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Experimental design for |,3-propanediol
biosynthesis by K. Pneumoniae GLC29 using glycerol

Abstract

Biodiesel glycerol can be used for the production of 1,3-propanediol by bacteria. In
this study on the production of 1,3-propanediol by Klebsiella pneumoniae GLC29 was
possible to optimize media culture the production of 1,3-propanediol using statistical
experimental design techniques and response surface methodology, where 11 variables
were tested and only 5 were found significant (glycerol, yeast extract, ammonium
sulfate, vitamin B12 and fumarate). Subsequently, production of 1,3-propanediol
was verified in 0,75 liter reactors, both in batch and exponential fed-batch. It was
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possible to achieve 23.6g/1 of 1,3-propanediol in batch cultures using pure glycerol,

27g/1 of 1,3-propanediol in batch cultures using biodiesel glycerol, and 29.9g/l of
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Introduction

Most of the energy consumed in the world comes from fossil
fuels such as petrol, coal and natural gas. It is almost unanimous
in the literature that these sources are limited and it is expected its
exhaustion in the future. Nevertheless, there is a continued growth in
consumption, at an average rate of 3% per year worldwide since 1985.
However oil reserves commercially exploitable grow at lower rates
than consumption.!

Search for alternative sources have been studied worldwide. In this
context, biofuels are an alternative to replace oil-based fuels, and the
use of biomass for production a promising alternative, as its demand
is growing rapidly.? Studies already show that the use of biomass for
energy purposes has a increasing participation into the world energy
matrix, and by the year 2050, the use of available biomass is expected
to double worldwide.?

The use of vegetable oils for the biodiesel production generates 1kg
of byproduct glycerol for each 10kg of biodiesel obtained.**> Glycerol
conversion to other molecules is a challenge and an alternative to reduce
the costs from biodiesel production.® However, new applications are
being studied for large volumes of biodiesel glycerol, since it can’t be
used in food and cosmetics industries without a cleaning and refining
process.” Glycerol may be used as carbon source in bioprocesses, and
several species among the genera Clostridium, Citrobacter, Klebsiella
and Pseudomonas>™'* are being studied for the biotransformation of
glycerol from biodiesel to specialty chemicals. One promising solution
is the use of biodiesel glycerol to produce 1,3-propanediol (1,3-PDO)
by Klebsiella pneumoniae and Clostridium butyricum.'*'> 1,3-PDO
is known for over 100 years, and its industrial scale production was

done by two chemical processes, both produced toxic intermediates,
and required reduction step under high hydrogen pressure and
expensive catalysts.!®!7 It is widely used for production of polymers,
like Polytrimethylene terephthalate (PTT), which is known for its
elastic properties, widely used in the manufacture of resins, adhesives,
aqueous inks, laminates, coatings, moldings, aliphatic polyesters and
antifreeze. 1,3 PDO also can be used in same applications such as
ethylene glycol, propylene glycol, 1,3-butanediol and 1,4-butanediol
are used. Moreover, as the production of polyethylene (PET) and
PTT are analogous processes, it is possible to convert PET industrial
plants to production of PTT, costing about 10-20% from the total
amount of building a new industry. PTT has the same resistance from
PET, and the advantage of having a more rapid crystallization, lower
melting point and lower molding temperature.'* With a wide variety
of applications, it’s estimated that in 2020, there will be a potential
market of 230 000 tons per year of 1,3-PDO.’

Fermentative glycerol metabolism can produce
various biochemicals, such as 1,2-propanediol (1,2-PDO),
3-hydroxypropionic acid, lactate, succinate, polyhydroxyalkanoates
(PHAs), L-phenylalanine, but also biofuels, such as ethanol and
hydrogen.” Several studies with Klebsiella pneumoniae, Citrobacter
freundii, Clostridium butyricum and C. acetobutilicum, shown
they are able to convert the residual glycerol from biodiesel to
1,3-PDO anacrobically. C. butyricum is capable of producing
dihydroxyacetone, ethanol, acetate, and butyrate.® The global market
for bioenergy and biochemicals from biomass is estimated to reach
150 billion dollars by 2050. Similarly the bio refinery market is
expanding rapidly. For example, 3-hydroxypropionic acid (3-HPA)
is the 3rd biochemical among the top 12 high value-added products
ranked by the US Department of Energy, and it can be produced from
biomass," including glycerol using part of Klebsiella pneumoniae
enzyme machinery. The global market for 3-HPA was estimated to be
3.63 million tons per year.

New naturally occurring bacterial strains and species able to
produce 1,3-PDO continue to be discovered like lactic acid bacteria,
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new species of Clostridia and even a thermophile, Caloramator
viterbensis, which might have an interesting heat tolerant enzyme
machinery for 1,3-PDO biosynthesis. For a large number of bacteria,
including Citrobacter, Clostridium, Enterobacter, Klebsiella, and
some Lactobacillus species, a consequence of anaerobic growth on
glycerol is the generation of excessive reducers in the form of NADH.
The regeneration of NAD requires the formation of a byproduct to
serve as an electron sink. Enzymatic pathways for oxidation and
reduction of glycerol were incorporated and used when glycerol is
present and alternative carbon sources such as glucose are absent.?

The production of 1,3-propanediol is connected to an oxidative
process of glycerol. Glycerol enters the cell by glpF (glycerol facilitated
transport), or by diffusion.'® When it enters the cell, it can follow two
routes. At the first, suffers oxidative dehydrogenation by a NAD+
dependent glycerol dehydrogenase, becoming dihydroxyacetone
(DHA). DHA is next phosphorylated to dihydroxyacetone phosphate
by an ATP-dependent DHA kinase.>?! Through the parallel process,
glycerol is dehydrated to form 3-hydroxypropionaldehyde (3-
HPA) by glycerol dehydratase (EC 4.2.1.30), in K. pneumoniae
case, B12-dependent, composed of 3 peptides, encoded by dhaBl,
dhaB2, and dhaB3. Then, 3-HPA is reduced to 1,3-PDO by 1,3-PDO
oxidoreductase (EC 1.1.1.202) linked to NADH.®

In K. pneumoniae, the overall reductive reaction rate is limited,
firstly because this reaction is mediated by cyanocobalamin (vitamin
B12). Furthermore, there may happen substrate inhibition, with
an irreversible binding of cobalamin with the enzyme to form
alkylcobalamines. However, reactivation factors, encoded by genes
gdrA and gdrB (or dhaF and dhaG), swap the inactivated cobalamin
for a new molecule of vitamin B12, requiring the presence of
magnesium ions (Mg?") and with consumption of 1 ATP. The resultant
Apo enzyme rebinds coenzyme B12, and glycerol conversion to
3-HPA resumes.

Traditional techniques for multivariate optimization systems are
not only time consuming but also don’t show interactions among
the factors tested. They require a large number of experiments to
determine optimal points, which are usually not reproducible or
statistically significant. Design of experiments (DoE) is an alternative
to improve processes and to investigate correlations and synergistic
or antagonistic interactions between factors tested collectively,
minimizing the number of experiments, and it is possible to analyze
the results using a response surface method.'>?

The objective of this work was to optimize production of
1,3-propanediol media culture of a new strain of Klebsiella
pneumoniae GLC29 isolated by Da Silva et al.?

Material and methods
Strain studied and maintenance of isolates

The microorganism K. pneumoniae CLG29 was previously
isolated by Da Silva et al.,” and kept at -86°C in 20% glycerol solution
or lyophilized. Subcultures were performed regularly to maintain the
viability of the cultures. Cultures were reactivated in test tubes with
SmL of Luria Berthani (LB) and incubated at 37°C for 12-24h.

To the micro-organism identification, DNA from the 16S region
was amplified using primers 8F and 1492R and Taq polymerase in
a standard PCR reaction. The isolated DNA was treated with Big
Dye Polymerase kit prior to sequencing. Sequences were aligned
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using MEGA 5.0 and ClustalW softwares using the Neighbor-Joining
method.”

Inoculum and fermentation conditions

Inoculum was prepared using LB media for 12-16 hours.
Fermentations were performed in rotatory shaker at 37°C and 100rpm
for 8-24h in 125mL Erlenmeyer flasks containing SOmL of synthetic
medium (g/1): (NH,),PO, 5.0, K, HPO, 1.5; NaCl 1.0, and 1 mL of trace
elements stock solution (g/1): EDTA 0.5, CaCl,.2H,0 0.5, CoCl,.6H,0
0.16; MoNH,.4H,0 0.1, CuSO,.5H,0 0.16; FeSO,.7H,0 0.5, MnSO,.
H,0 0.5, ZnSO,.7H,0 0.22, NiCl,.6H,0 0.03, H,BO, 0.12. Carbon
and nitrogen sources, along with salts and vitamins concentrations
were determined in the experimental design. Experimental designs
and batch cultures in fermenter vessels were performed with media
components as optimized in the experimental designs discussed
in results section. Synthetic Media for those experiments were the
same as described above. Batch fermentations were performed on a
Multifors Fermenter, at 37°C, 100rpm, and pH control (pH 6.8), and
nitrogen gas was added to purge the oxygen out of the vases.

Periodically, samples of ImL were collected from the cultures
and centrifuged at 10,000g for 10minutes. The cell-free supernatant
was filtered (0.22um) and analyzed by high performance liquid
chromatography (HPLC) using ion exchange column Phenomenex
Rezex ROA (300mmx7.8mm) at a temperature of 60°C and 0.005M
of H,SO, water solution as mobile phase and flow of 0.5mL/min.
External standards used were ethanol, 1,3- propanediol, propionic
acid, acetic acid, 2,3-butanediol and glycerol.

Microbial growth was quantified by reading the optical density and
correlated to dry cell mass by simple linear correlation. Successive
dilutions of cell suspension and readings are made using optical
spectrophotometry at 600nm (DO 600nm) with readings in the range
of 0.2 to 0.8 absorbance. The Total Dry Mass was multiplied by the
inverse of the dilutions made, and correlated with the absorbance
values obtained and verified using linear correlation and Pearson’s
correlation coefficient.

Optimization using experimental design

Techniques of fractional factorial design and full factorial design
to screen factors that influence microbial growth and production of
1,3-Propanediol were used. Five replicates of each the center point
were performed to determine experimental error and calculate
ANOVA. The significant level p<0.05 or p<0.1 for screening methods
was used. Pareto chart of effects were analyzed, and the absolute value
of the standardized (p<0.05 or p<0.1) effect represented in bars was
calculated by dividing each coefficient by its standard error (Coef/
SE Coef).

Experimental designs were made to screen possible significant
variables in the culture medium. Eleven variables were chosen to be
screened and a Placket-Burman Fatorial DoE was executed with 5
central points and 4 dummy variables, which were used to calculate
experimental error. Then, with less significant variables, it was
performed a Box, Hunter & Hunter Fatorial DoE and two Central
Composite non factorial Surface response Designs with full resolution
to observe interactions between the variables. Samples were taken
every 8, 24 and 48 hours from the fermentation flasks. Experiments
were performed always in replicates or triplicates, accordingly to the
limitations imposed by the number of experiments and data obtained
from ANOVA.
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Results and discussion
Strain identification

In order to confirm the strain species, DNA from the 16s region
was used as fingerprint and a evolutionary history was inferred using
the Neighbor-Joining method.”® The optimal tree with the sum of
branch length= 0.08674627 is shown. The percentage of replicate
trees in which the associated taxa clustered together in the bootstrap
test (1000 replicates) are shown next to the branches.”* The tree
(Figure 1) is drawn to scale, with branch lengths in the same units
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as those of the evolutionary distances used to infer the phylogenetic
tree. The evolutionary distances were computed using the Maximum
Composite Likelihood method® and are in the units of the number
of base substitutions per site. The analysis involved 20 nucleotide
sequences. Codon positions included were 1% +2" +3 +Non-coding.
All positions containing gaps and missing data were eliminated.
There were a total of 1225 positions in the final dataset. Evolutionary
analysis were conducted in MEGA6.%° Based on the relationship
with the consensus to the other Klebsiella pneumoniae strains and
its relative species, the bacteria isolated by Da Silva?® is a Klebsiella
pneumoniae.
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Figure | Evolutionary relationships of taxa from strain Klebsiella pneumoniae GLC29 (closed circle).

Culture optimizations of klebsiella pneumoniae GLC29

Placket-burman fatorial DoE: Eleven variables were chosen for
culture media screening, based on the literature. We chose to experi-
ment salts which might have influence on the known enzymes glyce-
rol dehydratase (EC 4.2.1.30) and 1,3-propanediol oxidoredutase (EC
4.2.1.30) based on Brenda website database.”’” Fermentations were
performed as described on Material and Methods. Data from this ex-
periment is shown on supporting material. Based on the Placket-Bur-
man, ammonium sulfate, calcium chloride, yeast extract and inoculum
percentage had positive impact on total 1,3-propanediol produced.
Therefore, it is suggested that they must be kept for additional studies.
Furthermore, NaNO,, MgSO, and ZnCl, had no significant impact on
1,3-PDO synthesis, so their removal from the media is recommended
for the production. Glycerol, although had a negative influence on the
total production, is the main carbon source and new experiments with
lower concentrations were performed on the subsequent experiments.
Vitamin B12 and fumaric acid also had a negative impact on produc-
tion, but were kept as variables for the next optimizations.

Box, hunter & hunter full fatorial DoE: Five factors from the pre-
vious Design of Experiments (DoE) were chosen for a Box, Hunther

& Hunther Full Fatorial DoE: glycerol concentration, yeast extract,
ammonium sulfate, vitamin B12 and fumaric acid. Inoculum concen-
tration was fixed at 10%, and CaCl, at SmM. Other variables, which
had no significant effect, were removed from the formulation. Fer-
mentations were performed as described on Material and Methods.
Table 1 shows decoded variables for this DoE. Table 2 shows ANOVA
results for 1,3-PDO production after 24h in flasks. With Box, Hunter
& Hunter full resolution DoE, it is possible to observe interactions be-
tween the variables. The interactions calculated are represented on the
tables and graphs by the numbers of the independent variable by the
other variable, i.e. 1 by 2 represents the interaction between Glycerol
(1) and Yeast Extract (2), 4 by 5 represents the interaction between
Vit. B12 and Fumarate, and so on. Variables with p-value<0.05 were
considered significant. ANOVA resulted on a satisfactory R?of 93% fit
to the model, and ignoring the non-significant variables, the adjusted
R?resulted in a 89% fit to the model. For a good statistical model, the
R? value should be close to 1.0, where a value greater than 0.75 in-
dicates the aptness of the model.?® All independent variables selected
from the Placket-Burman DoE screening were significant to the expe-
riment, and also some interactions among them. Figure 2 shows the
calculated effect of each variables and respective interactions between
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them. Glycerol up to 30g/l, Vitamin B12 up to 500ug/l, Ammonium
Sulfate up to 3g/l, Fumarate up to SmM, Yeast Extract up to 7g/l, and
their interactions Glycerol with Vitamin B12, Glycerol and Yeast Ex-
tract, and Glycerol with Fumarate had a significant impact in 1,3-pro-
panediol production. The interaction between Fumarate and Vitamin
B12 (2 by 5 on Figure 2) had a negative effect on production, which
negative slope (-2.51) completely annulled fumarate effect (2.31). Fu-
marate addition with vitamin B12 is not recommended, since it would
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have a higher cost in media formulation and the interaction between
both components would result in the same or less production. Based
on the results obtained from Box, Hunter & Hunter design of experi-
ments, Glycerol, Yeast Extract, Ammonium Sulfate and Vitamin B12
were chosen to be optimized by using Central Composite Rotational
Design and surface response methodology. Since fumarate addition
with vitamin B12 had negative interaction, fumaric acid was not used
for the next optimization.

T 1504515

(1)Glycerol
1byd 4.483833
(4)812 4076878
1by2 343748
(3)(NH,),50, 3.201658
4by5 -251663
1by5 2342754
(5)Fumarate 2.316561
(2)YE 2185508
1by3 1.776659
3by5 -1.8555
2by4 -1.14348
3byd - T91572
2by3 3581088
2by5 - 01575
p=.05

Standardized Effect Estimate (Absolute Value)

Figure 2 Culture Optimizations of Klebsiella pneumoniae GLC29: |,3-propanediol g/L at 24h cultivation Pareto chart of effects in Box, Hunter & Hunter Full

DokE 5 var. (Glycerol,YE, (NH,),SO,, Fumarate and Vit. Bl2).Variables with p-value<0.05 were considered significant.

Table | Box, hunter & hunter full factorial design: decoded levels of the
independent variables

Levels
Variable

-1 0 +1
Glycerol (g/L) 10 20 30
Yeast Extract (g/L) 3 5 7
(NH,),SO, (g/L) 0 1.5 3
Vitamin B12 (pg/L) 0 250 500
Fumarate (mM) 0 2.5 5

Central composite, non-factorial, surface DoE: Four factors from
the previous DoE (Box, Hunter & Hunter) were chosen to optimi-
zation: glycerol concentration, yeast extract, ammonium sulfate, and
vitamin B12. Inoculum concentration was fixed at 10%, and CaCl, at
SmM. Table 3 demonstrates decoded values for the first Central Com-
posite non-factorial Surface response DoE.

1,3-PDO production after 8 hours were beneficiated by higher
amounts of glycerol, but a little but significant quadratic negative
effect demonstrates that higher concentrations than 45g/1 of glycerol
is prejudicial to 1,3-PDO production. The addition from 5Smg/l to
20mg/1 of vitamin B12, production was negatively impacted because
of its interaction with glycerol. An irreversible binding of the vitamin
B12 and glycerol with the enzyme, forms alkylcobalamines, and to

avoid low activity of the enzyme, the amount of glycerol should be
controlled,?>*-32 but also the amount of vitamin should be controlled.
As a consequence of the normal catalytic cycle with glycerol, the
coenzyme B12 is occasionally rendered inactive (B12-inact). The B12-
inact remains tightly bound to the dehydratase and catalysis ceases.
An auxiliary enzyme, glycerol dehydratase reactivase, facilitates the
dissociation of the B12-inact and glycerol dehydratase (EC 4.2.1.30).
The resultant apoenzyme rebinds and glycerol conversion to 3-HPA
resumes.”’

Both linear and quadratic significant effects were observed
for glycerol, but the linear effect was many times greater than the
quadratic effect. Quadratic significance of yeast extract was observed,
which means it was possible to obtain an optimum working region,
but no significance was observed in ammonium sulfate using these
concentrations for 1,3-propanediol production. Surface response
graphs are shown on Figure 3. Up to 12g/1 of 1,3-PDO was reached
with this design. Higher concentrations, from 5mg/1 of this vitamin
is not beneficial for 1,3-propanediol biosynthesis, especially when
associated with glycerol, when 40g/l of glycerol and 20mg/1 of Vit.
B12 are added.

No other significant interaction was observed, which means
most of the variables act independent on 1,3-PDO synthesis. An
optimum region was observed when yeast extract was plotted against
(NH,),SO,, in which 3 to 5g/l of YE, and 2 to 4¢g/l of (NH,),SO, could
be optimal for 1,3-propanediol production.
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Figure 3 Surface response.

Table 4 shows the ANOVA results calculated for this experiment,
where significant variables are shown in bold, which variables with
p-value<0.05 were considered significant. Calculated F-value was
higher than the tabled F-value. R? for the calculated model 0.95,
which explains 95% of the results obtained. The addition from 1 to
4mg/1 of Vitamin B12 had no effect on production, and the addition
of higher concentrations, from 5 to 20mg/l, as shown on first central
composite non factorial DoE, had a negative effect on 1,3-propanediol
production. Therefore, it is demonstrated that concentrations of
0.5mg/1 of vitamin B12 are more than enough to saturate the system.

Based on Box, Hunter & Hunter DoE, and further Central
Composite non factorial DoE, the optimum media recommended is
500g/1 of vitamin B12, 2g/l of (NH,),SO,, 3g/l of Yeast Extract and
49¢/1 of glycerol.

Batch fermentation of k. pneumoniae GLC29

Media components were optimized from the Experimental Design.
Figure 4 shows the kinetics of 1,3-propanediol production using

e—— LY
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analytical grade glycerol. After 9 hours, all glycerol was consumed
and up 24.4g/l of 1,3-propanediol was produced. Figure 5 shows
kinetics of 1,3-propanediol production in biodiesel glycerol, obtained
from the biodiesel refinary Biocapital located in Charqueada-SP,
Brazil. Biodiesel Glycerol, although had a longer fermentation (12
h), produced 27.6g/1 of 1,3-propanediol out of 66g/l of biodiesel
glycerol. These are an increase of 4g/l and 7.2g/1 respectively since
the last optimization of this strain by Da Silva et al.> Table 5 and 6
show the obtained data, specific growth, glycerol consumption, yields
and productivity for each batch, respectively. Maximum productivity
was 2.56g/1.h using analytical grade glycerol and 2.3g/1.h for biodiesel
glycerol, and Yp/s was 0.46g/g and 0.43g/g respectively.

Comparing to Da Silva et al.,> which had a maximum productivity
of 2.92¢g/L.h and a yield of 0.51 from 40g/1 of glycerol, the results
obtained from this work focused on maximum production, and
although concentrations above 49g/l inhibits the productivity,”> and
lower productivity was obtained, media can be re-adjusted and
recalculated using the experimental design.
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Table 2 ANOVA,; Var:: |,3-propanediol at 24h; R? = 0.93; Adjusted R% 0.89
(Results DoE Box, Hunter & Hunter 5 var. (Glycerol,YE, (NH,),SO,, Fumarate
andVit. BI2)

SS df MS F P
Glycerol 139.22 | 139.22 226.36 0
YE 2.94 | 2.94 4.78 0.04
(NH,),SO, 6.3 | 6.3 10.25 0
BI2 10.22 | 10.22 16.62 0
Fumarate 33 | 33 5.37 0.03
| by 2 727 | 727 11.82 0
| by 3 1.94 | 1.94 3.16 0.09
| by 4 12.37 | 12.37 20.1 0
I by 5 3.38 | 3.38 5.49 0.03
2by3 0.08 | 0.08 0.13 0.72
2by4 0.8 | 0.8 1.31 0.27
2by5 0 | 0 0 0.99
3by4 0.39 | 0.39 0.63 0.44
3by5 1.13 | 1.13 1.84 0.19
4by5 3.9 | 39 6.33 0.02
Error 12.92 21 0.62
Total SS 206.14 36

SS, sum of squares; df , degrees of freedom; MS, mean squared; F, calculated f
value for the f-test.; p, p value

Table 3 Central composite non-factorial surface response, design: decoded
levels for optimizing culture media.

Levels
Variables
- -1 0 | +a
Glycerol (g/L) 5 10 20 30 45
Yeast Extract (g/L) 0 2 4 6 8
(NH,),50, (g/L) 0 2 4 6 8
Vitamin B12 (mg/L) 0 5 10 I5 20
Glycerol concentration must be controlled because of

3-hydroxypropionaldehyde inhibition, which is an intermediate
metabolite in the conversion of glycerol to 1,3-propanediol. The
3-hydroxypropionaldehyde accumulation during fermentation has
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been described in anaerobic fermentation by K. pneumoniae, and
when the initial glycerol concentration was superior to 430mM, a
high concentration of 3-HPA inhibited cell growth and production of
1,3-propanediol.3** Zheng et al.*> had demonstrated a productivity
of 1.81g/L.h from 50g/1 of glycerol, controlling pH, aeration rate and
stirring in the bioreactor at 6,48, 0.6 VVM and 318 rpm, respectively,
and the yield and productivity of 71.03g/1, 2.37g/L.h respectively and
0.6425mol/mol (1,3-PDO/glycerol) at a fermentation of 30h with the
initial glycerol, rate of stirring, air aeration and pH of 50g/1, 320rpm,
0.6 VVM and 6.5 by fed-batch fermentation maintaining glycerol to
20-30g/1.

To optimize 1,3-propanediol synthesis, two stage processes
are ideal, in which cells can be cultured first in a rich medium, and
1,3-propanediol production may be induced by addition of glycerol on
the stationary phase. Another strategy may be supplementing glycerol
during fermentation. Both processes have increased the production of
1,3-propanediol during fermentation by Klebsiella pneumoniae over-
expression of dhaT*

Table 4 ANOVA results calculated

SS df MS F P
Glycerol g/L (L) 318.53 | 318.53 873.07 0
Glycerol g/L (Q) 9.8l | 9.8l 26.88 0
YE g/L (L) 0.03 | 0.03 0.09 0.76
YE g/L (Q) 1.82 | 1.82 4.99 0.03
(NH,),SO, g/L (L) 0.48 | 0.48 1.32 0.26
(NH,)2SO, ¢g/L (Q) | | | 2.74 0.11
Vit. BI2mg/L (L) 2.73 | 2.73 7.48 0.01
Vit. BI2mg/L (Q) 0.11 | 0.11 0.31 0.58
IL by 2L 0.06 | 0.06 0.17 0.69
IL by 3L 0.36 | 0.36 0.98 0.33
IL by 4L 1.8 | 1.8 4.93 0.03
2L by 3L 0.1 | 0.1 0.28 0.6
2L by 4L 0.54 | 0.54 1.49 0.23
3L by 4L 0.07 | 0.07 0.2 0.66
Error 14.59 40 0.36
Total SS 349.86 54

The boiling points of 2,3-butanediol, 1,3-PDO and glycerol are
184°C, 214°C and 290°C respectively at normal pressure. In fact,
it is a challenge to separate 1,3-PDO from a fermentation mixture.
But in comparison with the chemical synthesis, which produces
1,2-propanediol, 1,3-PDO purification is even more difficult.
Therefore, microbial production of 1,3-PDO may cost 50-70% of the
total cost for production of 1,3-PDO. Consequently, the downstream
plays an important role in the industrial microbial production.’’
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Table 5 Batch Culture of K. pneumoniae GLC29 in Analytical grade Glycerol. DCW: Dry Cell Weight; 1,3-PDO; |,3-propanediol

. Obtained data Specific rates Yields Productivity

-(I;:;ne DCW Glycerol 1,3-PDO pX [T uP A, Ale Ypls PP P_
X(g/L) S(g/L) P(g/L) (Y () () (glg) (gfe) (gle) (gl.h) (g/L.h)

0 0.07 51.05 0 0 0 0 0 0 0 0 0
| 0.15 51.04 0.12 0.65 5.8 1.32 6.39 0.69 9.23 0.12 0.08
2 0.27 493 0.4 | 7.07 3.32 0.11 0.49 0.23 0.2 0.1
3 0.68 47.29 1.88 0.51 4.24 3.49 0.16 0.33 0.5 0.63 0.2
4 0.95 43.53 5.15 0.52 3.95 37 0.12 0.17 0.68 1.29 0.22
5 1.68 39.76 8.94 0.33 4.94 1.87 0.14 0.18 0.79 1.79 0.32
6 2.05 26.94 11.44 0.17 5.06 2.13 0.08 0.17 0.47 1.91 0.33
7 237 18.97 17.69 0.16 3.76 1.9 0.07 0.13 0.55 2.53 0.33
8 2.79 9.08 20.47 0.11 313 0.96 0.06 0.13 0.49 2.56 0.34
9 297 1.52 23.02 0.03 1.22 0.5 0.06 0.13 0.46 2.56 0.32

Table 6 Batch culture of K. pneumoniae GLC29 in biodiesel glycerol. DCWV, dry cell weight; 1,3-PDO; I,3-propanediol

Obtained data Specific RATES Yields Productivity
Time
(h) DCW Glycerol 1,3-PDO pX uS uP A, A, Y, P,
(g/'b) S(g/L) P(g/L) (') () (h) (gle) (gle) (glg)  (g/b.h) (g/L.h)
0 0.16 66.75 0 0 0 0 0 0 0 0 0
| 0.27 64.73 0.17 0.35 7.24 0.62 0.05 0.6l 0.09 0.17 0.11
2 0.35 62.86 0.33 0.62 10.4 1.66 0.05 0.57 0.09 0.17 0.09
3 0.7 57.43 1.34 0.5 525 24 0.06 0.4 0.14 0.45 0.18
4 1.05 55.48 371 0.4 1.85 2.48 0.08 0.24 0.33 0.93 0.22
5 1.54 53.54 6.57 0.26 3 1.96 0.1 0.21 0.5 1.31 0.28
6 1.86 46.23 9.75 0.25 5.16 1.83 0.08 0.17 0.48 1.62 0.28
7 2.48 3434 13.38 0.19 4.07 1.47 0.07 0.17 0.41 1.91 0.33
8 2.79 25.99 17.06 0.11 3.01 1.36 0.06 0.15 0.42 2.13 0.33
9 3.1 17.53 20.98 0.05 2.7 I.14 0.06 0.14 0.43 2.33 0.33
10 3.1 9.23 24.16 0 0 0 0.05 0.12 0.42 2.42 0.29
12 2.73 3.04 27.6 0 0 0 0.04 0.09 0.43 2.3 0.21
60 35
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Figure 4 Kinetics of |,3-propanediol production using analytical grade glycerol.
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Figure 5 Kinetics of |,3-propanediol production in biodiesel glycerol.

Conclusion

Eleven media components were screened using Placket-Burman
and Box, Hunter & Hunter experimental design. Five components
from media were considered significant to 1,3-propanediol production,
glycerol, yeast extract, ammonium sulfate, vitamin B12, and fumaric
acid. Inoculum concentration was fixed at 10%, and CaCl, at SmM.
According to the DCCR experimental design, 45g/1 of glycerol, 3g/1
of yeast extract, 2g/l of ammonium sulfate and 0.25g/1 of vitamin B12
had the best results for 1,3-propanediol production. It is recommended
the use of concentrations lower than 49¢g/1 of glycerol since the use of
higher amounts resulted in lower 1,3-PDO concentration.
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