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Abstract Exploration of cost-effective fermentation sub-
strates for efficient lactate production is an important
economic objective. Although some organic nitrogen
sources are also cheaper, inorganic nitrogen salts for lac-
tate fermentation have additional advantages in facilitat-
ing downstream procedures and significantly improving
the commercial competitiveness of lactate production. In
this study, we first established an application of
diammonium phosphate to replace yeast extract with a
reduced 90 % nitrogen cost for a thermotolerant
Bacillus coagulans strain. In vivo enzymatic and tran-
scriptional analyses demonstrated that diammonium
phosphate stimulates the gene expression of L-lactate de-
hydrogenase, thus providing higher specific enzyme ac-
tivity in vivo and increasing L-lactic acid production.
This new information provides a foundation for estab-
lishing a cost-effective process for polymer-grade L-lac-
tic acid production in an industrial setting.
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Introduction

Lactic acid is a valuable chemical that can be polymerized to
biodegradable polylactic acid (PLA) (Lee et al. 2011). This
polymer is attractive as it can be produced from renewable
resources (Fukushima et al. 2004; John et al. 2007). The fer-
mentative production of lactic acid has seen wide industrial
application since biological processes produce optically pure
isomers whereas chemical processes yield racemic mixtures
(Okano et al. 2010; Li et al. 2013). Unlike Lactococcus lactis
and Lactococcus rhamnosus, the most frequently used lactic
acid producers, Bacillus species can withstand relatively low
pH and various other harsh conditions (Peng et al. 2013).
Additionally, Bacillus coagulans grows optimally at 50—
55 °C, which is expected to minimize contamination in
industrial-scale fermentations under non-sterile conditions
and thereby reduce the operation costs and substrate loss
through sterilization. Therefore, in recent years, there has been
increasing interest in optically pure L-lactic acid production
by B. coagulans (Wang et al. 2013; Wang et al. 2014). We
previously isolated several B. coagulans strains that efficiently
produce L-lactic acid with high productivity and optical purity
(Qin et al. 2009; Wang et al. 2010; Peng et al. 2013). The
strains were also found to utilize cellulosic hydrolyzate effi-
ciently under open fermentation (without sterilization), indi-
cating its great industrial potential for L-lactic acid production
(Wang et al. 2010; Peng et al. 2014).

As lactic acid is one of the top 30 potential building-block
chemicals from biomass, the search for cheap raw materials as
lactate fermentation sources is an important economic objec-
tive (Abdel-Rahman et al. 2010). To date, various low-cost
organic nitrogen materials such as soy protein hydrolysates
(Hsieh et al. 1999), whey permeate/yeast extract (Adolf et al.
2002), defatted rice bran (Tanaka et al. 2006), and Baker’s
yeast cells (Altaf et al. 2007) have been investigated as yeast
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extract (YE) substitutes during lactic acid production.
Hujanen and Linko (1996) also studied the effect of less ex-
pensive organic nitrogen sources in combination with YE,
peptone, and malt sprouts to reduce the YE concentration.
Compared to these cheaper organic nitrogen sources, inorgan-
ic nitrogen substitutes for lactic acid fermentation have advan-
tages in facilitating downstream decolorization, purification,
and waste treatment processes (Zhou et al. 2003). Thus, inor-
ganic nitrogen sources can significantly improve the commer-
cial competitiveness of lactic acid production. However, in-
vestigations of inorganic nitrogen sources for production of
high optical purity L-lactic acid are rare, especially never for
the thermotolerant B. coagulans strains.

In this study, we first report the effective application of an
inorganic nitrogen source, diammonium phosphate, for lactate
fermentation by a B. coagulans strain. We further demonstrate
the mechanism by which diammonium phosphate stimulates
lactate production. This new finding provides useful informa-
tion for modern L-lactic acid fermentation industries.

Materials and methods
Microorganism and cultural conditions

B. coagulans 2-6 was used as a homofermentative L-lactic
acid producer in this study (Qin et al. 2009). The strain is
deposited at the China General Microbiological Culture
Collection Center (CGMCC No. 2184). The slant was culti-
vated at 50 °C for 48 h and stored at 4 °C. The medium for the
seed culture had the following composition (g/L): glucose, 50;
yeast extract, 10; and CaCOs, 30. The seed culture was pre-
pared as follows: a loop of cells from a fully grown slant was
inoculated into 20 mL of the above sterile medium in 50-mL
conical flasks and incubated for 48 h at 50 °C without agita-
tion. The seed culture was then inoculated into fermentation
medium for L-lactate production. The inoculum volume was
10 % (v/v). Industrial grade YE was purchased from Angel
Yeast Co., Ltd. (Hubei, China). All other chemicals were of
analytical grade and commercially available.

Effect of inorganic salts on L-lactic acid production

The starting medium for studying the effect of inorganic salts
on L-lactate production with poor nitrogen sources contained
the following (g/L): glucose, 120; YE, 0.5; CaCOs;, 72;
(NH4)>SOy4, 3; (NH4),HPO,, 3; K,HPO,, 0.5; KH,PO,, 0.5;
and ZnSQy, 0.2. To explore the role of the five inorganic salts
for L-lactate production, the individual inorganic salt
(K,HPO, and KH,PO,4 were combined) was added respec-
tively in the medium with above concentrations of glucose,
YE, and CaCOj3. The performance of cells cultivated in the
starting medium containing 10 g/L YE was used as a control.
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ZnSO, and K,HPO,/KH,PO, were also subtracted from the
starting medium to demonstrate their negative effects on L-
lactate production. All experiments were conducted in
100-mL flasks containing 50 mL medium at 50 °C, 120 rpm
with an inoculum volume of 10 % (v/v) in triplicate.

Establishment of a low-cost medium for efficient L-lactate
fermentation

To study the optimal (NH,4),HPO, concentration, a medium
with the following composition was used (g/L): glucose, 120;
YE, 0.5; CaCOs, 72; and (NH4),HPO,, 1-6. To further opti-
mize the YE addition, the medium composition was set as
follows (g/L): glucose, 120; (NH4),HPO,, 3; CaCOs;, 72;
and YE, 0.5-1. The medium for optimization of betaine on
L-lactate production contained 0-300 mg/L betaine, 3 g/L
(NH4),HPOy4, 0.9 g/L YE, 120 g/L glucose, and 72 g/L
CaCOs. The performance of cells cultivated in the medium
containing 120 g/L glucose, 10 g/L YE, and 72 g/L CaCO;
was used as a control. Experiments were all carried out at
50 °C, 120 rpm in 100-mL Erlenmeyer flasks containing
50 mL medium. The inoculum volume was 10 % (v/v).
Samples were taken at 50 h to determine the L-lactic acid
production and glucose consumption.

Effect of various inorganic nitrogen sources on L-lactic
acid production under the optimal cultivation condition

After optimization of the culture medium with
(NH4),HPO, as the inorganic nitrogen source, we deter-
mined whether other inorganic nitrogen sources could al-
so favor L-lactate production. The medium contained
120 g/L glucose, 72 g/L CaCOg3, 0.9 g/L YE, 200 mg/L
betaine, and various inorganic nitrogen salts with the
same molar nitrogen concentration as 3 g/L
(NH4),HPO,4. Samples were taken at 50 h to determine
the L-lactic acid production and glucose consumption.

In vivo enzymatic activity assay

To assay enzymatic activity in vivo, whole-cell extracts
were used as described previously (Wang et al. 2014).
Fermentations were performed in the above fermentation
medium supplemented with different inorganic nitrogen
salts. Exponentially growing cells were harvested by cen-
trifugation (5000xg, 10 min, 4 °C) and washed with
0.85 % (w/v) physiological saline. Cell pellets were sub-
sequently suspended in 100 mM potassium phosphate
buffer (pH 7.0) and disrupted by sonication in an ice bath.
After centrifugation at 12,000xg for 10 min, the superna-
tants were used as the crude cell extracts. The reaction
mixture contained 100 mM sodium phosphate (pH 6.5),
0.2 mM NADH, 20 mM pyruvate, and 0.1 mg/mL crude
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cell extract. The reaction was initiated by adding enzyme.
The NADH oxidation activity without pyruvate was used
as a blank to subtract the non-specific activities associated
with the non-lactate dehydrogenase (LDH) reaction. One
unit was defined as the amount of enzyme converting
1 uM NADH per minute. Specific activity is expressed
as units per milligram protein. The D-LDH activity was
detected by HPLC for quantitative analysis of produced
D-lactic acid.

Quantitative real-time PCR

Quantitative real-time (RT) PCR was employed to deter-
mine the transcription levels of the genes encoding key
enzymes under different fermentation conditions.
B. coagulans 2-6 was cultivated in optimized medium
containing (NH4),HPO, or NH,4Cl as the sole inorganic
nitrogen source. Cells were harvested at the logarithmic
phase by centrifugation (5000xg for 10 min, 4 °C) for
RNA isolation using an E.Z.N.A.™ Bacterial RNA Kit
(Omega). The total RNA concentration was determined
by the absorbance at 260 nm (NanoVue spectrophotome-
ter; GE). cDNA copies were synthesized with a FastQuant
RT kit (with gDNase) (Tiangen, China) and were ampli-
fied with SYBR Premix Ex Tagq (TaKaRa, China) by
primers as indicated previously (Wang et al. 2014). The
27**C relative quantification method was used to deter-
mine the messenger RNA (mRNA) levels, and 16S rRNA
was used as the internal reference. From these results, a
ratio of the concentration of gene-specific mRNA in the
sample was calculated. Reported results are the average of
at least three experiments with variation less than 15 %.

Comparative active staining of LDHs in cells cultivated
in medium with (NH,4),HPO,4 or NH,Cl

In vivo enzymatic activities were also confirmed by active
staining of LDHs, after native PAGE, as described previously
(Wang et al. 2014). Briefly, B. coagulans 2-6 was cultured in
the optimized medium containing (NH4),HPO, or NH4CI as
the sole inorganic nitrogen source. Crude enzymes were sep-
arated using 4-20 % gradient native PAGE. The gels were
soaked with 100 mM Tris-HCI buffer (pH 8.0) containing
0.1 mM phenazinemethosulfate, 0.1 mM nitrotetrazolium
blue chloride, 2 mM NAD, and 100 mM D-lactate or L-
lactate (Sigma-Aldrich).

Analytical methods

The concentration of residual glucose and L-lactate was
measured by a SBA-40C biosensor analyzer (Institute of
Biology, Shandong Academy of Sciences, China). The
optical purity of L-lactic acid was determined by HPLC

equipped with a chiral column (4.6 mm ID X 50 mm; MCI
GEL CRS10W, Japan) at 254 nm. The mobile phase was
2 mM CuSOy at a flow rate of 0.5 mL/min (25 °C). The
optical purity of L-lactic acid was defined as follows: L-
lactic acid/(L-lactic acid + D-lactic acid) x 100 %.

Results

Effect of various inorganic nitrogen sources on L-lactic
acid production

To decrease cost, mineral nutrient salts are desirable as
the nitrogen source for lactate fermentation. To establish
an efficient fermentation medium, the roles of mineral
salts in the routine fermentation medium were first indi-
vidually investigated. A small amount of YE (0.05 %, w/
v) was initially added to provide the essential vitamins
for cell growth since without YE in the medium, the cell
growth and lactate production are rather low, which
makes the process less advisable (Yoo et al. 1997).
Surprisingly, the combination of all mineral salts did
not give the highest titer; the addition of (NH4),HPO,
alone served as the best nitrogen source for lactate pro-
duction (Fig. 1). Subtracting potassium phosphates
yielded a better titer, and ZnSO4 had a negative effect
on lactate fermentation, probably because it formed
phosphate salt precipitates.
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Fig. 1 The effects of inorganic salts in the routine fermentation medium
on L-lactate production by Bacillus coagulans 2-6. The experiments were
carried out in 100-mL flasks containing 50 mL fresh medium. A small
amount of yeast extract (0.05 %, w/v) was added to provide trace
nutritional elements for cell growth. The titer for medium with 1 %
yeast extract and no inorganic salts was set as 100 %. All the
experiments were carried out at 50 °C, 120 rpm. Error bars indicate the
standard deviations of three parallel replicates. Triangles indicate
subtraction. All inorganic salts were added to the starting medium as
described in “Materials and methods”
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Optimization of the fermentation medium for L-lactic acid
production

Since (NH4),HPO,4 experimentally favored L-lactate pro-
duction, we optimized its concentration to establish a
cost-effective fermentation medium (Fig. 2a). Increasing
the (NH4),HPO, concentration from 1 to 6 g/L first in-
creased the resultant lactic acid concentration and then
decreased it slightly. We found that 3 g/ (NH4),HPO,
was optimal with 0.05 % (w/v) YE. To further increase
the titer, we varied the YE concentration from 0.05 to
0.1 % (w/v). As expected, the lactate titer increased with
increasing YE. From an economic point of view, we lim-
ited the concentration of YE to 0.09 % since there was
very little difference between the titers with 0.1 and
0.09 % YE (Fig. 2b). Furthermore, betaine has been
shown to promote microbial fermentation as an effective
exogenous osmoprotectant, and it has been applied in fer-
mentative production of lactic acid in Lactobacilli (Zou

Fig. 2 Optimization of

)

140 -

et al. 2013). To explore the effects of betaine on L-lactate
production in B. coagulans, we added different concentra-
tions of betaine (0, 50, 100, 150, 200, and 300 mg/L) to
medium supplemented with 3 g/L (NH,4),HPO, and
0.09 % YE. Increasing the betaine concentration from
50 to 200 mg/L gradually increased lactate production,
with no appreciable change upon increasing to 300 mg/
L; therefore, we selected 200 mg/L betaine as the optimal
concentration (Fig. 2c¢).

After optimization, the combination of 0.09 % YE, 3 g/
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substrate cost compared to 1 % YE. Therefore, we suc-
cessfully used the much cheaper inorganic salt
(NH4),HPO, to substitute for >90 % of the YE.

Diammonium phosphate enhances lactate productivity
by increasing the specific lactate dehydrogenase activity
in vivo

Since (NH4),HPO, was an effective inorganic nitrogen
source for lactate production by B. coagulans, we inves-
tigated its mechanism of action. Since nitrogen sources
are vital to lactate fermentation, we first investigated
whether other inorganic nitrogen sources also favored
lactate production. With the optimal concentrations of
YE and betaine, 3 g/L (NH4),HPO, had the best lactate
production performance and support for cell growth
among the five inorganic nitrogen sources, each provided
at the same molar concentration of nitrogen as

These results confirmed that (NH,4),HPO, alone enhanced
lactic acid production. As LDH plays a key role in lactic acid
production, its specific enzyme activity levels in cells grown
in different fermentation media were studied to explore the
mechanism (Table 1). Under the same cultivation conditions,
LDH activity varied with the added nitrogen source. The spe-
cific LDH activity was highest by ~3-fold for cells cultivated
in medium containing (NHy4),HPOj,.

Fig. 3 The effects of various

Q0

nitrogen sources on L-lactic acid 90 _
production. a L-Lactic acid 80
production with different nitrogen 70

sources. b Cell growth curves of
Bacillus coagulans 2-6 cultivated
using different nitrogen sources.
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Diammonium phosphate stimulates the transcription
levels of genes encoding the key enzyme for lactate
formation

To further study the mechanism of (NH4),HPO, on L-lactic
acid production, quantitative real-time (RT) PCR was
employed to determine the transcription levels of the genes
encoding key enzymes for lactate formation with
(NH4),HPO, and NH4Cl. In our previous research, we
found that B. coagulans 2-6 harbored three key enzymes
responsible for lactic acid metabolism: L-LDH, D-LDH,
and a glycolate oxidase enzyme (GO) (Wang et al. 2014).
The transcription level of /dhL (encoding L-LDH) in
(NH4),HPO,4-cultivated cells increased ~12-fold over that
of cells cultivated with NH4Cl, whereas there was no obvi-
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(Fig. 4). The specific enzyme activity of LDH for cells cul-
tivated by diammonium phosphate was 2.09 + 0.148 U/mg,
while the data for NH4Cl was only 0.69 + 0.061 U/mg
(Table 1). The difference of specific enzyme activity was
consistent with the difference of mRNA analysis. Although
the transcription level of go (encoding GO) increased ~6-
fold, this result does not counter the positive effects of
(NH4),HPO,4 on L-lactate production since GO catalyzes
the oxidation of lactic acid to pyruvate and, most important-
ly, its in vivo enzymatic activity was undetectable in our
previous study (Wang et al. 2014).
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Table 1  The specific activities of LDHs in various nitrogen sources
Inorganic nitrogen source Specific enzyme
activity (U/mg)

CH;COONH4 0.41 +0.039
NH,CI 0.69 £ 0.061
Ammonium citrate 0.038 = 0.010
(NH,4),HPO, 2.09 +0.148
(NH,4),S0, 0.46 + 0.040

The increased gene expression of L-LDH in vivo was also
confirmed by active staining. The band for L-LDH from
(NH4),HPOy4-cultivated cells on the active staining gel (lane
2) was much thicker than that from NH4Cl-cultivated cells
(lane 1) (Fig. 5). No bands associated with D-LDH activities
were detected either in (NH4),HPO,4- or NH4Cl-cultivated
B. coagulans 2-6 cells. Therefore, the transcription and active
staining results further explain the beneficial effect of
(NH4),HPO,4 on L-lactic acid production: diammonium phos-
phate stimulates expression of L-LDH, increasing the amount
of enzyme to give a higher specific activity in vivo and in-
creasing L-lactic acid production.

Discussion

YE is a major factor affecting the economy of lactic acid
production (Altaf et al. 2007). Therefore, development of
an efficient and cost-effective process for lactic acid fer-
mentation from cheap nitrogen sources is highly desired
(Abdel-Rahman et al. 2010). In this study, we successfully

16 -
15
14 ]
13
12
11
10 /
9] 1

g
7
6
5]

: /

Fold-change in mRNA expression

2 ] T
1 T T : 1 4 T T
ldhL ldhD go

Fig. 4 The relative transcription levels of [dhD, ldhL, and go in Bacillus
coagulans cells cultivated with (NH4),HPO,4 or NH4C1. The fold change
represents the transcriptional levels in (NH,),HPOy4-cultivated cells
versus those of NH4Cl-cultivated cells. Error bars indicate the standard
deviations of three parallel replicates. go, the gene responsible for
glycolate oxidase
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Fig. 5 Active staining of lactate dehydrogenases from Bacillus
coagulans 2-6 grown in (NH,),HPO,4 or NH4Cl medium. Extracts of cells
grown in NH4Cl medium stained with L-lactate (/ane I) and D-lactate
(lane 3) or cells grown in (NH4),HPO, medium stained with L-lactate
(lane 2) and D-lactate (lane 4), respectively. Approximately 5.5 pg protein
was applied to each well

established an application of (NH,4),HPO, to replace com-
mercial YE with a reduced 90 % nitrogen substrate cost.
Additionally, the significantly reduced YE in the fermen-
tation broth also facilitated the downstream of decoloriza-
tion and purification processes and thus reduced the op-
eration costs simultaneously (Zhou et al. 2003).

Singhvi et al. (2013) reported that the combination of
(NH4),HPO, and peptone could increase the D-lactic acid
production by L. lactis but did not enhance the titer and pro-
ductivity of L-lactic acid production by Lactobacillus
delbrueckii Uc-3. They suggested that the incremental effect
of (NH4),HPO, was only selective for D-lactic acid produc-
tion. In this study, we found that additional (NH,),HPO, alone
could stimulate L-lactate production by the thermotolerant
B. coagulans strain under low YE conditions, which revealed
different responses to (NH4),HPO, between species. Thus, we
further investigated the mechanism of (NH4),HPO, stimula-
tion of L-lactate production by B. coagulans.

As LDH plays a key role in lactic acid production, its
level in the cells grown in different fermentation media
was studied. In our previous report, we found that the D-
LDH activity in B. coagulans 2-6 was too low to be de-
tected both by in vitro enzymatic activity measurement
and native PAGE, although its expression could be detect-
ed by western blotting, of which the sensitivity is much
higher (Wang et al. 2014). This could also explain the
result from RT-PCR analysis in this study, in which the
transcription of D-LDH-encoding gene was indeed detect-
ed (Fig. 4). However, the contribution of transcription of
D-LDH-encoding gene under diammonium phosphate
could be ignored in this study since only slight increase
(about 0.3-fold) was found and, importantly, no detectable
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D-LDH activity was observed in cells cultivated with all
of the inorganic nitrogen salts. Thus, the measured LDH
activity should be specific to L-LDH activity. The in-
creased L-LDH activity of cells grown in medium with
(NH,4),HPO,4 was correlated with enhanced lactic acid
production. Therefore, the increase in specific L-LDH en-
zyme activity levels in cells grown with (NH4),HPO, was
attributed to enhanced production of lactate. Although be-
taine has been reported to be an effective osmoprotectant
for L-LDH activity (Zou et al. 2013; Xu and Xu 2014),
the variation of specific L-LDH activities in this study
should be mainly due to the different inorganic nitrogen
sources in the medium since a constant amount of betaine
(200 mg/L) was used in all experiments.

Diammonium phosphate was widely reported as a nu-
tritional supplement in many fermentative production pro-
cesses (Acourene and Ammouche 2012; Berbert-Molina
et al. 2001; Deed et al. 2011; Isar et al. 2006; Zhu and
Xu 2010). However, its mechanism of action in replacing
YE has rarely been investigated. In this study, we first
demonstrated the mechanism for diammonium phosphate
stimulation of L-lactate production by a thermotolerant
B. coagulans strain at in vivo enzymatic and transcrip-
tional levels. Although the molecular mechanism of such
induction effect on L-LDH remains unknown, this new
finding provides important information for industrial L-
lactic acid production and other fermentative process.
Additionally, the genome sequence of B. coagulans 2-6
shares a high similarity (>99 %) with its phylogenetically
close type strain B. coagulans DSM1, although the ge-
nome size of DSM1 is larger than that of strain 2-6 (Su
et al. 2011; Johnson et al. 2015). However, unexpected
result was found that diammonium phosphate could not
stimulate the L-lactate production in B. coagulans DSMI1
under the same conditions with B. coagulans 2-6 (data not
shown). It sounds like that the diammonium phosphate-
stimulating phenomenon is strain-specific. As no specific
protein factors or enzymes have been previously reported
to be responsible for stimulating L-LDH transcription,
comparative transcriptional analysis by RNseq under the
respective diammonium phosphate and NH4Cl1 cultivation
conditions in B. coagulans 2-6, as well as comparative
genome analysis of the two strains, are under investiga-
tion in our laboratory.

In summary, the mechanism of (NH4),HPO4-stimulated
enhancement of L-lactate production in thermotolerant
B. coagulans strain was first demonstrated at in vivo en-
zymatic and transcriptional levels. (NH4),HPO, stimu-
lates the transcription of L-LDH, thus increasing specific
enzyme activity in the cells and resulting in enhanced L-
lactate production. This new information provides a foun-
dation for establishing a cost-effective process for
polymer-grade L-lactic acid production.
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