2000 0 0 0
Calcium chloride CaCl;-2H,0 80 80 80 80 80
Magnesium sulfate MgS04-7H,0 400 400 400 400 400
Potassium chloride KCl 200 200 200 200 200
Potassium phosphate KH,PO,4 200 200 200 50 50
Trace metals
Cobalt chloride CoCl,-6H,0 2 2 2 2 2
Cupric chloride CuCl;-2H,0 0.2 0 0 0 0
Ferrous ammonium sulfate FeH,oN2014S; 8 8 8 8 8
Manganese sulfate MnSO4-H,0 10 10 10 10 10
Nickel chloride NiCl,-6H,0 0.2 0.2 0.2 0.2 0.2
Nitrilotriacetic acid CegHoNOg 20 20 20 20 20
Sodium molybdate Na;Mo0,4-2H,0 0.2 2 2 2 0.4
Sodium selenate Na,SeO4 0.2 0.2 0.2 0.2 0.2
Sodium tungstate Na,WO04-2H,0 0.2 0.2 0.2 0.2 0.2
Zinc sulfate 7ZnS04-7H,0 2 2 2 2 0.4
Vitamins
Biotin C10H16N203S 0.02 0.02 0.02 0.02 0.02
Pantothenic acid Ca(CoH16NOs), 0.05 0.05 0.05 0.05 0.05
PABA C;H;NO, 0.05 0.05 0.05 0.05 0.05
Resazurin
Resazurin C12HgNO4Na 1 1 1 1 1
Cysteine/Sulfide
Cysteine C3H,NO,S 120 200 200 200 200
Sodium sulfide Na,S-9H,0 120 200 200 200 200
Total cost per liter” $6.22 $6.13 $0.25 $0.23 $0.23

@ Cost was based on laboratory grade chemicals on December 10, 2014.
b Rich medium was used to grow stock culture.

¢ Base defined medium (BDM) was developed and used for baseline.

4 N1P1 and N1PO0 are media with no MES and reduced N and P.
e

P7Mt is N1P1medium, modified with reduced Mo and Zn supplemented with W and Ni.

culture. The bottles were not shaken at 37 °C for 60 h, then shaken
upright at 125 rpm. The headspace gas was replaced with syngas
(CO:H,:C0O, [40:30:30]) to 100 kPa (40 kPa CO) at about 84 h, and
replaced again to 140 kPa (56 kPa CO) at 110 h. The headspace
gas was again replaced to 140 kPa at 144 h with agitation increased
to 150 rpm and the addition of NH4,OH (0.4 mL of 1.5 M NH4,OH
into 60 mL fermentation) to raise pH of fermentation broth from
4.50 to near 4.75. The bottle was used as inoculum in the weekly
transfer after another 0.4 mL addition of NH4OH solution at
168 h, then gas was replaced with (CO:H,:CO, [40:30:30]) syngas
to 224 kPa (90 kPa CO) and shaking was reduced to 125 rpm. The
remaining culture was suitable for inoculation of fermentation
experiments during the second week.

2.5. Analytical procedures

Gas pressure in the headspace was monitored, and gas compo-
sition determined was by GC analysis (Agilent Technologies,
Wilmington, DE, USA) as described previously (Liu et al., 2014a).
Cell concentration determined spectroscopically as optical density
(1.0 OD unit is approximately 0.4 g dry cell weight per liter, g/L) at
660 nm using Cole Parmer UV-2100 spectrophotometer (Vernon
Hills, IL, USA). Liquid product concentrations were determined
after centrifugation of samples 10 min at 13,000 rpm to remove
cells. The pH was measured using a pH meter from 1.5 mL samples.
Supernatant was mixed with an equal amount of 0.085 M HCI to
ensure all acetate was converted to the volatile free acetic acid
form before solvent analysis. The liquid product concentrations

determined by GC with a DB-FFAP capillary column (Agilent
Technologies, Wilmington, DE, USA) and quantitation using a flame
ionization detector (FID) as described previously (Liu et al., 2014a).

3. Results and discussion
3.1. Rich medium

C. carboxidivorans growth (rich medium in Table 1) with 0.5 g/L
yeast extract achieved up to 0.231 h™! specific growth rate (3 h
doubling time). However, the rich medium is expensive, which
prohibits its use as a production medium (Table 1).

3.2. BDM (base defined medium) development

3.2.1. Medium development of BDM without shaking

Ethanol, butanol and hexanol were produced in the defined
BDM medium (Saxena and Tanner, 2008). Trace metals, particu-
larly Mo, were required for growth and product formation, and
either elimination of Cu (treatment —Cu), or a tenfold increase in
Mo (treatment + 10 x Mo) enhanced product formation (Table 2).
However, when Cu was removed and Mo was increased tenfold
(treatment —Cu/+10 x Mo), the production of ethanol, butanol
and hexanol was increased at the expense of the corresponding
acid. These fermentations were performed without shaking and
with CO up to 70% and pressures up to 307 kPa (absolute).
Concentrations of ethanol at 2.1 g/L (45 mM), butanol at 1.1 g/L
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Table 2

Summary of products from fermentation medium development with C. carboxidivorans.

Butanol (g/L)

Butyric acid (g/L) Hexanol (g/L) Hexanoic acid (g/L)

Treatment Ethanol (g/L) Acetic acid (g/L)

+Trace metals® 1.12 1.05 0.93
—Trace metals® 0.16 0.13 0.03
—Cu?® 1.53 2.02 0.90
—~Mo?* 0.40 0.16 0.08
+10 x Mo* 1.35 2.05 0.87
—Cu/+10 x Mo*" 2.05 0.73 1.09
BDM"< 325 0.25 0.83
N1PO° (low N) 2.20 0.56 0.37
N1P1° (low N and P) 3.01 0.50 0.76
pP7Mt¢ 1.48 0.55 0.41
P7MtW* 1.64 0.53 0.37
P7MtNi' 1.28 0.60 0.20
P7MtWNi® 1.42 0.58 0.28
P7MtWNi" P21 40CO 1.58 1.20 0.36
P7MtWNi' P21 70CO 3.01 0.38 1.00

0.12 0.09 0.13
0.00 0.00 0.00
0.55 0.74 0.13
0.00 0.00 0.00
0.64 0.88 0.11
0.32 0.94 0.36
0.01 0.24 0.01
0.05 0.07 0.06
0.06 0.16 0.04
0.08 0.13 0.04
0.07 0.11 0.04
0.04 0.06 0.03
0.06 0.08 0.04
0.23 0.07 0.05
0.14 0.31 0.06

(CO:H,:C0O, [70:20:10]) syngas at 307 kPa, not shaken.

a
b
¢ Medium composition shown in Table 1 and (CO:H;:CO, [70:20:10]) syngas.
d
e

P7Mt medium with doubled W and (CO:H,:CO, [70:20:10]) syngas.

f P7Mt medium with doubled Ni and (CO:H,:CO, [70:20:10]) syngas.

& P7Mt medium with doubling both W and Ni and (CO:H,:CO, [70:20:10]) syngas.
" P7MtWNi medium with new protocol and (CO:H,:CO, [40:30:30]) syngas.

I P7MtWNi medium with new protocol and (CO:H,:CO, [70:20:10]) syngas.

(15 mM) and hexanol at 0.9 g/L (9 mM) were achieved after 360 h
(Table 2). This trace metals modification resulted in reproducible,
rather than sporadic, formation of hexanol from CO by C. carboxidi-
vorans. The modified medium with no Cu and tenfold Mo (desig-
nated as —Cu/10 x Mo) was chosen as the base defined medium
(BDM) for subsequent fermentations.

3.2.2. Medium development of BDM with shaking

Syngas fermentations in shaken serum bottles with frequent
sampling of gas and liquid were pursued with the goals of
increasing production of alcohols and shortening the fermenta-
tion time through further medium development. Growth of C.
carboxidivorans was slow in defined medium without yeast
extract and typically achieved specific growth rates over
0.02 h™! (35 h doubling time). A lag in start of the fermentation
was noted with (CO:H,:CO, [70:20:10]) syngas at initial gas pres-
sures ranging from 140 kPa (abs) up to 238 kPa. An effective
strategy for initial cultivation was to maintain the freshly inocu-
lated bottles unshaken for the first 48 h of fermentation as for
the fourth passage of C. carboxidivorans in the P7 BDM (P7P4 bot-
tles) in Fig. 1B.

Another strategy to establish cell growth was to limit initial
gas pressure in the headspace to lower than 140 kPa. Cell growth
and uptake of CO and H, were increased by increased agitation
only after growth and gas consumption were established. The
pH dropped slowly from the initial value of about 5.9 to near
4.8 as an acetate buffer formed supplanting the MES buffer.
Cell concentration around 1.0 OD was supported by the BDM
(Fig. 1A).

The P7P4 bottles were not shaken for 60 h after inoculation and
established an active fermentation that consumed gas and grew
cells when placed on the shaker at 50 rpm. In contrast, the seventh
transfer in the BDM (P7P7 in Fig. 1B) was shaken at 50 rpm imme-
diately after inoculation, and did not consume gas or grow cells
until agitation was stopped for 24 h before the sampling at
232 h. Agitation was then reset to 75 rpm, and the fermentation
proceeded to match the P7P4 results with 3.0 g/L ethanol, 0.8 g/L
butanol and 0.25 g/L hexanol, with a total fermentation time of
600 h (Fig. 1C, E, F).

Medium designated “—Cu/+10 x Mo” was chosen as the base defined medium (BDM).

Medium composition shown in Table 1, N1P1 medium with less Mo (20%) and Zn (20%) and (CO:H,:CO, [70:20:10]) syngas.

3.3. Removal of buffer and reduction of N and P

The Good’s buffer MES accounted for 94% of the cost of the BDM,
while the cost of NH4Cl for nitrogen contributed 2.3%. MES was
removed from the medium and NH4Cl was replaced by a lower
concentration of NH,OH in medium preparation for comparison
to the BDM fermentations. NH3 or NH,4OH dissociates at pH below
10 to NHZ; and OH™ and acts as a strong base to raise pH in concert
with the bicarbonate/CO, (pK, 6.3) and acetate/acetic acid (pK,
4.75) buffer systems present in the syngas fermentation.

NH3 is a suitable nutrient source of nitrogen for production of
cell mass. Incorporation of NHj into cell mass as protein (generally
R-NH3) results in no change of acidity, so that NH,OH added to the
syngas fermentation generates a permanent acetate buffer.
Without MES buffer, fermentation pH is stabilized by the concen-
tration of CO, dissociated to bicarbonate (HCO5 ™) and subsequently
by acetic acid (CH3COOH) neutralized to acetate (CH3COO™).
Without the MES, medium pH decreased quickly below 5.0 and
eventually below 4.0 during fermentation. Low pH, below 5.0, ther-
modynamically favors reduction of organic acids to alcohol, while
pH below 4.0 can inhibit cell function (Kundiyana et al., 2011;
Worden et al., 1991). NH4OH replaced NH,4CI as the chosen source
of N and, combined with a much lower concentration of NH} used,
reduced the cost of NH; by 96% (although cysteine at a much higher
cost adds 1.65 mM nitrogen, about 72% of that derived from NH3).

Commercial ABE fermentation used nitrogen and phosphate
limitation to induce solvent formation (Rogers et al., 2006). In
the present study, initial concentrations of N and P were chosen
based on a cell composition model to impose nutrient limitations
on the syngas fermentation with C. carboxidivorans. The reduced
nitrogen concentration was set at 4.08 mM (N1) compared to
86.1 mM in the base defined medium (NO). The reduced phosphate
concentration was set at 0.37 mM (P1) compared to 1.48 mM in
the defined base medium (PO). Growth and product profiles of C.
carboxidivorans were compared in bottles with reduced N and stan-
dard P (N1PO) and bottles with reduced N and P (N1P1) as shown
in Fig. 2.

Growth proceeded slowly with a lag over the first 200 h after
inoculation (Fig. 2A). At 215 h, growth was noted and shaking at
50 rpm was started for all bottles (Fig. 2B). Growth continued



118

J.R. Phillips et al./Bioresource Technology 190 (2015) 114-121

1.5 200
A B
150 |
_10 | s + & @
a Fy ¢ w01 2 100
o P [
0.5 I
s ¢ 50 tee o o+ 0 o
*
0.0 e 0 L—o-o0—
0 200 400 600 0 200 400 600
Time (h) Time (h)
5 3
C D
4
%: 3 ¥ En 2
T ¢ ] < *
82 s ¥ & 1 @ o @
' oF b ~ t 4
0 ‘ L - 0 bemere —™ I N |
0 200 400 600 0 200 400 600
Time (h) Time (h)
1.5 0.6
E F W
Z10 Z 04
3 } } 3
SR g
g 05 & I X 02 .
* 03
e ¥ R
00 Le@ - 00 Lo — |
0 200 400 600 0 200 400 600
Time (h) Time (h)

Fig. 1. (A) Growth (B) agitation speed (C) ethanol (D) acetic acid (E) butanol and (F) hexanol profiles during syngas fermentation by C. carboxidivorans for averaged triplicate

bottles in the fourth and seventh passages in BDM, the base defined medium, bottles ¢ P7P4 and

and shaking was increased to 75 rpm after 411 h to increase mass
transfer. At 503 h, the depleted gas was replaced with fresh syngas
mix at the initial pressure of 102 kPa in all bottles. Ethanol, butanol
and hexanol production began as the initial gas charge was
depleted and continued after gas was replenished (Fig. 2C, E, F).
Performance in all bottles was similar until the gas was replaced
with fresh syngas (CO:H,:CO, [70:20:10]), but the performance
diverged after the introduction of CO at 70 kPa partial pressure
with the shaker set at 75 rpm. The pH of all bottles dipped below
4.0 before the gas was replaced at 503 h, but moved above 4.0 as
acetic acid was reduced to ethanol (Fig. 2C and D) with the addition
of fresh CO and H, in the headspace. C. carboxidivorans culture
became inhibited at low pH and high supply of CO from the fresh
syngas and high agitation. A limitation for N may be indicated at
0.90 OD (implying 16% N in cell dry weight versus 14% expected),
but the growth was likely restricted by the gas supply technique
used and the low pH established. Butanol and hexanol accumu-
lated and, as for ethanol compared to acetic acid, a higher ratio
of alcohol to acid was achieved in media BDM, N1PO and N1P1
as cell growth slowed (Table 2).

A limitation for phosphate was observed when cell growth
stopped as OD reached 0.20 in two bottles, representing a mainte-
nance transfer of C. carboxidivorans in the N1P1 medium, because a
phosphate solution was not added in the medium preparation. The
initial phosphate concentration in these bottles was only
0.019 mM or 5% of the intended level. Growth resumed when the
phosphate solution was added after 765 h of the fermentation
and OD reached 0.60 before the liquid volume was exhausted from
sampling. The apparent growth limitation caused by low phos-
phate concentration sets a growth requirement for phosphorus at

P7P7. Error bars represent + one standard deviation.

1 OD unit from 0.095 mM P, or phosphorus is about 0.3% of the cell
dry weight compared to 3% expected in the model cell composi-
tion. Using this requirement for P, the growth limit for P in the
N1P1 medium would be about 4.00 OD and the N1P1 medium is
not phosphate limited. Although ethanol was favored under the
phosphate limitation, accumulation of butanol and hexanol was
not increased and phosphate limitation did not increase butanol
and hexanol in syngas fermentation.

3.4. Effect of trace metals

The adjusted trace metals concentrations in the medium were
intended to increase accumulation of butanol and hexanol. Metal
atoms are often active site centers for substrate binding or electron
transfer in the Wood-Ljungdahl pathway (Ragsdale, 2006, 2008).
Nickel (Ni) is part of the active center of carbon monoxide dehy-
drogenase (CODH), the enzyme that receives electrons from CO
as one of the first reactions in the Wood-Ljungdahl pathway.
Aldehyde oxidoreductase (AOR) and formate dehydrogenase are
critical tungsten dependent enzymes in alcohol production.
Tungsten (W) is a trace contaminant in molybdate with a molar
ratio of about 1:10,000 inferred from activity of W specific AOR
(10 uM molybdenum is equivalent to 1 nM W) (Andreesen and
Makdessi, 2008). Mo is an analog of W and is suspected to bind
in W active sites in enzymes, particularly in the AOR involved in
reduction of organic acids to alcohols. Iron (Fe) is required for
many electron transfer centers in enzymes and cofactors, with
2-8 atoms of Fe required per enzyme (Ragsdale, 2006, 2008). The
requirement for Fe in acetogenic cell function should exceed that
of other metals by orders of magnitude. In the BDM, Mo and zinc
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Fig. 2. (A) Growth (B) agitation speed (C) ethanol (D) acetic acid (E) butanol and (F) hexanol profiles during syngas fermentation by C. carboxidivorans for averaged triplicate

bottles in reduced N and P medium, bottles 4 P7N1P1 (reduced N and P) and

(Zn) were deemed to be in excess supply as the molar concentra-
tions were similar to that of Fe.

All bottles were kept upright on the shaker but not shaken for
the first 90 h of fermentation to initiate growth and culture activ-
ity. After cell growth was noted at 90 h, the shaker was started at
30 rpm to increase gas transfer. A lag phase in the first 400 h, char-
acterized by slow cell growth and CO uptake, was seen in all trace
metal treatments. Small variations in product concentrations were
observed in the trace metals treatments (Table 2). However, the
P7Mt fermentations had long lag phase and low productivity.
This is attributed to the inhibition of C. carboxidivorans by the sub-
strate gas with the fermentation protocol used.

3.5. Development of cultivation protocol

The fermentation technique, particularly the supply of CO and
H,, is most important in determining the results of fermentation.
A revised procedure was developed for maintenance transfers of
C. carboxidivorans in the minimal defined P7MtWNi medium with
three syngas compositions to improve the microbial cultivation
protocol. Two lines of C. carboxidivorans were maintained through
39 weekly transfers using this procedure. The average specific
growth rate observed in the first week was 0.01-0.03 h~!. The
duration of these fermentations was 336 h, by design, and consis-
tently produced ethanol, butanol and hexanol.

The revised maintenance protocol was used with increased
sampling in the 21st passage in P7MtWNi medium (P7MtWNi
P21C) to compare fermentation by C. carboxidivorans under the
(CO:H;,:CO, [40:30:30]) syngas used for maintenance to the

P7N1PO (reduced N with P as in BDM). Error bars represent + one standard deviation.

(CO:H,:C0O, [70:20:10]) syngas used in the original studies. The
average results for triplicate bottles are shown in Fig. 3. The
average specific growth rate observed in the first week was
0.02-0.03 h™! for both treatments. Cell growth and production of
alcohols were higher using the (CO:H,:CO, [70:20:10]) syngas.
The differences in growth and production increased after the gas
was replaced at 135 h and shaking was increased from 125 rpm
to 150 rpm at about 142 h. The culture with lower cell concentra-
tion under (CO:H,:CO, [40:30:30]) syngas slowed from inhibition
imposed by high CO delivered to fewer cells. The more robust cul-
ture grown under (CO:H,:CO, [70:20:10]) syngas used additional
reductant from CO and H, to convert acids to alcohols, as shown
by the decreasing concentration of acetic acid (Fig. 3D). Product
concentrations were similar to the best observed for BDM medium
in 282-mL serum bottles, with ethanol at 3.0 g/L, butanol at 1.0 g/L
and hexanol at 0.3 g/L (Table 2). About 47% more ethanol was pro-
duced in P7MtWNi P21 70CO medium in the 282-mL serum bottles
compared to treatment —Cu/+10 x Mo in the 160-mL serum bot-
tles. However, three times more hexanol and 9% more butanol
were produced in the —Cu/+10 x Mo treatment. This was due to
the difference in the syngas fermentation conditions used in the
two treatments.

The results showed that appropriate medium formulation and
fermentation technique can enhance butanol and hexanol produc-
tion in syngas fermentation. No nutrient limit was identified for
any of the studied medium components (N, Zn, Mo, W or Ni) except
for P as phosphate. Phosphate limitation increased the ratio of
ethanol to acetic acid in syngas fermentation, but was not shown
to increase the concentration of butanol or hexanol. The
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Fig. 3. (A) Growth (B) agitation speed (C) ethanol (D) acetic acid (E) butanol and (F) hexanol profiles during syngas fermentation by C. carboxidivorans for averaged triplicate

bottles in minimal defined medium P7MtWNi using the revised protocol and
represent * one standard deviation.

accumulation of alcohols occurred as the fermentation approached
a growth limit, as pH dropped below 4.75 and cell activity slowed
to a stationary phase.

MES buffer was unnecessary in production medium for syngas
fermentation, as shown previously (Gao et al.,, 2013; Phillips
et al.,, 2011). The current study demonstrated the sharp reduction
of the nitrogen and mineral inputs that account for a large portion
of the defined medium cost after MES is removed (Table 1).
Ammonia (NH4OH) was shown to be suitable for both the source
of nitrogen for cell growth and as a base used to form an acetate
buffer to stabilize fermentation pH. Medium cost was reduced
from an estimated $6.22-$0.23 per liter of medium and several
remaining components are known to be in excess or unnecessary
demonstrating potential for further cost reduction.

The medium development study suffered from long periods of
slow culture activity caused by high CO supply. A mixed syngas
containing 70% CO at 307 kPa total pressure was chosen for the
initial experiments, as CO was expected to promote cell growth
and alcohol production, and the same mixture (CO:H,:CO,
[70:20:10]) was used throughout these experiments to maintain
consistency in procedure. However, high CO concentration inhibits
H, uptake by the hydrogenase enzyme (Ragsdale and Ljungdahl,
1984), and can cause shifts in the oxidation state of enzymes suf-
ficient to inhibit cell function. In the present study using the
revised protocol, lower CO partial pressure from an initial total
pressure of only 100 kPa, coupled with lower shaker speed to apply
less mass transfer, lessened CO inhibition after inoculation.

An increasing sensitivity to substrate inhibition, particularly
from high CO concentrations, was evident as the medium moved

(CO:H,:CO, [70:20:10]) syngas or 4 (CO:H,:CO, [40:30:30]) syngas. Error bars

away from the initial stock culture with a rich yeast extract for-
mula. Complex chemical components, like carbohydrates or partic-
ular proteins or amino acids included in the nutrient medium,
promote cell growth via direct incorporation into cell mass. Yeast
extract contains proteins, amino acids, sugars and metals that
can be incorporated directly into cell mass, and growth rates of
0.23h! (a 3 h doubling time) were achieved in complex or rich
medium used for stock culture. Energy from CO or H, (or carbohy-
drates) is required for synthesis of cell mass either from the com-
plex chemicals or especially from CO, CO, and H, where complex
chemicals are synthesized from these inorganic molecules.
Specific growth rates (u) varied in all of the media used from 0
to over 0.02 h™! over any sampling period. If exponential growth
is assumed, an initial cell concentration (Xg) grows to cell concen-
tration (X) over time (t) according to X/X, = exp(ut). The use of a 5%
(v/v) inoculum requires a twentyfold increase of cell concentration
between inoculation and transfer as inoculum to sustain cell
concentration in serial transfers. Weekly transfer of maintenance
cultures (t = 168 h) should provide a ready supply of active inocu-
lum; however, to achieve twentyfold increase of cell concentration
will require u to be at least 0.0178 h~! sustained over 168 h. The
specific growth rate in any of the defined medium used in the pre-
sent study simply does not meet the cell production to sustain a
weekly transfer, and 5% (v/v) inoculum caused the onset of sub-
strate inhibition in the diluted culture produced by inoculation.
However, if u of 0.0100 h™! can be sustained, then using 20% (v/v)
inoculum will support the sixfold increase in cell concentration
needed to sustain a serial transfer of culture grown on syngas in
defined minimal medium. Further, the sixfold change in cell
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concentration will require a similar change in gas supply and sta-
bilize the transient conditions established in batch fermentation.
Thus, a larger inoculum allows more reliable initial fermentation
and a faster course of experiments as performed in the revised
protocol.

In addition, the supply of the syngas components CO and H,
was managed in the revised protocol through control of syngas
pressure and mass transfer; and allowed consistent production of
alcohols, particularly butanol and hexanol in addition to ethanol
(Table 2). Production of acids indicates potential for alcohols, as
the alcohols are formed by a four electron reduction of acid
through the pathway reactions.

C. carboxidivorans grown in minimal defined medium produced
up to 1.09 g/L butanol and 0.94 g/L hexanol from (CO:H,:CO,
[70:20:10]) syngas (Table 2). The butanol and hexanol produced
in the current study by C. carboxidivorans were over twofold and
eightfold, respectively, higher than in fermentation with
(H2:C0O3:N, [60:20:20]) (Ramachandriya et al., 2013). In the pre-
sent study, C. carboxidivorans produced twofold more hexanol than
in sugar fermentation by Escherichia coli modified with clostridial
genes of the carboxylate platform (Dekishima et al., 2011;
Machado et al., 2012). C. carboxidivorans produced similar amount
of butanol and 74% more hexanol than reported for reduction of
butyric and hexanoic acids in yeast fermentation broth fed to syn-
gas fermentation using C. ljungdahlii (Richter et al., 2013).

The results in the present study showed that successful fermen-
tation of syngas to butanol and hexanol can be achieved in a low
cost defined medium. In addition, an improved protocol is critical
to establish growth and consumption of CO and H,, and complete
the course of fermentation quickly. The use of minimal defined
medium, such as the P7MtWNi formula, for serial transfer in
maintenance of cultures in conjunction with a larger inoculum of
15-20% (v/v) can stabilize the fermentation conditions. The
increase of shaker speed from a low initial speed can minimize
lag after inoculation and direct substrate supply to sustain solvent
productivity in batch fermentations. Intermediate chemicals like
butanol and hexanol that are formed from acetyl-CoA have a high
probability for successful development of control strategies for
commercial production. Minimal medium and controlled supply
of CO and H; should be used in isolation of candidate strains to
select for commercial potential.

4. Conclusions

C. carboxidivorans consistently produced butanol and hexanol in
a low cost defined medium. High CO partial pressure with mild agi-
tation inhibits inoculum activity, but growth establishes mass
transfer limitation. A programmed cultivation procedure was
established to transfer C. carboxidivorans weekly in minimal
defined medium. 20% v/v inoculum allowed a sixfold increase in
cell concentration between weekly transfers. Initial CO partial
pressure about 30 kPa without agitation was used with scheduled
increase in CO partial pressure to 90 kPa, and agitation increased to
125 rpm and then 150 rpm. Modification of cultivation technique
reduced substrate inhibition and mass transfer limitation.
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