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To improve 1,3-propanediol (1,3-PD) production by an economic and efficient approach, hemicellulosic
hydrolysates (HH) used as cosubstrate resulted in more biomass and higher reducing power for 1,3-PD
production. The effects of primary degradation products such as individual sugars (xylose, glucose, man-
nose, arabinose and galactose) and major inhibitors (furfural, acetate and formate) on the Klebsiella pneu-
moiae growth and 1,3-PD production were investigated in this study. Xylose and mannose could
efficiently promote the 1,3-PD production and cell growth. Furfural (0.28 g/l1) and sodium acetate

i(g{vl;’fgdjne diol (1.46 g/1) in low concentration were not inhibitory to Klebsiella pneumoniae, rather they have stimulatory
C'Om Strpaw effect on the growth and 1,3-PD biosynthesis, especially the acetate. In fed-batch fermentation with HH
Hemicellulosic hydrolysates as cosubstrate, the final 1,3-PD production, conversion from glycerol and productivity were 71.58 g/I,
Xylose 0.65 mol/mol and 1.93 g/1/h, respectively, which were 17.8%, 25.0% and 17.7% higher than that from glyc-

Klebsiella pneumoniae erol alone.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Development of bio-refineries has recently attracted increasing
attention as a means to provide sustainable alternative solutions to
depleting petroleum resources and environmental pollution (Ji
et al., 2009). Many chemicals, which could only be produced by
chemical processes in the past, could potentially be generated bio-
logically from annually renewable resources (Ragauskas et al.,
2006). Biosynthesis of 1,3-propanediol (1,3-PD) with low cost
renewable glycerol as a substrate has attracted worldwide inter-
ests due to that 1,3-PD is used as versatile degradable intermediate
compound for the synthesis of heterocycles and a monomer for the
production of polymers (Selembo et al., 2009; Zheng et al., 2008). A
versatile monomer in the synthesis of PTT with excellent potential
for use in textiles and carpeting that has been dubbed the “new ny-
lon”, demand of which is estimated to be 1-2 billion 1b year~! in
10 years (Nakamura and Whited, 2003).

Recently, the raw material costs still hinder the large scale-
application of this process. Glucose, sucrose, maltose and xylose
had been used as cosubstrate in 1,3-PD biosynthesis process
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(Abbad-Andaloussi et al., 1998; Yang et al., 2007; Ragout et al.,
1996; Tong and Cameron, 1992) which all increased the 1,3-PD
conversion from glycerol in different levels. Cosubstrate is also
an important factor influencing the cost of 1,3-PD fermentation.
Hemicellulose, the second most common polysaccharides in nat-
ure, represent about 20-35% of lignocellulosic biomass. In recent
years, bioconversion of hemicellulose has received much attention
because of its practical applications in various agro-industrial pro-
cesses (Saha, 2003). Dilute sulfuric acid pretreatment is a popular
and efficient way applied to corn straw to bring about hydrolysis.
Unfortunately, during acid hydrolysis, a complex mixture of sugars
and microbial inhibitors is generated. Examples of these com-
pounds include xylose, glucose, mannose, acetic acid, furfural,
etc. (Ezeji et al., 2007). A lot of studies have been conducted about
efficient use of hemicellulose and various effects of inhibitors on
microorganisms. However, there was no relative research work fo-
cused on the 1,3-PD production.

In this study, for effective and economic 1,3-PD production, we
attempt to examine the potential use of hemicellulosic hydroly-
sates (HH) as cosubstrate by Klebsiella pneumoniae. We investi-
gated the effects of contents in HH on cell growth and 1,3-PD
biosynthesis process. By these approaches, we also got higher con-
tent of cell mass and growth rate which are advantageous to 1,3-
PD synthesis.
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2. Methods
2.1. Microorganism

The strain for 1,3-PD production used in this study was Klebsi-
ella pneumoniae ME-303 from Klebsiella pneumoniae ATCC 25955
by mutagenesis (K. pneumoniae), obtained from Nanjing University
of Technology. The culture was maintained on Luria-Bertani (LB)
agar slant at 4 °C.

2.2. Corn straw hydrolysis preparation

Corn straw was milled to a particle size no larger than 1 mm.
Acid hydrolysis of corn straw was carried out in a medium contain-
ing 2% H,S04 with a liquid/solid ration of 10:1 (w/w) at 100 °C for
2 h (Xu et al., 2010). Detoxification of the corn straw hydrolysate
was carried out by using a modified method (overliming) with
Ca(OH), (Martinez et al., 2000). The pH of the hydrolysate was ad-
justed to 8.0 with Ca(OH), at 25 °C, the supernatant was HH and it
was used as a carbon source to carry out the fermentation studies.
The hydrolysates used for feedstock in fed-batch fermentation
were concentrated by vacuum evaporation at 40 °C till the concen-
tration of xylose reached 50 g/l.

2.3. Media and cultures

The seed medium contained yeast extract 3.0 g/l, malt 3.0 g/I,
peptone 5.0 g/, NaCl 5.0 g/1. The basic fermentation medium was
composed of yeast extract 5 g/l, K;HPO4-3H,0-10 g/I, KH,PO4-2 g/
1, NH4Cl 1g/l, NaCl 0.5g/l, MgSO,7H,0 0.1g/l, FeCl3-6H,0
30 mg/l, CoCl,-6H,0 5 mg/l, Vitamin By, 5 mg/l, glycerol 30 g/I.
The cofermentation medium was based on the basic fermentation
medium and supplemented HH (containing xylose 11.2 g/l). To
examine the effects of four sugars and three inhibitors existed in
HH on the cell growth and 1,3-PD production, the individual and
mixed sugars as well as the individual inhibitors were added
respectively into the basic fermentation medium aseptically at cer-
tain concentrations.

Erlenmeyer flasks (250 ml) containing 100 ml seed medium
were inoculated with K. pneumoniae to prepare the inoculums.
The flasks were incubated at 37 °C and 140 rpm for 10 h and sub-
sequently inoculated into Erlenmeyer flasks and the fermenter at
5% (v/v). The flask fermentation was carried out in 250 ml Erlen-
meyer flasks containing 100 ml fermentation medium. The batch
fermentation containing the basic fermentation medium or cofer-
mentation medium were both conducted in a 3 1 stirred fermenter
(BioFlo 100; New Brunswick Scientific Co., NJ, USA) with a working
volume of 21 under 0.25 vvm air-flow. The cofermentation med-
ium was based on the basic fermentation medium supplemented
with the initial HH to obtain xylose 11.2 g/I. All fermentations were
carried out at initial pH 7.0, 37 °C and 300 rpm. The fed-batch fer-
mentation was conducted in a 7 I stirred fermenter with a working
volume of 4 1 under 0.25 vvm air-flow. During the cofermentation
of glycerol and HH, the initial HH (all contents are shown in Table 1)
was added (2 1) to obtain xylose 11.2 g/l in the fed-batch fermentation
medium and maintained 5-8 g/l by using the concentrated HH
during the cofermentation. Among all the cofermentations, the

glycerol was added initially 30 g/I, and maintained 15-20 g/l dur-
ing the time courses of cultivation.

2.4. Analytical procedures

Contents in HH were detected following the procedure de-
scribed by Yan et al. (2009). Formic acid and acetic acid were ana-
lyzed by a Dionex HPLC equipped with a Bio-Rad Aminex HPX-87H
column and a refractive index detector, the mobile phase was
0.005 mol/l H,SO4 at a flow rate of 0.6 ml/min and column temper-
ature was 60 °C. Furfural was detected by a UV detector at the
wavelength of 210 nm. Sugars were analyzed by a Bio-Rad Aminex
HPX-87P column and a refractive index detector, the mobile phase
was water at a flow rate of 0.6 ml/min and column temperature
was 85 °C.

Glycerol, 1,3-PD, acetic acid, 2,3-butanediol (2,3-BD), lactic acid,
alcohol, succinic acid, and xylose were using a high-performance
liquid chromatography (HPLC) system (Dionex with a Bio-Rad
HPX-87H ionexclusion column) with a refractive index detector
at 65 °C with 0.005 mol/l H,SO4 as mobile phase at 0.8 ml/min.

Biomass was determined by measuring the value of optical den-
sity at 600 nm with appropriate dilution using a UV-visible spec-
troscopy system. The value of the optical density was converted
to cell dry weight (CDW) using a calibration equation
(CDW =0.4183 x ODggp—0.117).

2.5. Determination of the reducing equivalent (NAD* and NADH)

The concentration of intracellular NADH and NAD* were mea-
sured by high-performance liquid chromatography (HPLC) (col-
umn stable-C18) (Miseta et al., 2003; Sato et al., 2000; Stanley,
1986). The buffer contained 4.5 ml methanol (60%)and 0.5 ml
HEPES (10%) and prepared for more than 4 h at —80°C. A 1.0 ml
sample was taken and then frozen in the prepared buffer for
5 min ensuring rapid cooling and effective inhibition of cell metab-
olism. The mixture was centrifuged for 5 min at 10,000g and 4 °C to
collect the precipitate. For extracting the NADH and NAD", the mix-
ture were treated with either 1.0 ml of 0.1 mol/l HCl (extracting
NAD") or 1.0 ml of 0.1 mol/l NaOH (extracting NADH, destroying
NAD"). After incubation at 100 °C for 10 min, the mixture was cen-
trifuged for 10 min at 10,000g to collect the supernatant and stored
at —21 °C. The pH relative to the collected supernatant was ad-
justed to 6.8 with HCl or NaOH (0.1 mol/l) before HPLC column
application. A mixture of 90% H3PO, (pH 6.6) and 10% methanol
was used as mobile phase at a flow rate of 1.0 ml/min. The wave-
length of the UV detector was set at 254 nm and the column tem-
perature was controlled at 25 °C.

3. Results and discussion

3.1. 1,3-PD production with HH as cosubstrate in batch fermentation
by K. pneumoniae

HH contained xylose as main carbon source, four other sugars
(glucose, arabinose, galactose, mannose) and three main inhibitors
(formic acid, acetic acid, furfural) (Table 1). The fermentation effi-
ciency for 1,3-PD was improved obviously by HH addition (Table 2).
After 20 h, the 1,3-PD concentration, conversion of 1,3-PD from

Table 1

Contents in hemicellulose hydrolysates®.
Xylose (g/1) Formic acid (g/1) Acetic acid (g/1) Furfural (g/1) Arabinose (g/1) Galactose (g/1) Mannose (g/1) Glucose (g/1)
22.40+0.85 0.83 £0.05 2.14+0.30 0.55+0.02 3.43+0.67 2.05+0.22 1.30+0.18 2.90+0.36

@ Data with sign “t+” are the average of three triplicates.
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Table 2

Effects of xylose or hemicellulosic hydrolysates in batch fermentation (3 1) by K. pneumoniae®.

Number AGC (g/l) HHC (1) Products concentration (g/1) Conversion (mol/mol) Biomass (ODggo) Productivity (g/l/h)
PD BD Suc Ace Eth Lac
1 29.05 - 121 2.08 0.97 1.39 2.36 1.44 0.45 5.48 0.61
+1.01 +0.36 +0.10 +0.04 +0.08 +0.09 +0.05
2 30.76 1.00 143 4.28 1.15 1.21 2.53 1.54 0.56 713 0.72
+1.35 +0.01 +0.53 +0.25 +0.05 +0.06 +0.13 +0.08

2 Data are the average of three experiments. 1: the fermentation with glycerol alone, 2: the cofermentation of glycerol and hemicellulosic hydrolysates. AGC, accumulative
glycerol consumed; HHC, the initial HH consumed. Abbreviations: Lac, lactic acid; Eth, ethanol; Ace, acetic acid; BD, 2,3-butanediol; Suc, succinic acid.

glycerol and productivity with HH addition were 18.2%, 24.4% and
18.0% higher than that from glycerol alone, respectively. The
byproducts production from cofermentation such as 2,3-BD, etha-
nol, succinic acid, lactic acid, were improved in different levels ex-
cept the acetic acid. Especially, the 2,3-BD was doubly produced
under HH added condition compared with that from glycerol
alone. The results also showed that biomass (ODgg) was improved
from 5.48 to 7.13, which were favorable for promoting 1,3-PD
biosynthesis.

Adding sugar as cosubstrate is a feasible way to improve 1,3-PD
conversion. Although the cofermentations of glycerol and other
sugars were generally performed (Abbad-Andaloussi et al., 1998;
Yang et al., 2007; Ragout et al., 1996; Tong and Cameron, 1992),
the cosubstrates they used were still pure sugars, which inevitably
resulted in high cost of 1,3-PD bio-production. As indicated in Ta-
ble 2, adding HH was a feasible and economic way to improve the
fermentation efficiency of 1,3-PD. Although HH could not be con-
verted to 1,3-PD, it might be used for biomass and regeneration of
reducing power whereas more glycerol and reducing power flowed
to 1,3-PD pathway. And based on the effect of xylose on 1,3-PD fer-
mentation, it might be one of the reasons to explain the positive ef-
fect of HH on 1,3-PD production. The cofermentation of glycerol and
xylose in 1,3-PD production had been reported (Tong and Cameron,
1992). The 1,3-PD concentration and yield of 1,3-PD from glycerol
with xylose addition in recombinant Escherichia coli expressed the
dha regulon of K. pneumoniae, was increased from 0.67 g/l to
1.08 g/1, 0.46 mol/mol to 0.55 mol/mol, respectively. They consid-
ered it might be that the availability of reducing power was one
of the factors limiting the yield of 1,3-PD from glycerol and the xy-
lose catabolism could generate more reducing power for 1,3-PD
pathway. However, there was more complexity in HH since it con-
tained variable degradation contents including individual sugars
and inhibitors. Hence, the effect of HH on reducing power genera-
tion was studied in this work as indicated in the next section.

In previous studies (Huang et al., 2002; Chen et al., 2003; Cheng
et al., 2004), a positive correlation between the biomass of K. pneu-
moniae and its 1,3-PD production was demonstrated whereas more
biomass, higher productivity were gained. We gained the similar
results as they were described. But the 2,3-BD was more than they
gained (Table 2). This might be due to three reasons: first, 2,3-BD
fermentation was favorable at low pH of 6.5 (Yang et al., 2007)
and especially preferred to the condition without pH control (Pet-
rov and Petrova, 2009). These conditions were carried out most of
the time during the batch fermentation in this work; second, more
substrates (glycerol and HH) and NADH flowed to 2,3-BD pathway;
and the last, xylose and glucose could be converted to 2,3-butane-
diol directly by K. pneumoniae (Ji et al., 2009) whereas xylose was
the most abundant content in HH.

3.2. Effects of HH on internal reducing equivalent in batch
fermentation

Based on the fact that manipulation of reducing equivalent by
changing carbon resources can improve the 1,3-PD production,

we have investigated the variation of reducing power during the
cofermentation on 1,3-PD production. For cell growth from 4 to
16 h, the internal redox state in batch fermentation, as reflected
by the NADH/NAD" ratio, was determined. The results are shown
in Fig. 1A and Fig. 1B. It was found that the total reducing equiva-
lent (total NADH pools) increased significantly by cofermentation
with HH. The total NADH pool increased by 0.9-2.0 mg/g (CDW)
compared with that from glycerol alone after 4 h. The reducing
equivalents retained at the highest level of 9.81 mg/g (CDW) in
batch fermentation with HH as cosubstrate, which was higher than
that (8.97 mg/g) from pure glycerol alone. The NADH/NAD" ratio
obtained higher levels by using HH, except that around 12 h. The
result was consistent with products biosynthesis in batch fermen-
tation, especially the 1,3-PD biosynthesis. As HH being added,
1,3-PD production and the reducing equivalent level were all
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Fig. 1. Effects of hemicellulosic hydrolysates on internal redox reducing equivalent
in batch fermentation. N-NAD*, N-NADH, N-NADH/NAD", N-1,3-PD: all the data
investigated in batch fermentation with glycerol alone; H-NAD®, H-NADH, H-
NADH/NAD*, H-1,3-PD: all the data investigated in batch fermentation with
hemicellulosic hydrolysates added.
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improved. The 1,3-PD productivity decreased rapidly after 8 h that
keep pace with NADH/NAD™ ratio variation. The results as ex-
pected, also demonstrated that in cofactor-dependent production
systems, cofactor availability and the proportion of cofactor in
the active form might play an important role in dictating the over-
all process yield.

The 1,3-PD synthesis plays a key role in NADH consumption to
regulate the intracellular reducing equivalent balance of Klebsiella
pneumoniae (Zeng et al., 1993). Endeavor to enhance NADH gener-
ation should be taken into consideration for improving 1,3-PD pro-
duction. Two distinct strategies can be used to alter the NADH pool
and NADH/NAD" ratio (San et al., 2002). The first approach is based
on genetic manipulations of the host cell. Recently, metabolic engi-
neering has achieved pronounced progresses in manipulating the
availability and higher intracellular concentrations of NADH
(Zhang et al., 2006; Xu et al., 2009; Zhang et al., 2009). However,
alteration of intracellular redox balance by genetic manipulation
inevitably reduced the glycerol uptake efficiency or inhibited the
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Fig. 3. Effects of mixed sugars simulating hemicellulosic hydrolysates on the 1,3-PD biosynthesis and cell growth. All the data are the average of three experiments.
Abbreviations: Lac, lactic acid; Eth, ethanol; Ace, acetic acid; 2,3-BD, 2,3-butanediol; Suc, succinic acid. 1,3-PD (MS), Biomass (MS) and glycerol (MS): all the data come from
batch fermentation with mixed sugars as cosubstrate; 1,3-PD (0), Biomass (0) and glycerol (0): all the data come from batch fermentation with glycerol alone.
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Fig. 4. Effects of main inhibitors (0.61 g/l: formate, 1.46 g/l: acetate, 0.28 g/I:
furfural) present in hemicellulosic hydrolysates on the 1,3-propanediol production
and cell growth. Abbreviations: 1,3-PD, 1,3-propanediol.

growth of producer or obtained a limited effect on conversion and
production. It was also demonstrated that the metabolite distribu-
tion can be influenced by a change in the NADH/NAD" ratio as
mediated by the oxidation state of the carbon source used (San
et al., 2002). In this project, we focused on the latter approach to
increase the reducing equivalent concentration.

3.3. Effects of degradation sugars in HH on the growth of K.
pneumoniae and 1,3-PD biosynthesis

Hemicellulosic hydrolysates, containing a lot of sugars and
inhibitors, could distinctly improve the yield of 1,3-PD from glyc-
erol. The effects of sugars in HH on the flask fermentation were
tested at certain concentrations (Figs. 2 and 3). The flask fermenta-
tions were run for 29 h. Both 1,3-PD concentration (10.35 g/1) and
biomass (4.17, ODggg) could reach the highest level with xylose
(11.2 g/1) as cosubstrate. It was found for the first time that man-
nose (0.65 g/l) added can improve the 1,3-PD production (9.79 g/
1) and the biomass (3.90, ODgg) significantly. Although low con-
centration of mannose in HH, the effect of mannose on 1,3-PD bio-
synthesis and the microbial growth was obvious. It may be due to
mannose catabolism in K. pneumoniae was used more efficiently
for generation of reducing power. The galactose (1.025 g/1) and
arabinose (1.715 g/I) have no influence on the process. Glucose
(1.45 g/1) has the negative effects on 1,3-PD production compared
with that of glycerol alone: biomass was enhanced by 6.5%; but
the production of 1,3-PD was declined by 20.5%. The inhibition of
glucose on 1,3-PD production could be explained by the “glucose
effect” that glycerol could not be used in time unless glucose was
to be exhausted by bacteria (Yang et al., 2007).

Mixed sugars simulating HH were tested for their combined ef-
fects on batch fermentation with glucose, mannose, arabinose, gal-
actose and xylose at the control concentrations as 1.45 g/l, 0.65 g/I,
1.715 g/1, 1.025 g/1, and 11.20 g/1, respectively. The 1,3-PD produc-
tion profiles by K. pneumoniae over the course of 16 h showed that
the culture produced 14.25 g/1 1,3-PD and 6.74 of biomass (ODggo),
which was 17.8% and 20.6% higher than that from glycerol alone,
respectively (Fig. 3A). The utilization of sugars by K. pneumoniae
was shown in Fig. 3B. Most sugars such as xylose, glucose and
mannose were concurrently consumed with specific rate during
the fermentation. Galactose and arabinose could not be utilized
by K. pneumoniae. The simultaneous uptake and metabolism of
these sugars for 1,3-PD production is very desirable feature since
the sugar composition of HH is diverse. The rapid glucose utiliza-
tion is not surprising since glucose represents the preferred sub-
strates in the metabolism of many microorganisms (Ezeji et al.,
2007). It should be noted the glycerol utilization was not inhibited

by mixed sugars which was similar to that happened in glycerol
alone. The rate of glycerol utilization with mixed sugars, was a lit-
tle low before 4 h. And then the rate was much higher than that
from glycerol alone during 4-8 h while 1,3-PD production was rap-
idly accumulated during this period. The byproducts in 1,3-PD bio-
synthesis with mixed sugars addition were similar to that of HH as
cosubstrate. The most abundant byproduct, the final 2,3-butane-
diol concentration was increased by 124.9% with mixed sugars
added, while the acetic acid was decreased by 7.1%. All the rest
byproducts were improved in low level.

3.4. Effects of inhibitors in HH on the growth of K. pneumoniae and
1,3-PD biosynthesis

Furfural, formate and acetate, the main inhibitors in HH, usually
give negative effects on cell growth and products biosynthesis.
Their effects on the cell growth and 1,3-PD biosynthesis were
shown in Fig. 4. Cell growth of K. pneumoniae in the presence of
0.28 g/1 furfural was improved by 12.1% compared with no inhibi-
tors added. However, 1,3-PD production was slightly improved.
The unexpected stimulatory effect may be due to convert furfural
to less inhibitor (Horvath et al., 2003) and disrupt energy metabo-
lism which stimulate energy production through glycerol metabo-
lism. In the presence of 0.61 g/l formate, both the cell growth and
1,3-PD production were slightly inhibited while the biomass and
1,3-PD concentration were decreased by 9.8% and 1.1%, respec-
tively. Interestingly, in the presence of 1.46 g/l acetate, the cell
growth was slightly improved. The final concentration of 1,3-PD
was enhanced from 8.77 g/l to 11.73 g/l. From the metabolites
tested in the cofermentation with acetate added, we found that ace-
tate acid formation, one of the byproducts in 1,3-PD biosynthesis,
was much lower than that from glycerol alone (data not shown).

Previous study of effects of acetate on 1,3-PD fermentation
focused on experiments under acetate stress with high concentra-
tion. In the study by Xue et al. (2010), 1,3-PD production was
enhanced by the supply of organic acids (citrate, fumarate and
succinate) whereas the byproducts, especially the lactic acid and
ethanol, decreased significantly. However, the 1,3-PD production
was inhibited as 10 g/l acetic added in their study. Cheng et al.
(2005) also reported the acetate was the main inhibitor metabolite
during the 1,3-PD fermentation under anaerobic condition while
the critical concentration of acetate was 15 g/l. To our knowledge,
there have been some relative research works on impact of acetate
and finally gained similar results or phenomena. Lii et al. (2008)
had studied the impact of acetate on product formation of ferment-
ing polysaccharide-rich organic waste. They found ethanol was
favorably produced with dosed acetate at pH 6, as well as the
production methanol and formate. The impact of elevated concen-
trations of acetate on ethanolic fermentation was also reported by
He et al. (2009). They showed an stimulatory effect on ethanolic
fermentation by Thermoanaerobacter ethanolicus with enhancing
ethanol production by up to 394%. As well, production of butanol
from acetate by Clostridium acetobutylicum and production of
butanediol from acetate by Klebsiella aerogenes had also been
reported (Booth, 1985).

To sum up, the effect of acetate with concentration stimulating
HH on this study was demonstrated that low contention of acetate
could improve the 1,3-PD production efficiently for first time. The
related research works of the metabolic pathway of acetic ions by
K. pneumoniae are in progress in our laboratory.

3.5. 1,3-PD production with HH as cosubstrate in fed-batch
fermentation

For large-scale application of HH and efficient production of 1,3-
PD, fed-batch cultures of K. pneumoniae were performed with HH
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Table 3
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Effects of xylose or hemicellulosic hydrolysates on fed-batch fermentation by K. pneumoniae (the culture time was 37 h).?

Number AGC (g/l) AXC (g/l) Products concentration (g/1) Conversion (mol /mol) Biomass (ODgg) Productivity (g/l/h)
PD BD Suc Ace Eth Lac
1 143.16 - 60.78 4.1 5.81 9.76 9.24 31.17 0.52 1.64 10.45
+5.24 - +2.65 +0.21 +0.24 +0.39 +0.41 +1.56
2 133.12 15.26 71.58 8.4 7.23 10.35 11.24 41.02 0.65 1.93 15.09
+5.64 +0.69 +3.28 +0.40 +0.33 +0.45 +0.52 +1.87

@ Data with sign “+” are the average of three experiments. 1: the fermentation with glycerol alone, 2: the cofermentation of glycerol and hemicellulosic hydrolysates. AGC
accumulative glycerol consumed, AXC accumulative xylose consumed (xylose come from the initial and concentrated hemicellulosic hydrolysates). Abbreviations: Lac, lactic

acid; Eth, ethanol; Ace, acetic acid; BD, 2,3-butanediol; Suc, succinic acid; PD, 1,3-propanediol.

as cosubstrate. During fed-batch culture, the pH was controlled at
7.0 by automatic addition of 10 mol/l NaOH. In this study, we reg-
ulate the redox state variation online by the feeding rate (control
the xylose from HH 5-8 g/1) during the fed-batch cofermentation.
The results were shown in Table 3. HH added led to the rapid cell
growth after 5 h (data not shown). The final biomass (37 h) with
HH as cosubstrate reached 15.09 (ODggo) that was much higher
than that (10.45) from glycerol alone.

HH added increased the 1,3-PD concentration, the conversion
and productivity respectively from 60.78 to 71.58 g/l, 0.52 to
0.65 mol/mol, 1.64 to 1.93 g/l/h. The result was similar with that
performed in batch fermentation, except for 2,3-BD and lactate.
The lower 2,3-BD production was performed in fed-batch fermen-
tation since the pH controlled at 7.0 was unfavorable for 2,3-
butanediol formation. However, the lactate formation was prefer-
able to the pH control condition (pH 7.0) and more reducing
power and substrates (glycerol and HH) flowed to lactate
pathway.

4. Conclusion

HH used as cosubstrate was efficient and economic for 1,3-PD
biosynthesis process. HH added resulted in higher reducing power
and more biomass for 1,3-PD fermentation. With the addition of
HH, maintaining the xylose concentration at 5-8 g/I, 1,3-PD con-
centration, conversion and productivity increased to 71.58 g/l,
0.65 mol/mol, 1.93 g/l/h respectively in fed-batch fermentation,
which were 17.8%, 25.0% and 17.7% higher than that from glycerol
alone. Among the degradation products in HH including individual
sugars and main inhibitors, xylose, mannose and acetate increased
the 1,3-PD production efficiently by 18.0%, 11.6% and 33.8%,
respectively.
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