Bioenerg. Res. (2016) 9:123-131
DOI 10.1007/s12155-015-9670-6

@ CrossMark

Sweet Sorghum Juice and Bagasse as Feedstocks
for the Production of Optically Pure Lactic Acid by Native
and Engineered Bacillus coagulans Strains

Mark S. Ou’ - Deepika Awasthi' - Ismael Nieves' - Liang Wang' - John Erickson? -

Wilfred Vermerris'~ - L. O. Ingram' « K. T. Shanmugam '

Published online: 30 August 2015
© Springer Science+Business Media New York 2015

Abstract Sweet sorghum is a bioenergy crop that produces
large amounts of soluble sugars in its stems (3—7 Mg ha ') and
generates significant amounts of bagasse (15-20 Mg ha ') as
a lignocellulosic feedstock. These sugars can be fermented not
only to biofuels but also to bio-based chemicals. The market
potential of the latter may be higher given the current prices of
petroleum and natural gas. The yield and rate of production of
optically pure D-(—)- and L-(+)-lactic acid as precursors for
the biodegradable plastic polylactide was optimized for two
thermotolerant Bacillus coagulans strains. Strain 36D1
fermented the sugars in unsterilized sweet sorghum juice at
50 °C to L-(+)-lactic acid (~150 g L™'; productivity,
72 g L' h'Y. B. coagulans strain QZ19-2 was used to
ferment sorghum juice to p-(—)-lactic acid (~125 g L™'; pro-
ductivity, 5 g L™' h™"). Carbohydrates in the sorghum ba-
gasse were also fermented after pretreatment with 0.5 %
phosphoric acid at 190 °C for 5 min. Simultaneous sacchar-
ification and co-fermentation of all the sugars (SScF) by
B. coagulans resulted in a conversion of 80 % of available
carbohydrates to optically pure lactic acid depending on the
B. coagulans strain used as the microbial biocatalyst.
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Liquefaction of pretreated bagasse with cellulases before
SScF (L + SScF) increased the productivity of lactic acid.
These results show that B. coagulans is an effective biocat-
alyst for fermentation of all the sugars present in sweet sor-
ghum juice and bagasse to optically pure lactic acid at high
titer and productivity as feedstock for bio-based plastics.

Keywords Bacillus coagulans - Fermentation - Lactic acid -
Sorghum bicolor

Introduction

While much effort has been invested in microbial production
of biofuels from feedstocks that do not compete with food
production [1, 2], the current low price of petroleum and nat-
ural gas has raised concerns over the competitiveness of
biofuels [3]. Fermentable sugars from bioenergy feedstocks
can also be used for production of bio-based chemicals and
polymers that are normally made from petroleum, thereby
offering the same environmental benefits as the displacement
of petroleum as transportation fuel [4]. Lactic acid is a com-
modity chemical that is used by the chemical, food, cosmetics,
and pharmaceutical industries and the estimated global market
of optically pure lactic acid by fermentation in 2013 was about
725,000 t. About 50 % of this lactic acid is used by the poly-
mer industry to produce bio-based, biodegradable plastics
(polylactide (PLA)), and this market is projected to grow by
about 20 % per year during the next 5 years along with the
demand for lactic acid at about the same rate [5].

Almost all of the lactic acid is produced by microbial fer-
mentation of sugars, which accommodates the desire for chiral
purity of the product [6]. Although L-lactic acid production is
a mature industry, commercial production of D-lactic acid has
only been accomplished recently. D-Lactic acid is a significant
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component of PLA plastics since inclusion of D-lactides dur-
ing polymerization alters the thermochemical properties of the
polymer leading to wider range of applications [7, 8]. Thus, a
source of D-lactic acid at a competitive price is needed to
expand the use of renewable PLA plastics. In addition, the
sugars used in lactic acid fermentations are currently derived
from food carbohydrates such as corn starch or sucrose from
sugar beets or sugarcane. Use of carbohydrates derived from
non-food sources, including lignocellulosic biomass, will
eliminate competition with food [9] and is expected to lower
the cost of lactic acid for PLA plastics [10].

Among the several sources of non-food carbohydrates,
sweet sorghum (Sorghum bicolor (L.) Moench) stands out as
a bioenergy crop due to its potential to generate more fermen-
tation products, such as ethanol, per hectare than many other
crops [11, 12]. Sweet sorghum stems accumulate high
amounts of soluble sugar (15-20 %; 3—7 Mg ha ') and also
represent a substantial amount of lignocellulosic biomass (15—
20 Mg dry biomass ha ') [13-16]. Sorghum juice contains a
mixture of sucrose, glucose, and fructose, and the sugars in the
juice can be readily fermented to lactate by microbial
biocatalysts [12, 17-20].

Monosaccharides derived from the cellulose and hemicel-
lulose fraction of the bagasse obtained after extraction of juice
can also be fermented to lactic acid after appropriate pretreat-
ment [14, 20, 21]. However, hydrolysis of cellulose in the
biomass to fermentable sugars requires commercial fungal
cellulases that have an optimum temperature and pH of
50 °C and 5.0, respectively, for activity [22]. In cellulosic
ethanol production, the cost of enzymes has been identified
as one of the significant cost components and attempts are
made to minimize the cellulase loading [23]. Saccharification
of cellulose by cellulases and simultaneous fermentation of
the released glucose to lactic acid (SSF) is expected to main-
tain high enzyme activity by reducing product inhibition while
lowering the overall product cost by minimizing process steps
[24].

Bacillus coagulans is a sporogenic lactic acid bacterium
that grows and ferments hexose and pentose sugars primarily
to L-(+)-lactic acid at 50-55 °C and at pH values as low as 4.5
[25]. This bacterium offers several advantages over other
mesophilic lactic acid bacteria in the fermentation of
biomass-derived sugars. These include a temperature opti-
mum of growth that matches the temperature optimum for
activity of commercial fungal cellulases and thus reducing
the level of enzymes needed for SSF of cellulose by at least
threefold for the same level of activity [26]. In addition, the
higher temperature minimizes contamination of industrial fer-
mentations while also reducing cooling costs [27]. The inabil-
ity of common environmental contaminants to grow at 50 °C
may permit industrial use of raw sorghum juice directly with-
out sterilization. While B. coagulans is ideally suited for SSF
of pretreated bagasse to L-lactic acid, a D-lactic acid-producing
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natural isolate of B. coagulans has not been reported. We
recently described the construction of B. coagulans strain
QZ19 [28] as the only described D-lactic acid-producing mi-
crobial biocatalyst that grows and ferments both hexose and
pentose sugars at high yield at a temperature optimum of 50—
55 °C.

In this communication, we have focused on B. coagulans
as a microbial biocatalyst for fermentation of raw sorghum
juice at 50 °C to L-(+)- or D-(—)-lactic acid using strain 36D1
or QZ19-2, respectively. Both organisms metabolized hexose
and pentose sugars to a lactic acid titer of >1 M. These strains
were also used to ferment the sugars derived from pretreated
sorghum bagasse to respective lactic acid isomers.

Materials and Methods
Sweet Sorghum Juice

Sweet sorghum (Sorghum bicolor (L.) Moench) cultivar M-
81E was grown at the University of Florida Plant Science
Research and Education Center near Citra, FL, during the
summer 2013 growing season and harvested when the seed
reached soft dough stage, just prior to full maturity. After
removal of leaves and panicles, the stems were pressed using
a roller press at 12 MPa of pressure in a grooved, two-roller
electric mill, and the juice was collected and pooled. Large
particles in the juice were removed by passing through two
layers of cheese cloth before use. Juice was stored frozen until
needed.

Sweet Sorghum Bagasse

Sweet sorghum bagasse, obtained after juice extraction, was
treated with 0.5 % phosphoric acid (w/w of bagasse dry
weight) and steam at 190 °C for 5 min at the University of
Florida Stan Mayfield pilot biorefinery near Perry, FL, as de-
scribed previously for sugarcane bagasse [29]. This process
generated a slurry with a dry matter content of 25.3 % (w/w)
and the following composition of free sugars (g kg of slurry
on a dry weight basis): cellobiose, 29.4; glucose, 30.5; xylose,
129.0; arabinose, 22.6; galactose, 6.9, as determined with
HPLC using methods described previously [30] . This
pretreated bagasse slurry was used directly for simultaneous
saccharification and co-fermentation (SScF) of all available
sugars to lactic acid. As a separate treatment, the bagasse
slurry was washed twice with deionized water (three times
the wet weight of slurry followed by centrifugation at
4000%xg for 10 min) to remove the hemicellulose-derived
sugars and inhibitors released during pretreatment before
SScF. Liquefaction of pretreated bagasse slurry with a solids
loading of 3.75 % (w/v) occurred in the fermentation medium
supplemented with Cellic CTec2 cellulase cocktail
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(generously provided by Novozymes, Franklinton, NC) with
an activity of 145 filter paper unit (FPU)mL ™" as determined
using the procedure described previously [22]. The liquefac-
tion was conducted at 50 °C, pH 5.0, in a 2.8-L Fernbach flask
in a shaker at 100 RPM.

Bacterial Strains and Culture Conditions

B. coagulans strains 36D1 and P4-102B were described pre-
viously [25]. B. coagulans strain 2D1 was isolated from a
waste container at Hollywood, FL, using a similar procedure
as for isolation of strain 36D1 [25]. p-Lactic acid-producing
B. coagulans strain QZ19 was described previously [28].
Strain QZ19-2 is a derivative of strain QZ19 that was selected
for improved growth in mineral salts medium with biotin, folic
acid, thiamine (1 mg L™ each) and arginine (20 mg L™"). For
routine use, all cultures were grown in LB medium (RPI Re-
search Products International, Inc., Prospect, IL). Fermenta-
tion of raw sorghum juice supplemented with 0.5 % (w/v)
yeast extract (Fisher Scientific, Pittsburgh, PA) or 0.5 % (v/
v) corn steep liquor (50 % dry solids; Grain Processing Corp.,
Muscatine, 10) was conducted in a volume of 250 mL in a
500-mL vessel, at 50 °C and pH 7.0. The cultures were mixed
with a magnetic stirrer operating at 250 RPM except for SScF
of'bagasse (300 RPM). Culture pH was maintained at 7.0 with
automatic addition of 2 N KOH. Calcium carbonate (2.4 %
(w/v)) was added to raw sorghum juice to support high pro-
ductivity, especially during later stages of fermentation. For
SScF of pretreated sorghum bagasse, a mineral salts medium
supplemented with 0.5 % (w/v) corn steep liquor described
previously [22] was used at 50 °C, as described previously
for fermentation of crystalline cellulose [26, 25]. Cellic CTec2
cellulase cocktail was added at 15 FPU g ' dry weight of
pretreated bagasse. Since B. coagulans strains 36D1, P4-
102B, and QZ19-2 lack the ability to metabolize sucrose,
0.4 % (v/v) invertase (LorAnn QOils, Lansing, MI) was added
to the juice at the beginning of fermentation. Chemical analy-
ses showed that sucrose was hydrolyzed to glucose and fruc-
tose by invertase within 30 min after addition.

Lactate Dehydrogenase Assay

For determination of lactate dehydrogenase activity, cells were
cultured in1 L of LB supplemented with glucose (5 g L") and
HEPES buffer (100 mM; pH 7.0) using 10 mL of an aerobic
exponential phase of growth culture in LB with glucose
(5 g L") as inoculum. The 2-L Erlenmeyer flasks with the
cultures were incubated at 50 °C on a shaker with gentle
mixing (120 RPM). Cells were harvested at mid-exponential
phase of growth (0.6 g dry weight cells L™") by centrifugation
at 8000xg for 20 min at room temperature. Cells were washed
once with 25 mL of phosphate-buffered saline (PBS) (phos-
phate, 12 mM; NaCl, 137 mM; KCI, 2.7 mM; pH 7.4) and

resuspended in 2 mL of PBS. DNase and protease inhibitor
cocktail (Sigma Chemical Co., St. Louis, MO) were added to
the cell suspension before breaking the cells by passing
through a French pressure cell operating at 138 MPa. The cell
extract was centrifuged at 27,000xg for 20 min at 4 °C to
remove cell debris. The supernatant was filtered through a
0.45-um filter, and the membrane vesicles were removed by
centrifugation at 150,000xg for 75 min at 4 °C. The superna-
tant was used for LDH assay.

LDH activity in the extract was determined by following
the forward reaction with pyruvate (30 mM) and NADH
(0.225 mM) as substrates in MES-Tricine buffer (50 mM,;
pH 6.5) [28]. The initial rate of reduction in A360 nm, due
to NADH oxidation, was used to calculate the enzyme activity
and is expressed as pmol min~' mg protein”'.

Analytical Methods

Sugar and organic acid concentrations were determined by
HPLC [30]. Optical purity of lactic acid was determined using
an Agilent HPLC (1090) equipped with Chirex 3126(D)-pen-
icillamine column (150x4.6 mm; Phenomenex, Torrance,
CA) and variable wavelength detector. The eluent was
2 mM CuSO, at 0.6 mL min~". Product yield is presented as
gram of product produced per gram of calculated amount of
sugars that can be derived from the carbohydrates in the bio-
mass (cellulose, 40 % (w/w), and hemicellulose, 20 % (w/w))
or in the case of juice, the amount of sugar consumed.

Results and Discussion

Fermentation of Raw Sweet Sorghum Juice to L-Lactic
Acid

Raw sweet sorghum juice contains readily fermentable su-
crose, glucose, and fructose as carbon sources, and initial at-
tempts to evaluate the potential of B. coagulans for L-lactate
production were conducted with raw juice and pH control. At
50 °C, and after a lag of 24 h, B. coagulans strain 36D1
fermented the glucose and fructose in the raw sorghum juice
to a final titer of 0.3 M L-lactic acid with a significant amount
of sugars left behind. This could be due to limiting
micronutrients present in the juice. Supplementing the juice
with vitamins (biotin, folic acid, and thiamine at 1 mg L") and
histidine at 20 mg L™, the components that improved aerobic
growth of strain 36D1 in glucose mineral salts medium (un-
published data) did not significantly alter the fermentation
profile or product titer (data not shown). Addition of ammo-
nium sulfate (2 g L") as N source to the juice did increase the
lactic acid titer to about 0.6 M after 144 h (Fig. S1; online
resource). Sucrose was not fermented by strain 36D1 and
required supplementation of the juice with invertase at the
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start of the experiment to hydrolyze the sugar to glucose and
fructose. Fermentation of the sugars in the juice was severely
affected when NH4OH was used to maintain pH as lactic acid
accumulated, although it not only controls pH but also serves
as a nitrogen source (Fig. S2; online resource). KOH was
determined to be a more effective base for neutralization of
the lactic acid produced by the culture. Based on these results,
NH,4OH was used to adjust the initial pH of the juice to 7.0 to
provide a N source for growth of the bacterium and the pH
was maintained with KOH during fermentation.

Using raw juice supplemented with corn steep liquor and
invertase, and a mix of NH4OH and KOH to maintain the pH
at 7.0, fermentation of the sugars present in sorghum juice by
strain 36D1 at 50 °C resulted in a maximum volumetric pro-
ductivity of 4.2 g L-(+)-lactic acid L™" h™" and the titer was
1.4 M after 144-h fermentation (Fig. 1; Table 1). Significant
amounts of acetate, ethanol, and formate were also detected in
the broth. Presence of these co-products reduced the L-lactate
yield (g g ™' of sugars) to 86 % of the theoretical value. Since
formate is an indicator of pyruvate formate-lyase (PFL) activ-
ity and the acetate and ethanol are generated from the acetyl-
CoA to support redox balance, these co-products are appar-
ently derived from the activity of PFL in strain 36D1 grown in
sorghum juice. It is known that the PFL activity of faculta-
tive anaerobes is higher under poor nutritional condition
compared to growth in a nutrient-rich medium [31-33].
These results suggest that the sweet sorghum juice supple-
mented with 0.5 % corn steep liquor is apparently not
supporting the highest growth rate B. coagulans strain
36D1 can achieve in an optimal medium. To improve the
L-lactate productivity of strain 36D1, yeast extract was
added to the juice.
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Fig. 1 Fermentation of raw sorghum juice supplemented with corn steep
liquor to L-lactic acid by B. coagulans strain 36D1. Raw sorghum juice
was supplemented with 0.5 % (w/v) corn steep liquor, 0.4 % (v/v)
invertase, and 2.4 % (w/v) CaCOs. Fermentation temperature was 50 °C
at pH 7.0. Average of the results from three independent experiments are
presented
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Supplementing raw sorghum juice with yeast extract
(0.5 %, w/v) increased the volumetric productivity to
72 g L' h™! and the L-lactic acid titer reached 1.7 M after
all the sugars in the juice were fermented in about 60 h
(Table 1; Fig. 2). With yeast extract supplementation, co-
product concentration in the broth was significantly lower
compared to the fermentations with corn steep liquor. Conse-
quently, this increased the lactic acid yield to 101 % of the
sugar consumed. The slightly higher than 100 % lactic acid
yield is apparently due to the small amount of sugars present
in the yeast extract. Although glucose and fructose were
fermented together, a preference for glucose was apparent
(Fig. 2). The minimal amount of yeast extract required to
support the highest productivity and lactic acid titer was de-
termined to be 0.5 % (w/v). Since supplementation of sorghum
juice with yeast extract provided the highest volumetric pro-
ductivity observed, further experiments on sweet sorghum
juice fermentation to lactic acid included 0.5 % (w/v) yeast
extract as a nutritional supplement.

Since strain 36D1 required invertase for hydrolysis of su-
crose before fermentation, our collection of B. coagulans iso-
lates was screened for their ability to ferment sucrose. Of the
25 isolates tested, only four fermented sucrose to lactic acid.
One of those isolates, strain 2D1, fermented raw sorghum
juice (without invertase) to L-lactic acid at a volumetric pro-
ductivity of 6.35 ¢ L ' h™! in the presence of yeast extract to a
yield of 84 % (Table 1; Fig. 3). The lactic acid titer was 1.2 M.
Although the average volumetric productivity of strain 2D1
was intermediate between strains 36D1 and QZ19-2 (see next
section), significant amount of sucrose (48 mM) was left un-
fermented by this strain at the end of 72 h of fermentation.
This is in contrast to strain 36D1, which fermented all the
sugars in sorghum juice within 72 h (Fig. 2). Apparently, the
accumulation of 1.25 M lactic acid is inhibiting fermentation
by this strain.

The lactic acid produced by strains 36D1 and 2D1 was
determined to be L-(+)-lactic acid using Chiral-HPLC. The
optical purity was higher than 99 % since the D-isomer was
undetectable.

Fermentation of Raw Sorghum Juice to p-Lactic Acid

Among the microorganisms that produce D-lactic acid as a
fermentation product, only B. coagulans strain QZ19 has been
reported to ferment both hexoses and pentoses to D-lactic acid
optimally at 50 °C and higher [28]. Strain QZ19-2 fermented
sugars in raw sweet sorghum juice to D-lactic acid at a volu-
metric productivity of 5 g L™' h™' (Table 1; Fig. 4a). The
product titer was 1.4 M with significant amount (total of
~0.35 M) of co-products formate, acetate, and ethanol, even
with yeast extract supplementation. The optical purity of D-
lactic acid in this fermentation was higher than 99 % as deter-
mined by Chiral-HPLC.
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Fig. 4 Fermentation of raw sorghum juice to D-lactic acid by
B. coagulans strain QZ19-2 to D-lactic acid and its wild-type parent strain
P4-102B to L-lactic acid. a Strain QZ19-2; b wild-type strain P4-102B.
Raw sorghum juice was supplemented with 0.5 % (w/v) yeast extract,
0.4 % (v/v) invertase, and 2.4 % (w/v) CaCOj3. Fermentation temperature
was 50 °C at pH 7.0. Mean from the results of three independent exper-
iments are presented with standard deviation

protein” ' compared to almost twice the level of L-LDH activ-
ity detected in the extracts of its wild-type parent strain P4-
102B (0.021 pmol min ™" mg proteinfl) cultured under similar
condition. Yield of D-lactic acid in the sorghum juice fermen-
tation can be increased by using a pfIB mutant or by lowering
the culture pH to minimize expression and activity of PFL as
observed with strain QZ19 [28]. However, these conditions
that minimize or remove PFL activity are expected to lower
productivity due to a lower growth rate and cell yield in a non-
ideal fermentation condition as observed with an E. coli pfIB
mutant [32].

It is also interesting to note that strain QZ19-2 utilized
fructose preferentially over glucose, although the maximum
rate of utilization of either sugar was comparable (Fig. 4a).
This is in contrast to the preferential utilization of glucose over
fructose by strains 36D1 and 2D1 (Fig. 1, 2, and 3). In order to
evaluate whether this is a property of the wild-type parent of
strain QZ19-2, the fermentation profile of strain P4-102B was
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determined. B. coagulans strain P4-102B fermented the mix-
ture of glucose and fructose in the sorghum juice with glucose
preference (Fig. 4b). The L-(+)-lactic acid titer of the wild-type
parent was 1.1 M after 120 h of fermentation when all the
sugars were exhausted. Based on these results, it is apparent
that the metabolic evolution that led to strain QZ19 [28] al-
tered the sugar metabolism. Genome sequence analysis that is
in progress is expected to provide a mechanistic and genetic
explanation for the inversion in sugar utilization by strain
QZ19-2.

Strain P4-102B also produced significant amount of formate
as a fermentation product, suggesting that the L-LDH activity is
not matching the glycolytic flux and the excess pyruvate is
channeled to pyruvate formate-lyase, as seen with strain
QZ19-2. The lower specific activity of L-LDH in the cell extract
from strain P4-102B (0.021 pmol min~' mg protein ') com-
pared to that of strain 36D1 (0.13 umol min ' mg protein ') is
in agreement with this possibility.

Fermentation of Carbohydrates from Sweet Sorghum
Bagasse

In addition to the juice, the sorghum bagasse also contains a
significant amount of carbohydrates in the form of cellulose and
hemicellulose (about 60-70 % by dry weight) [14] that can be
fermented to lactic acid after appropriate pretreatment and sac-
charification to release the constituent sugars. Sorghum bagasse
was treated with phosphoric acid and steam at 190 °C for 5 min
as described previously [29]. In a simultaneous saccharification
and co-fermentation (SScF) of this pretreated bagasse at 3.75 %
solids loading (dry weight) with Cellic CTec2 cellulase (15
FPU g ' dry weight acid-treated bagasse), lactic acid produc-
tion started after about 24 h and reached a maximum of
170 mM in 120 h at 50 °C and pH 5.0 (Fig. 5), conditions that
are also optimal for the activity of fungal cellulases [22]. The
lag before appearance of lactate in the broth is most likely due
to poor mixing of bagasse with the enzymes at this solids load-
ing under our small-scale fermentation condition.

In previous studies, it was observed that a liquefaction step
prior to SScF of glucose, xylose, and other sugars (L + SScF)
increased the rate of fermentation of pretreated sugarcane ba-
gasse to ethanol by reducing viscosity and increasing flow
characteristics [34, 35]. Since the added enzymes are expected
to be active optimally at the fermentation temperature of 50 °C
and pH 5.0, continued release of glucose from cellulose is
projected to support simultaneous saccharification and fer-
mentation of cellulose to lactic acid by B. coagulans. To min-
imize the lag in SScF of sorghum bagasse by B. coagulans,
pretreated slurry with a solids loading of 3.75 % (w/v) in
mineral salts medium at pH 5.0 was mixed with cellulases
(15 FPU g ' dry weight of bagasse) and incubated in a shaker
at 50 °C for either 3 or 6 h. After this liquefaction step, the
slurry was inoculated with strain 36D 1 and the fermentation of
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Fig. 5 Effect of liquefaction on SScF of acid and steam-treated sorghum
bagasse to L-lactic acid. Phosphoric acid and steam pretreated sorghum
bagasse slurry (3.75 % solids, dry weight) suspended in mineral salts
medium with 0.5 % (w/v) corn steep liquor was mixed with 15 FPU
(per gram dry weight of solids) Cellic CTec2 cellulases and incubated
at 50 °C (pH 5.0) in a shaker. The slurry was transferred to a fermentation
vessel after 3 or 6 h of incubation and inoculated with B. coagulans strain
36D1. Fermentation temperature was 50 °C at pH 5.0. In the control
without liquefaction, cellulases were added at the time of inoculation
and start of fermentation. Results from a typical experiment are presented
(see “Materials and Methods™ section for other details)

the released sugars was monitored (Fig. 5). The liquefaction
step eliminated the lag in fermentation. The release of higher
concentration of glucose and xylose during the 6-h liquefac-
tion step (75 and 14 mM, respectively) compared to 3 h of
liquefaction (65 and 7 mM, respectively), apparently
accounted for the slightly higher level of lactate titer during
the first 24 h of fermentation. At 48 h, lactate titer of both
treatments was comparable, indicating SScF of the glucans
in the slurry. In all further experiments, the time of liquefac-
tion was 3 h.

Strain 36D1 fermented the released sugars to about
210 mM of L-lactate (Fig. 6) and the L-lactate yield was about
75 % of the theoretical yield. In these experiments, the hemi-
cellulose hydrolysate generated during the acid and steam
treatment was not removed from the slurry. However, under
the same condition, strain QZ19-2 failed to ferment the sugars
present in the acid-treated sorghum bagasse post-liquefaction,
although significant amount of sugars were present in the
medium. Strain QZ19-2 did ferment the sugars from the
acid-treated bagasse to D-lactic acid when the hemicellulose
hydrolysate released during pretreatment was washed off with
water. The hemicellulose hydrolysate of biomass is known to
contain several inhibitory compounds in addition to pentose
sugars [36]. The average concentration of the major inhibitory
compounds—furfural, hydroxymethyl furfural, acetic, and
formic acids—in the pretreated sweet sorghum bagasse slurry
was 6.1, 2.0, 15.0, and 2.3 g kg ' of slurry, respectively. Ap-
parently, the genetically modified and metabolically evolved
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Fig. 6 L + SScF of pretreated sorghum bagasse to optically pure lactic
acid. Phosphoric acid and steam pretreated sorghum bagasse slurry (3.75 %
solids, dry weight) in mineral salts medium with 0.5 % (w/v) corn steep
liquor was fermented to L-lactic acid with B. coagulans strain 36D1 and P4-
102B or to p-lactic acid by strain QZ19-2 at 50 °C and pH 5.0. Liquefaction
with Cellic CTec2 at 15 FPU g dry weight of pretreated bagasse was for
3 h before SScF of the sugars to optically pure lactic acid. Mean from the
results of three independent experiments are presented with standard devi-
ation (see “Materials and Methods” section for other details)

strain QZ19-2 is extremely sensitive to these and possibly
other minor inhibitors. It is interesting to note that strain
QZ19-2 acquired this sensitivity during metabolic evolution
for D-lactic acid production, since the wild-type parent of
strain QZ19-2, P4-102B, was not affected by the products of
acid treatment at this solids loading (Fig. 6). The L-lactic acid
titer of strain P4-102B was 225 mM in this fermentation, and
the yield of L-lactic acid was 83 % of the theoretical value.
Analysis of the genome sequence of P4-102B and QZ19-2,
currently in progress, is expected to yield unique insights into
the genes/proteins responsible for sensitivity/tolerance to
hemicellulose hydrolysate derived inhibitors in B. coagulans.
Further metabolic evolution focused on inhibitor tolerance is
expected to yield derivatives of D-lactate-producing strain
QZ19-2, as observed with ethanologenic E. coli [37, 38].

Using strain 36D1 as the microbial biocatalyst, a direct
correlation between the solids loading and lactic acid titer
can be observed up to about 15 % solids (fresh weight) in this
L + SScF process with a lactic acid yield of 80 % of the
theoretical value (data not shown). Better mixing and other
process conditions that can be achieved at the industrial scale
are expected to increase the solids loading to higher level
without compromising the lactic acid titer and yield.

Conclusion

Sweet sorghum, an annual bioenergy crop with a short life
cycle (4 months), offers the potential for multiple crops per
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year in warm climates such as the Southeastern USA. The
crop can also be produced on low-productivity lands. We have
shown here that all the sugars in the unsterilized sweet sor-
ghum juice can be fermented to D- or L-lactic acid at concen-
trations of 1.4 and 1.7 M, respectively, representing a yield of
90-100 %. After phosphoric acid pretreatment, the carbohy-
drates derived from the bagasse can also be fermented to lactic
acid using the L + SScF process at a lactic acid yield of over
80 % of the theoretical value. These results show that optically
pure lactic acid, a feedstock for biodegradable plastics, can be
readily derived from the sugars and carbohydrates in sweet
sorghum as a sustainable alternative to petroleum-derived
plastics.
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