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Abstract  Glycerol may be converted to 1,3-propanediol (1,3-PD) by Klebsiella pneumoniae under anaerobic 
conditions and glycerol dismutation involves two parallel pathways controlled by the dha regulon. In this study, a 
fourteen-dimensional nonlinear dynamic system is presented to describe the continuous culture and multiplicity 
analysis, in which two regulated negative-feedback mechanisms of repression and enzyme inhibition are investi-
gated. The model describing the expression of gene-mRNA-enzyme-product was established according to the re-
pression of the dha regulon by 3-hydroxypropionaldehy (3-HPA). Comparisons between simulated and experimen-
tal results indicate that the model can be used to describe the production of 1,3-PD under continuous fermentation. 
The new model is translated into the corresponding S-system version. The robustness of this model is discussed by 
using the S-system model and the sensitivity analysis shows that the model is sufficiently robust. The influences of 
initial glycerol concentration and dilution rate on the biosynthesis of 1,3-PD and the stability of the dha regulon 
model are investigated. The intracellular concentrations of glycerol, 1,3-PD, 3-HPA, repressor mRNA, repressor, 
mRNA and protein levels of glycerol dehydratase (GDHt) and 1,3-PD oxydoreductase (PDOR) can be predicted for 
continuous cultivation. The results of simulation and analysis indicate that 3-HPA accumulation will repress the ex-
pression of the dha regulon at the transcriptional level. This model gives new insights into the regulation of glycerol 
metabolism in K. pneumoniae and explain some of the experimental observations.  
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1  INTRODUCTION 

The purpose of systems biology is not to build 
the system from its molecular components, but to 
build subsystems from molecules and the system from 
these subsystems [1]. The current rapid development 
of genomic data has attracted much more attention to 
the regulation of gene expression and its products, 
mRNAs and proteins under biological system [2]. The 
complex mechanisms of genes regulation might lead 
to biodiversity and nonlinear phenomena.  

The bioconversion of glycerol to 1,3-propanediol 
(1,3-PD) has recently received more interest because 
of the industrial utilization of 1,3-PD especially as a 
monomer of polyesters, and polyurethanes [3]. Glyc-
erol is a low-cost renewable resource appearing in 
increasing quantities as the principal by-product from 
fat saponification, alcoholic beverage and bio-diesel 
production facilities [4, 5]. Biodiesel is produced by 
the transesterification of plant seed oils, which yields 
glycerol as the main by-product (about 10% by mass). 
About 50% of the entire cost of the microbial produc-
tion of 1,3-propanediol is due to the price of raw ma-
terials [6]. The economical viability of this process is 
dependent on the price and availability of glycerol. As 
a carbon feedstock for fermentations, glycerol could 
be competitive if its price is not more than US$ 0.3 

per kg [7]. Glycerol utilization for cell growth operates 
through two systems in Klebsiella pneumoniae. In the 
presence of exogenous electron acceptors the dissimi-
lation is governed by the glp regulon. However, under 
anaerobic conditions glycerol dismutation involves 
two parallel pathways regulated by the dha regulon 
where oxidative and reductive pathways are coupled. 
In the oxidative pathway glycerol is oxidized to dihy-
droxyaceton (DHA) by the enzyme glycerol dehydro-
genase (GDH) and this step is coupled to the reducing 
equivalent formation for the reductive pathway. DHA 
is further phosphorylated by two dihydroxyacetone 
kinases, DHAK I and DHAK II, which are ATP and 
PEP-dependent, respectively [8], and then channeled 
into glycolysis. In a coupled reductive pathway, glyc-
erol is converted to 3-hydroxypropionaldehyde (3-HPA) 
by glycerol dehydratase (GDHt). The important in-
termediate is then reduced to 1,3-PD by the enzyme 
1,3-propanediol oxidoreductase (PDOR) and hypo-
thetical oxidoreductase (HOR) in the oxidation of re-
ducing equivalent that is generated by the oxidative 
pathway [9-11].  

Forage and Lin reported that GDHt, PDOR, 
GDH and DHAK I are coordinately expressed and are 
induced by glycerol or dihydroxyacetone [12]. Tong et 
al. showed that the genes for these four enzymes are 
organized as a cluster on the chromosome and called it 
the dha regulon [13]. Subsequently, DHAK II, the new 
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enzyme, is first shown to be related to the dha regulon 
by the comparative genome analysis [8]. DHAK II 
includes the three soluble protein subunits that are 
encoded by the ORFs (open reading frame) dhak1, 
dhak2 and dhak3. The expression of hypothetical 
oxidoreductase (HOR) is 89% identical to the hypo-
thetical oxidoreductase of E. coli (yqhD) induced by 
3-HPA accumulation [10]. It indicates that HOR does 
not belong to the dha regulon.  

Many researchers have tried to use metabolic en-
gineering to improve the production of 1,3-PD [14-16], 
but 1,3-PD production does not increase significantly 
compared to the wild strain. Furthermore, some mathe-
matical models have been established to optimize and 
control the bioconversion of glycerol to 1,3-PD. The 
fermentation of glycerol by K. pneumoniae is a com-
plex bioprocess because cell growth is subjected to 
multiple inhibitions by substrate and products. An ex-
cess kinetic model for substrate consumption and 
product formation has been proposed [17-20]. The 
model improved by Xiu et al. has become more feasi-
ble to describe substrate consumption and product 
formation in a large range of feed glycerol concentra-
tion in the medium [21]. Based on these studies, Sun et 
al. have supposed a structured model, which considers 
the intracellular components (i.e. 1,3-PD, glycerol and 
3-HPA) and enzymes (such as GDHt and PDOR) [22]. 
Moreover, the inhibitory effect of 3-HPA on the activ-
ity of GDHt and PDOR is well characterized [22]. 
Zeng has proposed that a strong feedback inhibition 
and global regulations are involved in the expression 
of genes from the dha regulon [23]. However, the 
global regulation of gene expression is not yet clear. 

In this study, we attempt to obtain more insights 
into the genetic regulation of the dha regulon by es-
tablishing a new model, which includes the expression 
of gene-mRNA-enzyme-product. The robustness of 
the model with respect to the biochemical system is 
examined. The influences of initial glycerol concen-
tration and dilution rate on the biosynthesis of 1,3-PD 
and stability of the dha regulon model are also inves-
tigated. The results may further expand our under-
standing of the global regulation of genetic expression 
of the dha regulon. 

2  MATHEMATICAL MODEL 

The dha regulon is induced by dihydroxyaceton 
(DHA) in the absence of an exogenous acceptor as 
shown in Fig. 1 [2, 8, 10].  

In the reductive pathway of glycerol metabolism, 
the toxic intermediate 3-HPA plays an important role 
and its accumulation would lead to lower rates of sub-
strate consumption and 1,3-PD formation, eventually 
resulting in cessation of growth [10, 24]. The inhibitory 
effects of 3-HPA on the activity of GDH, GDHt and 
PDOR have been investigated [10, 22, 25]. Most of 
these researches focused on the effects of 3-HPA on the 
key enzymes of metabolism, cell growth, substrate con-
sumption and target product formation. The previous 

investigations also indicate that 3-HPA could be in-
hibitory to DNA synthesis because its aldehyde group 
may have a similar effect on DNA as that produced by 
formaldehyde [26, 27]. 

Based on these investigations, we postulate that 
3-HPA accumulation represses the expression of dha 
regulon at the transcriptional level. A mathematical 
mode for the expression of gene-mRNA-enzyme-product 
is established to consider the repression of the dha 
regulon by 3-HPA, which is considered to occur in 
two steps as in the trp operon [28]. As a co-repressor, 
3-HPA first binds to the repressor protein (dhaR) to 
form a holorepressor complex. This complex then 
binds specifically to the dha regulon and prevents the 
movement of RNA polymerase, and thereby blocks 
the transcription of the structural genes. Considering 
the complexity of the oxidative pathway and lack of 
experimental data, the oxidative pathway is conducted 
as a “black box” model.  

2.1  Repression of dha regulon by 3-HPA 

The repression may be considered as multiple-step 
equilibrium reactions according to the trp operon of E. 
coli: 3-HPA first binds to a free repressor (R) to form a 
product-repressor complex, (3-HPA)nR (holorepres-
sor). The repressor may have n binding sites. Subse-
quently, the holorepressor binds to an operator (O) to 
form a holorepressor-operator complex (3-HPA)nRO. 
The first reaction is the limiting step while the other 
steps are rapid. Formation of the complex can be for-
mulated as follows:  
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The concentrations of holorepressor and free op-
erator at equilibrium can be derived according to the 
Scatchard equation as follows: 
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where [O], [Ot] and Rt are concentrations of free op-
erator, total operator and repressor, respectively, 
[(3-HPA)nR] is the concentration of holorepressor, n 
represents the binding sites, Kd and K0 are the disso-
ciation constants of holorepressor and holorepres-
sor-operator, respectively.  
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2.2  Kinetics of repressor inhibited by 3-HPA 

DhaR, encoded by gene dhaR in the dha regulon, 
shows a high degree of similarity to the AAA+ (AT-
Pases associated with various cellular activities) fam-
ily of enhancer binding proteins [27]. Previous inves-
tigations have indicated that dhaR is an activator for 
transcription factor, and it is induced by the expression 
of DHAK in E. coli and GDH in C. freundii [27, 29, 30]. 
Zheng et al. over-expressed the gene of dhaR from 
Klebsiella pneumoniae in a plasmid, resulting in in-
creased expression of 1,3-propanediol oxidoreductase, 
indicating that dhaR acts as a positive regulator for 
gene dhaT [27]. Furthermore, GDHt and PDOR have 

been over-expressed separately or together in Kleb-
siella pneumoniae to investigate their effects on glyc-
erol fermentation. Unfortunately, the excessive expres-
sion of GDHt and PDOR is not favorable for increas-
ing the production of 1,3-PD via glycerol fermentation 
by K. pneumoniae. Instead, this leads to serious im-
pairment of cell growth and instability of plasmids, 
probably due to the accumulation of 3-HPA [27]. 

The equations governing the repressor are for-
mulated as follows. This process consists of the tran-
scription of dhaR to yield mRNA (MR), followed by 
the translation of the mRNA to form the repressor (R): 

( )R R

R
D R

d
[O]

d M M
M

K G k M
t

μ= − +       (3) 

 
Figure 1  Main pathway of 1,3-propanediol biosynthesis in K. pneumoniae 
(the regulatory and structural genes involved in the regulations of the dha regulon [2, 8, 10]) 
GDH—glycerol dehydrogenase; GDHt—glycerol dehydratase; DHAK I—dihydroxyacetone kinases (ATP dependent); DHAK II—
dihydroxyacetone kinases (PEP dependent); PDOR—1,3-propanediol oxidoreductase; HOR—hypothetical oxidoreductase; PDH—
pyruvate dehydrogenase; PFL—pyruvate format lyase; DHA—dihydroxyacetone; DHAP—dihydroxyacetone phosphate; PEP—
phosphoenolpyruvate; Pyr — pyruvate; HAc — acetate; EtOH — ethanol; 3-HPA — 3-hydroxypropionaldehyde; 1,3-PD —
1,3-propanediol; RP—regulatory protein 
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( )R R R 1
d [(3 - HPA) R]
d n
R K M k R k
t

μ −= − + −   (4) 

where MR and R represent the concentrations of 
mRNA coding repressor and free repressor, respec-
tively; GD is the gene dosage; 

RMK  and KR are the 
rate constants for the formation of the species denoted 
by the subscripts; 

RMk  and kR are the degradation 

rates of MR and R; and μ is the specific growth rate of 
cells. The third term on the right-hand side of Eq. (4) 
denotes the decrease in repressor concentration caused 
by 3-HPA bound to the free repressor. 

2.3  Kinetics of the two key enzymes GDHt and 
PDOR inhibited by 3-HPA 

Transcription of the dha regulon yields mRNAs 
of GDHt and PDOR, which are then translated into 
the corresponding enzymes (GDHt and PDOR). We 
postulate that the formation of mRNAs and enzymes 
belongs to the first order kinetics. The degradations of 
mRNAs and enzymes and the dilution effect due to 
cell growth are considered. The equations governing 
the levels of mRNAs and protein synthesis for GDHt 
and PDOR are formulated as follows: 
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where MGDHt and MPDOR are the mRNA concentrations 
denoted by the subscripts; [GDHt] and [PDOR] rep-
resent the enzyme concentrations of GDHt and PDOR, 
respectively; GDHt

mK  and PDOR
mK  are the rate constants 

for the formation of GDHt mRNA and PDOR mRNA, 
respectively, whereas GDHtK  and PDORK  are the rate 
constants for formation of GDHt and PDOR, respec-
tively; mGDHt

dk  and mPDOR
dk  represent the rate constants 

for the degradation of GDHt mRNA and PDOR mRNA, 
respectively, and GDHt

dk  and PDOR
dk  represent the rate 

constants for the degradation of GDHt and PDOR, 
respectively. 

For convenience, by defining 
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we rewrite Eqs. (3)-(8) in the following form 
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(9) 

2.4  Total kinetic model of dha regulon repressed 
by 3-HPA 

In our previous work [22], a mathematical model 
was set up to describe the continuous and batch fer-
mentations of glycerol by K. pneumoniae. The en-
zyme-catalytic kinetics on the reductive pathway, the 
transport of glycerol and diffusion of 1,3-PD across 
cell membrane, and the inhibition of GDHt and PDOR 
by 3-HPA were well investigated. The model can be 
used to describe the consumption rate of substrate and 
the formation rates of biomass and main products. The 
intracellular concentrations of glycerol, 1,3-PD and 
3-HPA can be predicted for continuous and batch cul-
tures. The analysis indicated that 3-HPA inhibits the 
activity of PDOR more than that of GDHt. Based on 
our previous investigation, a new mathematical model 
involving gene regulation for the dha regulon and en-
zyme catabolism of glycerol bioconversion is obtained. 
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Equation (19) describes the change of intracellu-
lar 3-HPA concentration as a function of time. The 
first and second terms on the right-hand side of Eq. 
(19) express the production of 3-HPA catalyzed by 
GDHt and consumption of 3-HPA catalyzed by PDOR, 
respectively. Inhibition of GDHt and PDOR activities 
by 3-HPA is also considered. The third term represents 
the dilution effect on the intracellular concentration of 
3-HPA. The last term indicates the demand of 3-HPA 
bound to the aporepressor. Other equations have been 
investigated in previous work [18-22]. The kinetic pa-
rameters chosen from the literature for Eqs. (10)-(26) 
are listed in Table 1. 

2.5  Methods of simulation 

The kinetic parameters in Eqs. (10)-(26) are de-
termined by the method of multidimensional con-
strained nonlinear minimization supplied in the soft-
ware MATLAB based on 58 groups of experimental 
data [18-21, 31].  

The techniques of multiplicity simulation are de-
veloped from the software Mathematica. For continu-
ous fermentation, the steady state solutions is obtained 
at a given set of concentration and dilution rate for the 
feed substrate by substituting the left hand sides of 
Eqs. (10)-(23) with zero. Gröbner Basis method sup-
plied in the software Mathematica is used. 

3  RESULTS AND DISCUSSION 

3.1  Determination of parameters in Eqs. (10)-(26) 

The kinetic parameters in Eqs. (10)-(26) are de-
termined by comparing the computational values with 
the reported experimental extracellular concentrations 
of 1,3-PD [18-21, 31]. The average relative error of the 
computational values to the experimental extracellular 
concentrations of 1,3-PD is chosen as an objective 
function. The average relative error is 11.75% as 
shown in Fig. 2.  

3.2  Translation of original model to S-system and 
analysis of robustness  

S-system model is set up according to the proposed 
mathematical model [33, 34]. The robustness analysis 
is developed according to the S-system. The transition 
from the mathematical model to the numerical 
S-system model requires the determination of 28 rate 
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constants (14 pi and 14 qi), as well as 134 kinetic or-
ders (58 gi,j and 76 hi,j) under the steady state of dilu-
tion rate of 0.1 h−1 and initial glycerol concentration of 
164 mmol⋅L−1. The values of these parameters are es-
timated by the method reported in literature [33, 34]. 
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Table 1  Kinetic parameters for Eqs. (10)-(26) associated with the dha regulon and 1,3-PD biosynthesis in K. pneumoniae 

Parameters Reported value References Parameters Reported value References 

Vs 0.151 L·g−1 [22] m
sY  0.0082 g⋅mmol−1 [21] 

Jmax 54.664 mmol⋅g−1·h−1 [22] m
1,3-PDY  67.69 g⋅mmol−1 [21] 

Km 1.340 mmol⋅L−1 [22] m
HAcY  33.07 g⋅mmol−1 [21] 

As 1.896×10−4 g⋅L−1⋅h−1 [22] m
EtOHY  11.66 g⋅mmol−1 [21] 

GDHt
iK  220.319 mmol⋅L−1 [22] m

sqΔ  28.58 mmol⋅g−1⋅h−1 [21] 
PDOR
iK  0.418 mmol⋅L−1 [22] m

1,3-PDqΔ  26.59 mmol⋅g−1⋅h−1 [21] 

KPD 25.177 h−1 [22] m
HAcqΔ  5.74 mmol⋅g−1⋅h−1 [21] 

ms 2.20 mmol⋅g−1⋅h−1 [21] m
EtOHqΔ  — [21] 

m1,3-PD −2.69 mmol⋅g−1⋅h−1 [21] *
sK  11.4 3mmol⋅L−1 [21] 

mHAc −0.97 mmol⋅g−1⋅h−1 [21] *
1,3-PDK  15.50 mmol⋅L−1 [21] 

mEtOH 5.26 mmol⋅g−1⋅h−1 [21] *
HAcK  85.71 mmol⋅L−1 [21] 

μm 0.67 h−1 [32] *
EtOHK  — [21] 

Ks 0.28 mmol⋅L−1 [32] *
seC  2039 mmol⋅L−1 [32] 

*
1,3-PDC  939.5 mmol⋅L−1 [32] *

HAcC  1026 mmol⋅L−1 [32] 
*
EtOHC  360.9 mmol⋅L−1 [32]    

Table 2  Computational results of the parameters in Eqs. (10)-(26) 

Kd/mmol⋅L−1 kR/h−1 RMk /h−1 GDHt
dk /h−1 Kθ/mmol⋅L−1⋅h−2 k−1/h−1 k1/h−1 n 

917.9722 1.1305×105 0.1096 12.7837 0.2004 79.9150 36.3625 2.0421 
mGDHt
dk /h−1 mPDOR

dk /h−1 m
GDHtK /h−1 m

PDORK /h−1 Rt/mmol·L−1 PDOR
dk /h−1 k2/h−1 r 

1.5462 11.4334 10.8083 24.1030 1.48×10−5 20.2310 42.5261 13.1567 

 

 
Figure 2  Comparison between experimental and calcu-
lated concentrations for 1,3-PD  
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(27) 
Local stability is confirmed by examining the ei-

genvalues of the local representation of the system at 
its steady state. The real parts of all eigenvalues are 
negative, indicating that the nominal steady state is 
locally stable and that the system would return to this 
steady state following small perturbations. 

Robustness describes how deeply the system 
would suffer as a result of small perturbations. Rate 
constant sensitivities are the influences of small changes 
in rate constants on the metabolites and fluxes of system. 
The sensitivities for metabolite concentrations are 

presented in Fig. 3 (a). Of the total 98 rate constant 
sensitivities, 86 (87.8%) have values below 1, implying 
that the response to a perturbation in a rate constant 
would be attenuated in most parts of the system. 12 
(12.2%) have values higher than 1, indicating that pa-
rameter change has little influence on the S-system 
model.  

Kinetic order sensitivities are the influences of 
small changes in kinetic order parameters on metabo-
lites and fluxes of system. The influence of the kinetic 
orders on the concentrations of metabolites is shown 
in Fig. 3 (b). The analysis indicates that of the 1876 
kinetic order sensitivities, 1758 (93.7%) are below   
1, 116 (6.2%) are between 1 and 10, and only 2 (0.1%) 
are a little larger than 10.  

Effects of alterations on independent variables 
are quantified by logarithmic gains. Logarithmic gains 
with respect to metabolite concentrations are depicted 
in Fig. 3 (c). Of the 350 logarithmic gains, 341 (97.4%) 
are below 1 and 9 (2.6%) are little larger than 1. Large 
influences occur for dilution rate (D) and initial glyc-
erol concentration (Cso) on the intracellular concentra-
tion of 1,3-propanediol. Therefore, the two variables 
may be good candidates for manipulating and opti-
mizing the production of 1,3-PD. 

The influences of small changes in the parame-
ters listed in Table 2 on metabolite concentrations of 
the system are also presented in Fig. 3 (c). Of the total 
224 parameters sensitivities, 219 (97.8%) are below 1 
and 5 (2.2%) are a little higher than 1, indicating that 
changes in parameters have little influence on the 
S-system model and the parameters selected in Table 2 
are reasonable.  

3.3  Simulation of continuous cultures and multi-
plicity analysis  

Figure 4 shows the steady state of biomass, concen-
trations of extracellular residual glycerol, extracellular 
1,3-PD, acetate, and ethanol as a function of substrate 
concentration (Cso) in the feed medium at constant 
dilution rate (D = 0.1 h−1). The multiplicity appears 
between two regions. One is between Cso = 1144 
mmol⋅L−1 and 1274 mmol⋅L−1, in which there exist 
three steady-state solutions of the system equations. 
Another multiplicity with two steady-state solutions 
appears between Cso = 1735 mmol⋅L−1 and 1986 
mmol⋅L−1. Initial glycerol concentration over 1735 
mmol·L−1 indicates that growth inhibition by exces-
sive substrate is obvious and not benefit for 1,3-PD 
formation in actual production.  

It was reported that the fermentation of glycerol 
by K. pneumoniae was a complex bioprocess since the 
microbial growth was subjected to multiple inhibitions 
of substrate and products, e.g. glycerol, acetate, ethanol 
and 1,3-PD [32]. Under substrate-excess conditions, 
the kinetics of substrate consumption and product for-
mation behaved metabolic overflow. The metabolic 
overflow of product and its inhibition on cell growth 
led to nonlinear phenomena [18, 20, 31, 35-37]. In addition, 
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(a) Sensitivities of metabolite concentrations with respect to changes in rate constants 

 
(b) Sensitivities of metabolite concentrations with respect to changes in kinetic orders 

 
(c) Logarithmic gains of metabolites with respect to changes in independent variables 

Figure 3  Robustness analysis of the dha-regulon model 
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the metabolic overflow could lead to high concentration 
and productivity of product. However, the concentration 
of residual glycerol during fermentation process must 
be high under this condition, which raises considerable 
problem in the separation process because of similar 
physical and chemical properties of glycerol and 
1,3-PD [38]. Xiu et al. discussed the multiplicity and 
stability of a three-dimensional dynamic system [36]. 
Analysis showed that the combined effects of product 
inhibition and enhanced formation rate of product un-
der excessive substrate concentrations caused the mul-
tiplicity and hysteresis. However, growth inhibition by 
substrate and enhanced substrate uptake appeared not 
to be necessary conditions to multiplicity formation. 
Based on Xiu et al.’s research [36], time delay was 
introduced to this system and Hopf bifurcation was 
obtained [39]. Subsequently, the existence of equilib-
rium points of five-dimensional nonlinear dynamic 
system was examined, which indicated the upper 
boundary of dilution rate decreased as substrate con-
centration in feed increased [40]. The inhibition poten-
tials of substrate and products on the growth of Clos-
tridium butyricum were also well investigated [32]. 
Subsequently, growth inhibition of Clostridium bu-
tyricum VPI 3266 by raw glycerol, obtained from the 
biodiesel production process, was examined. The 
strain presented the same tolerance to raw and to 
commercial glycerol under similar grade [7]. Under 
continuous culture, increase of inlet glycerol concen-
tration resulted in somehow decreased biomass yield 
at steady-state conditions [5]. 

The experimental results of biomass, substrate 
and main products under continuous cultures at dif-
ferent initial glycerol concentrations and dilution rate 
of 0.1 h−1 by K. pneumonia are also depicted in Fig. 4. 
The simulation of microbial growth, substrate con-
sumption and main product formation fit well with 
experimental results according to our fourteen-   
dimensional dynamic system. It was reported that K. 
pneumoniae was able to produce about 460-638 
mmol⋅L−1 of 1,3-PD under continuous culture at dilu-
tion rates between 0.1 and 0.25 h−1. In most of the 
cases, the observed molar yield of 1,3-PD to glycerol 
was between 0.35 and 0.65 mol·mol−1 [9, 41, 42]. Ac-
cording to previous stoichiometric analysis, the 
maximum theoretical yield of 1,3-PD from glycerol 
was 0.85 mol·mol−1 under micro-aerobic conditions 
and 0.72 mol·mol−1 under anaerobic conditions [43]. 
Moreover, in order to further reduce production cost, 
crude glycerol, as principal by-product from fat 
saponification, alcoholic beverage manufacture and 
biodiesel production units, are used for microbial 
production of 1,3-PD in industry [4, 5]. In fed-batch 
cultures of K. pneumoniae, the final 1,3-PD concen-
tration (697 mmol⋅L−1) obtained with glycerol derived 
from lipase-catalyzed methanolysis of soybean oil is 
comparable to that obtained with crude glycerol from 
alkali-catalyzed process (675 mmol⋅L−1) [4]. The effect 
of inlet glycerol concentration and dilution rate on 
growth and 1,3-PD production by C. butyricum strains 
was investigated using raw glycerol as a substrate [7, 44]. 
At dilution rate of 0.3 h−1, about 394 mmol⋅L−1 of 

          
(a) Biomass                                  (b) Residual glycerol concentration 

          
(c) 1,3-PD concentration                                (d) Acetate concentration 

 
(e) Ethanol concentration 

Figure 4  Comparison of biomass, substrate and product concentrations between experimental and simulated results at 
D = 0.1 h−1 but varied substrate feed concentrations in continuous cultures 
▲ experimental;  simulation 
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1,3-PD from 652 mmol⋅L−1 of feed glycerol was ob-
tained under continuous culture. Significantly high 
1,3-PD concentrations about 580-640 mmol⋅L−1 was 
achieved at low dilution rates according to other stud-
ies [5, 44]. In contrast, González-Pajuelo et al. reported 
that 1,3-PD yield (around 0.65 mol·mol−1) remained 
practically constant irrespective of feed substrate con-
centration or dilution rate [7].  

The volumetric productivities of 1,3-PD at vari-
ous dilution rates and initial glycerol concentrations in 
continuous cultures are shown in Fig. 5. Robustness 
analysis in Section 3.2 indicates dilution rate (D) and 
initial glycerol concentration (Cso) may be good can-
didates as manipulating and optimizing variables for 
1,3-PD production. For continuous fermentation by K. 
pneumoniae, optimum glycerol concentration and di-
lution rate were 731 mmol⋅L−1 and 0.29 h−1, respectively. 
The corresponding productivity was 114 mmol⋅L−1⋅h−1 
[38]. The maximum 1,3-propanediol volumetric produc-
tivity could be obtained at about 72.4 mmol⋅L−1⋅h−1 
when a dilution rate of 0.29 h−1 and a feed glycerol 
concentration of 978 mmol⋅L−1 were used for C. bu-
tyricum strains [44]. The highest reported value of 
1,3-PD volumetric productivity, 135.5 mmol⋅L−1⋅h−1, 
was achieved at dilution rate of 0.30 h−1 and feed 
glycerol concentration of 652 mmol⋅L−1 using C. bu-
tyricum VPI 3266 strain [45].  

 
Figure 5  Volumetric productivities of 1,3-PD at various 
dilution rates and initial glycerol concentrations for con-
tinuous cultures  

Figures 6-8 show the computational results for 
intracellular residual glycerol, 3-HPA and 1,3-PD 
concentrations at different initial glycerol concentra-
tions and dilution rates in continuous cultures with K. 
pneumoniae as the fermenting bacteria. Intracellular 
residual glycerol concentration remains very low 
when the initial glycerol concentration is less than 
1100 mmol⋅L−1 at fixed dilution rate of 0.1 h−1, but 
will increase as the initial glycerol concentration in-
creases. When the dilution rate is increased, residual 
glycerol concentration increases obviously since the 
fixed initial glycerol concentration is not benefit to 
1,3-PD production. Intracellular 1,3-PD concentration 
initially increases but tends to decrease with the in-
creases of feed glycerol concentration at a fixed dilu-
tion rate, while intracellular 3-HPA concentration in-
creases rapidly with initial glycerol concentration and 

then appears constant when the initial glycerol con-
centration reaches some values at a fixed dilution rate. 
The above results are in accordance with the previous 
research [22]. The accumulation of 3-HPA during the 
fermentation of glycerol to 1,3-PD was first demon-
strated for E. agglomerans at high initial glycerol 
concentration [25]. It was reported that the final 3-HPA 
concentration could reach 30 mmol⋅L−1 at an initial 
glycerol concentration up to 725 mmol⋅L−1 when 

 
Figure 6  Computational results of intracellular residual 
glycerol concentrations at various dilution rates and initial 
glycerol concentrations for continuous cultures of K. pneu-
moniae 

 
Figure 7  Computational results of intracellular 3-HPA 
concentrations at various dilution rates and initial glycerol 
concentrations for continuous cultures of K. pneumoniae 

 
Figure 8  Computational results of intracellular 1,3-PD 
concentrations at various dilution rates and initial glycerol 
concentrations for continuous cultures of K. pneumoniae 
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3-HPA was added during the exponential growth 
phase of batch cultures. The lower the pH, the earlier 
3-HPA accumulated [24, 25]. Moreover, at dilution rate 
of 0.30 h−1 and feed glycerol concentration of 60 g⋅L−1, 
3-HPA accumulation was observed for the first time in 
the broth of C. butyricum culture [46]. According to 
previous models that consider the enzyme-catalyzed 
reductive pathway only, 3-HPA could accumulate 
during the fermentation process to a maximum con-
centration of 275 mmol⋅L−1 at dilution rate of 0.1 h−1 
[22]. However, in our present models in which two 
regulated negative-feedback mechanisms of repression 
and enzyme inhibition are incorporated, 3-HPA accu-
mulation is reduced to a maximum concentration of 
87 mmol⋅L−1 at the same dilution rate while initial 
glycerol concentration is changed from 150 to 1550 
mmol⋅L−1. The latter is closer to experimental results, 
indicating that two regulated negative-feedback mecha-
nisms of 3-HPA are more appropriate for the dha regu-
lon. 3-HPA accumulation was also observed for en-
terobacterial species, i.e. K. pneumoniae, Citrobacter 
freundii and Enterobacter agglomerans, where growth 
cessation and low product formation were evident  
[24, 25, 47]. The inhibition of GDH, GDHt and PDOR 
activities by 3-HPA was also investigated [10, 24, 25]. 
The mathematical model that considers the inhibitory 
effects of 3-HPA on activity of GDHt and PDOR 
showed that 3-HPA inhibits PDOR more than GDHt 
[22]. Thus the tolerance to the inhibition of 3-HPA 
should be strengthened. 

Figure 9 shows that the computational results for 
the intracellular level of GDHt at various dilution rates 
and initial glycerol concentrations in continuous cul-
tures of K. pneumoniae. The influences of dilution rate 
and initial glycerol concentration on the intracellular 
level of repressor mRNA, repressor, and GDHt and 
PDOR and their corresponding mRNAs are similar. 
Therefore, only the result for GDHt is shown as a 
representative. The levels of these substances decrease 
as the initial glycerol concentration increases at a 
fixed dilution rate. This indicates that 3-HPA accumu-
lation is connected to the posttranslational decrease of 
the concentrations of the key enzymes in the reductive 
pathway of glycerol metabolism. At dilution rate of 

0.1 h−1 and increasing initial glycerol concentration, 
3-HPA accumulates quickly until the initial glycerol 
concentration reaches about 1100 mmol⋅L−1. During 
this period, concentrations of repressor and key en-
zymes all decrease due to the toxicity from 3-HPA 
accumulation. Previous work has suggested that the 
3-HPA toxicity could inhibit DNA synthesis [26]. It 
has been postulated that the reactivity of the aldehyde 
group of 3-HPA causes DNA damage similar to that 
exerted by formaldehyde [26]. Furthermore, other re-
searches have indicated that accumulation of 3-HPA is 
associated with the instability of the plasmid bearing 
the dhaB genes [27]. These facts reveal that 3-HPA 
accumulation may repress the expression of the dha 
regulon to some extent at the transcriptional level.  

Experimental studies have showed that the spe-
cific activities of GDHt and PDOR in vitro depend not 
only on cell growth, but also on the residual glycerol 
concentration in the bioreactor by K. pneumoniae [48]. 
Kinetic and pathway analysis suggest that GDHt is a 
major rate-limiting enzyme for the consumption of 
glycerol and for the formation of 1,3-PD by K. pneu-
moniae and C. butyricum [48, 49]. The specific activity 
of GDHt and PDOR are much lower compared with 
the specific activity of GDH. However, in the case of 
K. pneumoniae, the specific activities of these three 
enzymes show similar trends with respect to the effect 
of residual glycerol concentration and dilution rate [8]. 
As for C. butyricum, significant specific activity of 
PDOR (0.4 μmol⋅min−1⋅mg−1) and high levels of in-
tracellular NADH were detected after a step change in 
dilution rate from 0.08 h−1 to 0.30 h−1 at glycerol feed 
concentration of 434 mmol⋅L−1 [49]. 

As indicated by the pathway of glycerol metabo-
lism, PDOR catalyzes a reversible reaction. Ahrens et 
al. reported that the physiological forward reaction 
rate is four times the reverse reaction [48]. In a recent 
proteomic study, a hypothetical oxidoreductase (HOR) 
is identified in the later phase of fermentation by K. 
pneumoniae, which has 89% identity with the hypo-
thetical oxidoreductase of E. coli (yqhD) that is induced 
by 3-HPA accumulation [50]. HOR is hypothesized to 
catalyze 3-HPA to 1,3-PD (replacing the function of 
PDOR), but with a much lower reverse step and there-
fore leads to less accumulation of 3-HPA. The produc-
tion of 1,3-PD by modified strains [14-16] did not in-
crease significantly compared to the production by 
wild-type strain. For example, GDHt and PDOR from 
K. pneumoniae were overexpressed in E. coli and 6.3 
g·L−1 of 1,3-PD was obtained under fed-batch culture 
using glucose and glycerol as co-substrates [13, 51]. 
However, with the less extent of HOR to catalyze for 
the conversion of 1,3-PD back to 3-HPA, it may be more 
appropriate to overexpressed HOR (rather than PDOR) 
to drive the accumulated 3-HPA toward 1,3-PD for-
mation, and thereby alleviating its toxicity to the cell. 

4  CONCLUSIONS 

In this study, an expanded mathematical model 

 
Figure 9  Computational results of intracellular GDHt 
levels at various dilution rates and initial glycerol concen-
trations for continuous cultures of K. pneumoniae 



Chin. J. Chem. Eng., Vol. 20, No. 5, October 2012 969

was developed to describe the dha regulon of glycerol 
metabolism. Based on two regulated negative-feedback 
mechanisms of repression and enzyme inhibition, the 
expression of gene-mRNA-enzyme-product was in-
vestigated in details. The repressor and the two key 
enzymes, GDHt and PDOR, were all taken into ac-
count according to the repression of the dha regulon 
by 3-HPA. The transition from the mathematical model 
to the numerical S-system model was used to discuss 
the model robustness. The sensitivity analysis shows 
that the model is sufficiently robust. Moreover, multi-
plicity analysis for continuous cultures is developed, 
and its application to the regulation of the dha regulon 
reveals two regions of multiplicity. The range pre-
dicted for the occurrence of multiplicity agrees well 
with the experimental observations for the culture of K. 
pneumoniae grown on glycerol. The intracellular 
concentrations of glycerol, 1,3-PD, 3-HPA, repressor 
mRNA level, repressor level, and the enzymes of 
GDHt and PDOR and their mRNA level can be pre-
dicted for continuous cultures. The results of simula-
tion and analysis indicate that the accumulation of 
intermediate 3-HPA will repress the expression of the 
dha regulon at transcriptional level. The strain pre-
senting tolerance to the inhibition by 3-HPA should be 
strengthened and HOR should be overexpressed to 
accelerate the reversion of toxic accumulation of 
3-HPA by re-directing it to the formation of 1,3-PD. 
This model gives new insights into the regulation of 
glycerol metabolism in K. pneumoniae and explains 
some experimental observations.  
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NOMENCLATURE 

B surface area of per biomass, mm2·g−1 
CEtOH extracellular ethanol concentration, mmol⋅L−1 
CHAc extracellular acetate concentration, mmol⋅L−1 
CPDi, CPDe intracellular and extracellular 1,3-propanediol concen-

trations, mmol⋅L−1 
Cso, Cse, Csi substrate (glycerol) concentration in feed medium, ex-

tracellular and intracellular glycerol concentration in 
reactor, mmol·L−1 

*
piC  maximum product concentration (pi = 1, 3-PD, EtOH 

and HAc), mmol·L−1 
*
seC  maximum residual substrate concentration, mmol⋅L−1 

C3-HPA intracellular 3-hydroxypropionaldehyde concentration, 
mmol·L−1 

D dilution rate, h−1 
Df diffusion coefficient of glycerol, L⋅mm−1⋅h−1 
Jmax maximum specific transport rate of substrate, mmol⋅g−1⋅h−1 
Km Michaelis-Menten constant of glycerol permease, mmol⋅L−1 
KmGDHt, KmPDOR Michealis-Menten constant of enzymes of GDHt and 

PDOR, mmol⋅L−1 
KPD diffusion coefficient for 1,3-PD of K. pneumoniae, h−1 

Ks Monod saturation constant for substrate, mmol⋅L−1 
GDHt
iK , PDOR

iK  inhibitor constant for 3-HPA to enzyme of GDHt and 
PDOR, mmol⋅L−1 

*
sK , *

piK  saturation constants for substrate and product in kinetic 
equations with excess terms (pi = 1,3-PD, EtOH and 
HAc), mmol·L−1 

k1, k2 catalyze coefficient of GDHt for glycerol and PDOR for 
3-HPA, h−1 

ms, mpi maintenance term of substrate consumption and product 
formation under substrate-limited conditions (pi = 1,3-PD, 
EtOH and HAc), mmol·g−1·h−1 

qs, qpi specific rates of substrate uptake and product formation 
(pi = 1,3-PD, EtOH and HAc), mmol·g−1·h−1 

m
sqΔ , m

piqΔ  maximum increment of substrate consumption rate and 
product formation rate under substrate-sufficient condi-
tions (pi = 1,3-PD, EtOH and HAc), mmol·g−1·h−1 

t time, h 
Vs specific intracellular volume in L·g−1 biomass 
X biomass concentration, g·L−1 

m
piY  product yield (pi = 1,3-PD, EtOH and HAc), mmol·g−1 
m

sY  maximum growth yield, g·mmol−1 
δ cell membrane thickness, mm 
μ, μm specific and maximum specific growth rate, h−1 
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