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Abstract 2,3-Butanediol has been known as a platform green chemical, and the production
cost is the key problem for its large-scale production in which the carbon source occupies a
major part. Sugarcane molasses is a by-product of sugar industry and considered as a cheap
carbon source for biorefinery. In this paper, the fermentation of 2,3-butanediol with sugarcane
molasses was studied by reducing the medium ingredients and operation steps. The fermen-
tation medium was optimized by response surface methodology, and 2,3-butanediol produc-
tion was explored under the deficiency of sterilization, molasses acidification, and organic
nitrogen source. Based on these experiments, the fermentation medium with sugarcane
molasses as carbon source was simplified to five ingredients, and the steps of molasses
acidification and medium sterilization were reduced; thus, the cost was reduced and the
production of 2,3-butanediol was enhanced. Under fed-batch fermentation, 99.5 g/L of 2,3-
butanediol and acetoin was obtained at 60 h with a yield of 0.39 g/g sugar.

Keywords 2,3-Butanediol - Sugarcane molasses - Nonsterile fermentation - Medium
simplification - Diol

Introduction

2,3-Butanediol (2,3-BD) has been considered as a platform green chemical due to its
potential application in the production of polymers, solvent, food additive, printing inks,
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perfumes, moistening and softening agents, and plasticizers [1—4], whereas the high cost
of 2,3-BD production limits its wide application as chemicals and fuels. New strains
[5-9] and fermentation strategies [10—12] were developed to increase the concentration
and yield of 2,3-BD which can partially reduce the production cost, but the carbon
source still occupies a major part. Therefore, it is essential to utilize cheap carbon
sources to produce 2,3-BD. The reported carbon sources include biodiesel-derived raw
glycerol [13], lignocellulose hydrolysates [14—17], Jerusalem artichoke tuber and stalk
[12, 18, 19], industrial waste gas [20], and molasses [6, 21]. Among them, lignocellulose
is the cheapest, but sugar concentration was relatively low and the by-products produced
during the acid hydrolysis, such as acetic acid, furfural, and 5-hydroxymethylfurfural,
would inhibit the bacterial growth. Although the sugar concentration in hydrolysate can
be increased by concentration, the concentrations of inhibitors were also increased which
have to be removed by detoxification and sugar loss occurred [17]. Till now, the
concentration of 2,3-BD obtained from lignocellulose was still relatively low (<40 g/L)
which would greatly increase the separation cost, whereas the concentration of 2,3-BD
was relatively high with molasses as carbon source. These studies showed that molasses
was a suitable carbon source for 2,3-BD production at present.

Sugarcane molasses is a by-product prepared from the liquid waste of sugar pro-
duction which contains about 50 % total sugar (sucrose, glucose, and fructose), 10 %
inorganic salts, such as K*, Na*, Ca*", Mg?', Mn**, Fe*', Zn*", CI", SO,*", etc., 10 %
ash, proteins, vitamins, organic acids, and crude fat [22, 23]. As a relatively cheap and
abundant raw material, sugarcane molasses was studied to produce a variety of prod-
ucts, including ethanol [22], sorbitol [24], microalgal [25], hydrogen [26], succinic acid
[23, 27], lactic acid [28, 29], citric acid [30], acetoin [31], etc. In the study of 2,3-BD,
beet molasses [32], corncob molasses [21], and sugarcane molasses [6] were tried to
produce 2,3-BD. Wang et al. used a high 2,3-BD producer Klebsiella pneumoniae SDM
to produce 2,3-BD with corncob molasses as carbon source, and 78.9 g/L 2,3-BD was
obtained at a yield of 81.4 % after 61-h fed-batch fermentation [9, 21]. Jung et al.
deleted a sucrose regulator (ScrR) to enhance the production of 2,3-BD, and a high
concentration of 98.69 g/ 2,3-BD was obtained in a fed-batch fermentation with
sugarcane molasses as carbon source [6]. These studies successfully increased the
concentration of 2,3-BD or produced 2,3-BD with a cheap carbon source, but none
of them was considered to further reduce the fermentation cost by reducing medium
ingredients and operation steps based on the composition and characteristics of carbon
source.

The composition of fermentation medium was very complex, which includes many
types of inorganic salts such as phosphate source (KH,PO,4, Na,HPO,), metal ions for
enzyme activity (Mg®", Zn®>*, Mn?"), KCl, citric acid, etc. except carbon source and
nitrogen source [6, 9, 33]. On the other hand, some of these inorganic salts such as K,
Na®, Ca**, Mg®", Mn**, Fe**, Zn**, CI", SO,*", etc. have already existed in sugarcane
molasses, so part of the inorganic salts that added into the medium can be replaced by
these existed salts. Thus, the ingredients which were added into fermentation medium
could be reduced. In addition, sugarcane molasses was generally pretreated [22, 31] and
the fermentation medium was generally autoclaved which consumed a large amount of
energy. If these operation steps were reduced, a large amount of energy could be saved.
Based on this idea, in this work, 2,3-BD fermentation from sugarcane molasses was
studied by reducing the ingredients of fermentation medium and operation steps to
enhance the production. The results showed that sugarcane molasses-based fermentation
medium can be simplified to five ingredients and used without sterilization.
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Material and Methods
Microorganism and Medium

The bacterium used to produce 2,3-BD was a mutated strain of Enterobacter cloacae
(CGMCC 6053). The wild type was isolated from soil sample and treated by diethyl sulfate
and dielectric barrier discharge plasma, and the mutated strain with highest production of 2,3-
BD was used in this study. Stock cultures were maintained in Luria—Bertani (LB) medium
containing 20 % glycerin at =70 °C.

The medium for seed culture contained glucose 80 g/L, (NH4),HPO,4 6.0 g/L, KCI
1.8 g/L, EDTA 0.51 g/L, MgSO, 0.6 g/L, FeSO4-7H,O 0.0225 g/L, ZnSO4-7H,0
0.0075 g/L, MnSO4-7H,0 0.0038 g/L, citric acid 0.21 g/L, and sodium citrate
0.294 g/L.

Sugarcane molasses was produced in Liuzhou, China, which contained 49.5 % sugar (25.7
% sucrose, 9.8 % glucose, and 14.0 % fructose). In the experiments of medium optimization,
the sugarcane molasses was pretreated by acid according to the published method [31], while
used directly without pretreatment in the batch and fed-batch fermentation experiments. All the
media containing sugarcane molasses were freshly prepared and used for fermentation without
sterilization.

Medium Optimization

The fermentation medium was optimized using response surface methodology (RSM) with the
total concentration of diol (2,3-BD and acetoin) as experimental response. All the experiments
were carried out in triplicate by shaking flask cultivation at 37 °C and 200 rpm with an initial
pH of 7.0.

First, Plackett-Burman (PB) design was used to pick the key medium components
influencing diol production. A 12-run PB design was used to screen eight factors, and the
experimental responses were analyzed by the method of least squares to fit the following first-
order model:

Y:ao + LI]XI +612X2 + a3X3 + a4X4 + a5X5 + a6X6 + a7X7 + Cngg (1)

where Y was the predicted response, a; was the regression coefficient, and X; was the coded
level of the variable.

Then, a series of experiments were carried out in the direction of the steepest ascent based
on the first-order model obtained from PB design.

Finally, a three-level three-factor Box—Behnken design (BBD) was performed to optimize
the medium composition. In order to predict the optimal point, a second-order polynomial was
fitted to correlate the relationship between independent variables and response:

Y =By + B1X1 + B X2
+ B3 X331 X 125, 2 X235 X 32— B1,X 1 X0 B13X 1. X 3= B3 X0 X 5 (2)

where Y was the predicted response, 3, was the offset term, [3; was the linear coefficient, /3;
was the quadratic coefficient, 3; was the cross coefficient, and X; and X; represented indepen-
dent variables. The fit of the quadratic polynomial model was evaluated by the determination
coefficient (R%) and analysis of variance (ANOVA).
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Production of 2,3-BD by Batch and Fed-Batch Fermentation

The batch and fed-batch experiments were carried out in a 7-L stirring bioreactor (LiFlus GX,
Korea) with a working volume of 2 L. The bioreactor equipment (such as vessel or tubing
parts) was not sterilized prior to inoculation. The seed culture prepared previously was
inoculated (10 %, v/v) into the optimized fermentation medium with an initial pH of 7.0.
During the fermentation process, the pH value was decreased automatically to 5.8 and then
maintained invariably by automatic addition of 5 mol/L NaOH. The cultivation was stirred at
300 rpm and 37 °C with an aeration rate of 0.1 vvm.

Analytical Method

The concentrations of sucrose, glucose, and fructose were analyzed by HPLC (Waters 600)
equipped with a Hypersil APS-2 column (5 mmx=200 mmX5 pum) and a refractive index
detector (Waters 2414). The fermentation products of 2,3-BD and acetoin were determined by
GC (Agilent Technologies 7890A) equipped with a column of AT OV-1701 (30 m*0.32 mmX
0.25 pm) and a FID detector. The density of bacteria was measured at 620 nm with the
fermentation medium as blank.

Results and Discussion
PB Design for Selection of Key Medium Components

The effects of medium supplements on 2,3-BD production have been well reviewed by Garg
and Jain [34]. Mg®" is essential for the key enzyme a-acetolactate synthase [35] but inhibits
the activity of meso-2,3-butanediol dehydrogenase [36], and trace concentration of metal ions
Fe*" and Mn®" greatly stimulates the production of 2,3-BD [34]. Ammonium sulfate was a
general inorganic nitrogen source in fermentation, whereas urea has been proved to be a more
effective and cheap nitrogen source in 2,3-BD production [33]. Therefore, these three metal
ions and phosphate plus acidified molasses (a-molasses), urea, citrate, and a cheap organic
nitrogen source—corn steep liquor powder (CSLP)—were selected as variables (Table 1), and
the experimental design and responses are listed in Table 2.

The statistical analysis showed that factors having greatest impacts on the production of
2,3-BD were X; (a-molasses; p<0.0001), X, (urea; p=0.001), and X, (K;HPO,; p=0.021).

Table 1 Nutrient supplements for

screening in the PB design Variables Factors %olv;/ levels Fllg)h level

- +

] a-Molasses 65 95

Xy Urea 10 30

X3 CSLP 2 4

Xy K,HPO, 1 2

Xs Sodium citrate 0.1 0.3

X6 MgSO, 0.3 0.9

X7 FeSO, 0 0.03

Xg MnSO, 0 0.03
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Table 2 The PB design variables (in coded levels) with the concentration of diol (2,3-BD+acetoin) as response

Run Variables Diol (g/L)
X] ><2 X3 ><4 XS ><6 >(7 Xg
1 +1 -1 +1 +1 -1 +1 -1 -1 36.6+0.2
2 +1 +1 -1 +1 -1 -1 -1 +1 32.6+0.2
3 -1 -1 -1 -1 -1 -1 -1 -1 26.5+0.3
4 -1 +1 -1 -1 -1 +1 +1 +1 21.8+0.3
5 +1 -1 +1 -1 -1 -1 +1 +1 37.2+£0.5
6 -1 -1 -1 +1 +1 +1 -1 +1 24.9+0.3
7 +1 -1 -1 -1 +1 +1 +1 -1 38.9+0.4
8 -1 +1 +1 +1 -1 +1 +1 -1 21.8+0.2
9 +1 +1 -1 +1 +1 -1 +1 -1 33.2+0.6
10 -1 -1 +1 +1 +1 -1 +1 +1 23.5+0.7
11 -1 +1 +1 -1 +1 -1 -1 -1 22.1+0.4
12 +1 +1 +1 -1 +1 +1 -1 +1 34.2+0.6

The positive factors (X7, Xs, and X5) were set at their high levels, while the negative factors
(Xa, X4, Xg, X3, and X7) were set at their low levels which meant that the ions Fe?" and Mn?"
were not needed to add into the medium. This result does not mean that the existence of these
two salts can reduce the concentration of diol. In fact, Fe*" and Mn*" were essential for 2,3-BD
production [9, 34], but in this work, the salts in sugarcane molasses were enough for
fermentation. Thus, the composition of fermentation medium was reduced to six ingredients.

To approach the neighborhood of the optimum response, the fitted first-order model
equation for the production of diol was obtained from the PB design experiments:

Y =294 + 6.00X,—1.84 X,—0.212 X3—0.682 X4 + 0.013 X5
+ 0.247 X6— 0.041 X7— 0.405 X3 (3)

The coefficient of each variable in Eq. (3) demonstrates the strength of the effect of this
variable on diol production. The quality of fit of the polynomial model equation was expressed
by the coefficient of determination (R%). The value 0.9982 for R indicates that 99.82 % of the
variability in the response could be explained by the model. The high value of the adjusted
determination coefficient (Adj R*=0.9935) advocates for a high significance of the model. The
closer the R* value is to 1.00, the stronger the model is and the better it predicts the response.
These results indicated that the response equation provided a suitable model for the PB design
experiment.

The Path of Steepest Ascent Experiments

According to Eq. (3), the steepest ascent direction was proportional to (6.00, —1.84, —0.682),
approximately equivalent to (1:-0.3:—0.1), meaning that if the concentration of a-molasses
increased one unit (10 g/L), the concentration of urea would decrease 0.3 unit (0.6 g/L) and
K;HPO,4 0.1 unit (0.2 g/L). The design and results of the steepest ascent experiment are shown
in Table 3. The concentration of target products was increased along the path and then
decreased sharply after the third step. Highest production (41.7 g/L) was obtained from the
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Table 3 Experimental design and

results of the steepest ascent Run a-Molasses Urea (g/L) K,HPO, Diol (g/L)
(gL) (gL)
1 95 10 1.1 34.2+0.2
2 105 9.4 0.9 38.4+0.3
3 115 8.8 0.7 41.7+0.2
4 125 8.2 0.5 352403
5 135 7.6 0.3 32.9+04

combination of a-molasses (115 g/L), urea (8.8 g/L), and K,HPO, (0.7 g/L). This combination
would be used as the center point for BBD experiments.

Medium Optimization with BBD Experiments

Based on the results of PB design and steepest ascent experiments, Box—Behnken design
(BBD) with three coded levels was adopted to optimize the fermentation medium and the
responses of diol production are shown in Table 4.

Data obtained from BBD experiments was analyzed by linear multiple regression using
software Minitab 15. The corresponding second-order response model for Eq. (4) which was
founded after analysis for the regression was as follows:

Y = 41.8857 + 3.2038X, + 0.2491X, + 1.8383X3— 11.6144X >~ 3.0294X,>  (4)
—2.8311X3%— 1.1363X . X,— 0.0101X | X3— 1.7237.X,X;

The regression analysis of the data showed coefficient of determination (R?) value of
0.9822, and adjusted R* value was 0.9502, which showed a high correlation between observed

Table 4 Levels of the factors, ex- ; ; ;
perimental design, and results of the Run Coded variable level ~ Real variable level Diol (g/L)

BBD experiments

X, Xy X3 Molasses Urea K,HPO,
(e (gL (L)

1 -1 -1 0 105 82 0.7 23.6+0.3
2 +1 -1 0 125 82 07 30.9+0.1
3 -1 +1 0 105 94 07 25.9+0.1
4 +1 +1 0 125 94 07 28.6+0.9
5 -1 0 -1 105 88 05 22.5+0.7
6 +1 0 -1 125 88 05 30.4+0.1
7 -1 0 +1 105 88 09 24.5+0.4
8 +1 0 +1 125 88 09 32.3+£0.6
9 0 -1 -1 115 82 05 31.1+0.7
10 0 +1 -1 115 94 05 35.6+0.5
11 0 -1 +1 115 82 09 39.9+0.3
12 0 +1 +1 115 94 09 37.5+0.9
13 0 0 115 88 0.7 41.2+0.7
14 0 0 115 88 0.7 42.7+0.7
15 0 0 115 88 0.7 41.8+0.9
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values and predicted values. Among the terms of the model, the linear and quadratic coeffi-
cients of molasses (X;) (»p<0.01) are more significant than the other factors (see supporting
materials, Table S1). Therefore, the concentration of molasses has a great influence on the diol
production, which means that a little variation of its concentration will alter diol production.
The concentrations of KH,PO,4 and urea are almost significant in the quadratic level (p<0.05).
The interaction between the variables has no significant influence on diol production.

Based on these experiments, the optimized medium for diol production with sugarcane
molasses as carbon source was as follows: a-molasses 118 g/L, urea 8.7 g/L, CSLP 2 g/L,
K,;HPO,4 0.77 g/L, sodium citrate 0.3 g/L, and MgSO, 0.9 g/L.

Effects of Culture Conditions on Diol Production

Generally, the fermentation medium was sterilized before cultivation to avoid contamination of
microbes. Sugarcane molasses is stored at a high sugar concentration of 45~50 % which can
inhibit the growth of bacteria. In 2,3-BD fermentation, the target strain grew quickly, so it is
possible to perform the fermentation via a nonsterile process with freshly prepared medium of
sugarcane molasses. Before the medium preparation, sugarcane molasses was usually
pretreated by acidification because the direct use of crude material might reduce the production
of target product [6, 31]. Moreover, it was observed that large amount of foam was formed
during the fermentation in a stirred bioreactor using the optimized medium but could be
reduced without the addition of CSLP. On the other hand, the results of PB design showed that
CSLP had minor impact on diol production and the effect was negative (Table S1), which
meant that the less amount of CSLP added, the better the diol production. Based on these
above analyses, we compared the production of diol under different conditions by shaking
flask cultivation. As shown in Table 5, there is little difference on diol production using sterile
and nonsterile medium, and the acidification of sugarcane molasses did not show obvious
increment on the production of diol. When the strain was cultured in a medium without CSLP
under a nonsterile condition, there is no apparent decrease on the diol production. As a result,
the fermentation medium was simplified to five ingredients and prepared with molasses
without acidification. To control the contamination of the nonsterile process, the fermentation
medium must be freshly prepared. Otherwise, the cell growth would be affected and the diol
production would reduce.

Production of 2,3-BD via a Nonsterile Process

The time courses of batch and fed-batch fermentation are shown in Fig. 1. During batch
fermentation (Fig. 1a), biomass increased quickly in the first 10 h and kept constant in the

Table 5 Diol production under

different conditions by shaking- Experiments Addition Acidification ~ Sterilization Diol (g/L)
flask cultivation at 37 °C and of CSLP of molasses  of fermentation
200 rpm medium
A Yes Yes Yes 41.7+0.6
Yes Yes No 42.2+0.3
B Yes Yes No 41.2+£0.3
Yes No No 40.9+0.8
C Yes No No 42.2+0.5
No No No 41.5£0.4
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Fig. 1 Time courses for batch and fed-batch fermentation of 2,3-BD with sugarcane molasses as carbon source
via a nonsterile process at 37 °C, 300 rpm, and 0.1 vvm. a Batch fermentation. b Fed-batch fermentation

following 24 h. The concentration of 2,3-BD reached 38.4 g/L at 12 h, and the diol
concentration was 45.6 g/L. By feeding molasses, the concentration of 2,3-BD increased to
90.8 g/L at 60 h, and the diol concentration was 99.5 g/L with a yield of 0.39 g diol/g sugar
and productivity of 1.66 g/(L h). When using glucose-based medium, the 2,3-BD concentra-
tion of 110.9 g/L and diol of 119.7 g/ were obtained at 56 h with a yield of 0.42 g diol/g
glucose (Fig. 2). Although the concentration and yield of 2,3-BD were a little lower with
sugarcane molasses as carbon source, the cost of carbon source was reduced. According to the
above results, about 2.38 t glucose was consumed to produce 1 t diol, while 5.2 t sugarcane
molasses for 1 t diol was required. At present, the price was about ¥2500/T of glucose and
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Fig. 2 Time course for fed-batch fermentation of 2,3-BD with glucose as carbon source at 37 °C, 300 rpm, and
0.1 vwm

¥1000/T of sugarcane molasses (www. 1688.com) in China; thus, the cost of ¥800 was saved
from carbon source.

The nonsterile fermentation has been reported before by Chatzifragkou et al. in 2011 who
tried 1,3-propanediol production with biodiesel-derived crude glycerol as carbon source and
confirmed that only one microbial community existed inside the chemostat [37]. The success-
ful work of 1,3-propanediol interested us, and we tried it in 2,3-BD fermentation. The results
of batch and fed-batch fermentation showed that the microbe can grow well in the simplified
medium without sterilization and a high concentration of diol was obtained, which meant that
the nonsterile fermentation was feasible for 2,3-BD production.

The concentration of diol in fermentation broths and simple calculation of carbon source
cost above showed that sugarcane molasses is a good alternative for glucose, but the utilization
of sugarcane molasses introduced more impurities into the fermentation broth. The most
obvious phenomenon is the dark-brown color of fermentation broth which came from sugar-
cane molasses. Meanwhile, the reduced step of molasses acidification could make the solid—
liquid separation more difficult because one of the purposes of molasses acidification was to
remove the solid impurities. Finally, viscosity, coloring matters, and impurities in the fermen-
tation broth from sugarcane molasses were greatly increased compared with those in glucose-
based fermentation broth. As a result, the downstream processing became more complex. In
fact, this problem has been encountered before when we used Jerusalem artichoke stalk and
tuber as carbon source to produce 2,3-BD [12, 38]. The viscosity, coloring matters, and
impurities of the Jerusalem artichoke-based broth were increased, and the solid-liquid sepa-
ration was achieved by the combination of centrifugation and salting-out extraction, while only
salting-out extraction was enough to realize this purpose for the glucose-based fermentation
broth [38, 39]. With the wide utilization of biomass in the production of biochemicals, the
viscosity, coloring matters, and impurities become the common problems and more efforts are
required to be made on the downstream processing. As for this work, further studies of 2,3-BD
separation from molasses-based fermentation broth are exploring now in our lab and the results
will be reported later.
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Conclusion

The purpose of this work was to enhance 2,3-BD production by reducing the cost of operation
steps and raw materials for fermentation, so sugarcane molasses was selected as cheap carbon
source.

Based on the optimization of fermentation medium and the study of CSLP addition and
molasses acidification on diol production, the fermentation medium was simplified to five
ingredients: sugarcane molasses, urea, K,HPO,, sodium citrate, and MgSO,. Using this
simplified medium, 90.8 g/L 2,3-BD (99.5 g/L diol) was obtained at 60 h by fed-batch
fermentation without sterilization of medium; thus, large energy consumption was saved.
The cost of carbon source was reduced by using sugarcane molasses compared with glucose,
but more impurities were introduced to the fermentation broth, and further study of down-
stream processing is needed.
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