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Abstract

bacter sp. LU1.

Enterobacter sp. LU could efficiently convert glycerol to succinic acid under anaerobic conditions after the addition
of lactose. In this study, media constituents affecting both Enterobacter sp. LU1 biomass and succinic acid production
were investigated employing response surface methodology (RSM) with central composite design. Statistical meth-
ods led to the development of an efficient and inexpensive microbiological media based on crude glycerol, whey
permeate as carbon sources and urea as a nitrogen source. The optimized production of bacterial biomass in aerobic
conditions was predicted and the interactive effects between crude glycerol, urea and magnesium sulfate were inves-
tigated. As a result, a model for predicting the concentration of bacterial biocatalyst biomass was developed with
crude glycerol as a sole carbon source. In addition, it was observed that the interactive effect between crude glyc-
erol and urea was statistically significant. Response surface methodology was also employed to develop the model
for predicting the concentration of succinic acid produced. Validity of the model was confirmed during verification
experiments wherein actual results differed from predicted values by 0.77%. The applied statistical methods proved
the feasibility for anaerobic succinic acid production on crude glycerol without expensive yeast extract addition. In
conclusion, the RSM method can provide valuable information for succinic acid scale-up fermentation using Entero-
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Introduction

Succinic acid is one of the most promising substrates
for the chemical industry. Noteworthy is that it is com-
pletely biodegradable and may be produced with envi-
ronment-friendly technologies. For this reason, apart
from traditional areas of application like the food, feed
and pharmaceutical industries, it may be a potential con-
stituent in the chemistry of polyesters (Delhomme et al.
2009). Although today succinic acid is produced mainly
with chemical methods, a successive increase is observed
in its biotechnological production (Reverdia, Myriant)
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and indicate if changes were made.

wherein a key significance is ascribed to the applied bio-
catalyst (bacteria or yeast) (Jansen and Gulik 2014). In
turn, effective biosynthesis with the use of these micro-
organisms requires appropriately selected production
media. They are very often adjusted to specific metabolic
requirements of the applied microorganisms, consider-
ing apart from taxonomic affiliation also their e.g. auxo-
trophic traits (McKinlay et al. 2010; Schroder et al. 2010).
Importantly, it is recommended that the composition of
culture medium be correlated with specific conditions of
the process that also determine the growth requirements
(Jansen et al. 2012). When considering industrial imple-
mentation of the biotechnological process, an equally
important factor is the cost-effectiveness of its elements
including, e.g., price and availability of substrates or cer-
tain chemical compounds constituting the microbiologi-
cal culture medium or adjustment of their doses to be
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applied. Apart from the appropriate source of carbon, of
the outmost significance is the choice of nitrogen source
which in the case of complex organic substances like,
e.g. yeast extract, despite the positive impact on suc-
cinic acid production process has also some drawbacks
as it significantly increases fermentation costs (prices of
the cheapest available extracts start from ca. 5 Euro/kg)
and impairs the subsequent treatment processes (high
load of organic matter which blocks, e.g., active surfaces
of adsorbents and impairs filtration processes) (Lopez-
Garzon and Straathof 2014). The possibility of produc-
ing succinic acid with the use of newly-isolated bacterial
strain belonging to the genus Enterobacter has recently
been described in literature (Podlesny et al. 2017). In
a previous study, succinic acid was also produced by
genetically modified Enterobacter aerogenes (Tajima
et al. 2014). Recently proven succinic acid production
capabilities are consistent with increasing load of data in
scientific literature on biotechnological applications of
Enterobacter genus. One of these is the ability of selected
Enterobacter strains to produce ethanol onto glycerol or
mannitol (Lee et al. 2012; Wang et al. 2013). From the
viewpoint of biotechnology, significant is also the capa-
bility of producing hydrogen onto different waste mate-
rials (Mishra and Das 2013; Sarma et al. 2013). Apart
from that, Enterobacter genus includes strains capable to
degrade a wide spectrum of detrimental substances like
for instance benzimidazole fungicides, trichloroethylene,
glyphosate or MTBE (tert-butyl-methyl ether) (Barbera
et al. 2011; Cycon et al. 2011; Kang et al. 2012; Kryuchk-
ova et al. 2014). In addition, bacteria of the genus Entero-
bacter may be applied in bioremediation processes to
remove compounds of mercury, chromium or lead (Naik
et al. 2012; Panda and Sarkar 2012; Sinha and Khare
2012). Of high market significance may also be the abil-
ity to produce enzymes used in various branches of the
industry likes phytase (feed industry) or tannase (food,
pharmaceutical, feed industries) (Singh et al. 2012; Yoon
et al. 1996). Interesting seems also the positive effect of
selected strains of the Enterobacter genus on the growth
of crops expressed by their ability to bind atmospheric
nitrogen, to absorb phosphorus compounds from soil
and to produce 2,3-butanediol (D’Alessandro et al. 2013;
Hardoim et al. 2013). Considering the metabolic pre-
dispositions of Enterobacter genus observed in existing
studies, flexibility of its behaviors in varying environmen-
tal conditions, and possibility to apply similar metabolic
engineering technology as for Escherichia coli, there is
a great chance to include Enterobacter strains into the
group of microorganisms with the highest biotechnologi-
cal potential.

The objective of this study was, therefore, to develop
microbiological culture medium, based on cheap and
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easily available substrates (waste glycerol and whey per-
meate), dedicated for the succinic acid production with
Enterobacter sp. LUl. An attempt was also undertaken
to select and optimize medium components for the pro-
liferation process of Enterobacter sp. LU1 bacterial bio-
mass on minimal culture media with the use of waste
glycerol as sole carbon source. This approach would,
simultaneously, allow introducing into practice a cheap
culture medium for the propagation of the applied bac-
teria in order to prepare the inoculum for industrial-size
bio-reactors.

Materials and methods

Microorganism

Enterobacter sp. LU1 was recently isolated from the goat
rumen (Podlesny et al. 2017) and characterized as an effi-
cient succinic acid producer on media containing glyc-
erol and lactose. The Enterobacter sp. LU1 was deposited
in International Culture Collection of Microorganisms
at the Institute of Agricultural and Food Biotechnol-
ogy under the number KKP 2050 (Warsaw, Poland). The
strain was maintained frozen at —80 °C with 20% (w/w)
glycerol added. Inoculum cultures were grown anaero-
bically at 37 °C in 100-mL serum bottles with a 50 mL
working volume capped with gas-tight butyl rubber stop-
pers in the brain heart infusion medium (BHI) (Oxoid,
UK), pH 7.4. Overnight cultures were used to inoculate
the fermentation medium [10% (v/v)]. Prior to inocula-
tion, the overnight cultures were centrifuged, and the
bacterial biomass obtained was first suspended in a por-
tion (5%) of the adequate tested microbiological medium
and then combined with the rest.

Optimization procedure

Plackett-Burman design

A Plackett—Burman design was employed to screen and
identify significant media constituents for bacterial bio-
mass and succinic acid production from waste glycerol
by Enterobacter sp. LUL. The investigated medium ingre-
dients were: crude glycerol (85.0%) (as a carbon source),
urea, MgCO3 MgSO, x 7H,0; CaCl,; K,HPO,; NaCl
for both biomass production and succinic acid formation
which was additionally tested for whey permeate. The
Plackett-Burman design is based on the first order model

(Eq. 1):

Y=50+Z,3iXi (D

where: Y is the response (biomass or succinic acid con-
centration), 3, is the model intercept, p; is the linear coef-
ficient, and X; is the level of the independent variable.
Each of the variables in the Plackett—Burman design was
examined at two levels: —1 for low level and +1 for high
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level. The factors significant at the 95% level (p < 0.05)
were considered to have a significant effect on biomass
or succinic acid production by Enterobacter sp. LU1
and were further exploited in the CCD approach. Addi-
tional file 1: Table S1 and S3 show the high and low lev-
els of each factor used in the Plackett—Burman design
experiment.

D

Central composite design (CCD) was employed for the
effect optimization of each significant variable on the
responses, i.e., biomass and succinic acid concentration.
The following quadratic model (Eq. 2) was used to opti-
mize the key medium components (factors).

Y=fo+ D BXi+ D BXE+Y BXX ()

where: Y is the predicted response (biomass and succinic
acid concentration), B, is the interception, p; is the linear
effect, B; is the quadratic effect, and B; are interaction
effect coefficients. X; and X; are coded values of the fac-
tors selected as a result of the initial screening. The sig-
nificance of the resulting model was checked by an F-test,
and goodness of fit was tested by determining the R>
coefficient. The correlations between experimental and
predicted values were shown on response surface plots.
All designed matrices were generated and analyses were
performed using Statistica software (version 8.0; StatSoft,
Inc., http://www.statsoft.com). The media components of
each trial are shown in Tables 2 and 4.

Biomass and succinic acid production from waste glycerol

Biomass was produced in 100 mL Erlenmeyer flasks with
a 20 mL working volume using waste glycerol as a sub-
strate. Tests concerning succinic acid production were
done in 100 mL serum bottles with a 20 mL working vol-
ume. The serum bottles were tightly sealed with rubber
stoppers and aluminum caps [CO, was the headspace gas
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in all serum bottle incubations (about 0.8 bar overpres-
sure)]. All experiments were done at 34 °C for 22 h and
180 rpm when measuring biomass concentration and for
120 h and 160 rpm if succinic acid was produced. The
concentration of each media component was adjusted
according to design (Tables 1, 2, 3 and 4). All treatments
were made in triplicate. Waste glycerol (85% v/w) used
in the study originated from Czechowice-Dziedzice bio-
diesel production plant (LOTOS Group, Poland). Whey
permeate powder was obtained from Spomlek Dairy
Cooperative (Radzyn Podlaski, Poland) and it contained
about 77% (v/w) of lactose.

Analytical methods

Cell growth was monitored by measuring the absorbance
of the broth at 600 nm (OD600) after diluting the sample
1:1 with 7% HCI (v/v). The biomass concentration of the
Enterobacter sp. LU1 strain was estimated by determining
the dry cell weight (DCW) using a predetermined correla-
tion curve obtained between the absorbance measured at
600 nm and the cell dry weight (g/l). One unit of OD600
was roughly equivalent to 0.51 g/l of DCW for cells of
Enterobacter sp. LUl grown in BHI medium (Podle$ny
et al. 2017). Samples for succinic acid and by-product
detection were prepared by centrifugation of the culture
broth at 6000x g for 5 min. The resulting supernatant, after
dilution with water (1:1), was analyzed by high-perfor-
mance liquid chromatography system (Gilson) equipped
with an ion exchange column (Aminex HPX-87H, BioRad)
and a refractive index detector using 0.03 M sulfuric acid
as mobile phase at 42 °C (Dharmadi et al. 2006).

Results

Statistical optimization of medium composition

for Enterobacter sp. LU1 cultivation

Waste glycerol, urea, MgCO;, MgSO, x 7H,0, CaCl,,
K,HPO, and NaCl were used to compose the Plackett—
Burman design (Additional file 1: Table S1). Effects of the
variables on the response and the estimated values for

Table 1 Plackett-Burman design for seven variables with the corresponding experimental values of biomass concentra-

tion

Run Crude glycerol Urea MgCO, MgSO, x 7H,0 CaCl, K,HPO, Nacl Biomass (g/L)
1 =1 =1 =1 +1 +1 +1 =1 1.10+£0.02

2 +1 -1 -1 -1 —1 +1 +1 148 £0.01

3 -1 +1 =1 -1 +1 -1 +1 132 £0.03

4 +1 +1 -1 +1 -1 -1 -1 463 £0.1

5 —1 -1 +1 +1 —1 —1 +1 1.08 £ 0.01

6 +1 =1 +1 =1 +1 —1 =1 145+ 001

7 -1 +1 +1 —1 —1 +1 -1 142 £0.04

8 +1 +1 +1 +1 +1 +1 +1 803+£0.22
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Table 2 Central composite design matrix of the independ-
ent variables with the corresponding experimental values
of biomass concentration

Run Crude glycerol Urea(x,) MgSO, x 7H,0 Biomass (g/L)
(%) (g/L) (9/L) (x3) (9/L)

1 10 1 0.1 327 £0.02
2 30 1 0.1 6.99 £0.14
3 10 3 0.1 3164024
4 30 3 0.1 789 £0.18
5 10 1 03 3364004
6 30 1 0.3 6.83+0.13
7 10 3 0.3 298 £0.15
8 30 3 03 747 +£0.19
9 32 2 0.2 131 £0.03
10 368 2 02 808+0.12
11 20 0.32 0.2 261 +0.09
12 20 3.68 0.2 526 £0.1
13 20 2 0.032 565+ 0.15
14 20 2 0.368 6.24 £0.29
15 20 2 02 6.01£0.12
16 20 2 0.2 594 +0.07
17 20 2 0.2 6.02£0.11
18 20 2 02 6.01 £0.09
19 20 2 0.2 596 £0.15
20 20 2 0.2 6.01 +0.06

the effect of each of the independent factors are shown
in Table 1. The highest Enterobacter sp. LUl biomass
concentration (8.03 g/L) was observed in experiment 8,
in which all the variables were at their highest levels. All
studied factors exerted a positive effect on biomass pro-
duction. Nonetheless waste glycerol, urea and magne-
sium sulfate concentration had the strongest impact on

Page 4 of 10

the level of Enterobacter sp. LUl biomass concentration.
Therefore, these three factors were chosen for further
study (Additional file 1: Figure S1). Based on the screen-
ing of variables by 2-level Plackett—Burman design, full-
factorial central composite design (CCD) was developed
for variables significantly affecting biomass production
and consisted of five levels: the low and high levels (-1
and +1), central points (0) and star points with o + 1.68,
giving twenty combinations of cultivation parameters as
shown in Table 2. Other factors tested previously were
set at their high levels according to their positive effects
(MgCO, 3 g/L, CaCl, 0.5 g/L, K,HPO, 1 g/L and NaCl
1 g/L). As it can be seen in Table 2, the highest concen-
tration of biomass was obtained in run no. 10 (8.08 g/L)
where concentrations of crude glycerol, urea and mag-
nesium sulfate in the medium were as follows g/L: 36.8;
2.0 and 0.2. In turn, minimal biomass concentration
was obtained in run no. 9 (1.31 g/L) where we could
find 3.2 g/L of crude glycerol, 2 g/L of urea and 0.2 g/L
of magnesium sulfate. On the basis of the CCD analysis
and regression coefficients obtained (Additional file 1:
Table S2) following simplified quadratic equation was
calculated (Eq. 3):

Y =6.0406 + 2.0360 X1 — 0.3687)(12 + 0.4017 X,

— 0.6407 X3 + 0.2549 X1 X (3)

The calculated R* value of 0.95993 suggests that
this model is well fitted to the experimental data. The
response surface plots are shown in Fig. 1. These plots
demonstrate that biomass concentration was affected
by 2 of the 3 investigated factors namely crude glycerol
and urea. In the case of magnesium sulfate, no influence
was observed in the studied range of its concentrations

Table 3 Plackett-Burman design for eight variables with the corresponding experimental values of succinic acid concen-

tration

Run  Crudeglycerol Wheypermeate Urea MgCO; K,HPO, MgSO,x 7H,0 CaCl, NaCl D1 D2 D3 Succinicacid(g/L)
1 +1 =1 =1 =1 +1 =1 +1 +1 -1 41 +1 242+£022
2 -1 +1 -1 +1 +1 -1 +1 +1 +1 =1 =1 487%£067
3 -1 +1 +1 —1 +1 +1 +1 -1 -1 =1 41 363£0.13
4 =1 -1 =1 +1 -1 +1 +1 =1 +1 +1 +1 nd

5 +1 —1 +1 +1 +1 —1 —1 -1 +1 =1 41 942£015
6 —1 =1 +1 =1 +1 +1 =1 +1 +1 +1 -1 nd

7 +1 +1 -1 —1 -1 +1 —1 +1 +1 =1 +1 176£034
8 -1 +1 +1 +1 =1 =1 =1 +1 -1 41 41 4294012
9 +1 +1 +1 —1 -1 —1 +1 -1 +1 41 =1 345%£016
10 +1 —1 +1 +1 —1 +1 +1 +1 -1 =1 =1 3174045
11 +1 +1 =1 +1 +1 +1 =1 =1 -1 41 =1 635£002
12 —1 —1 —1 1 —1 —1 —1 -1 -1 =1 =1 nd
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Table 4 Central composite design matrix of the independ-
ent variables with the corresponding experimental values
of succinic acid concentration

Run Crudeglycerol  MgCO;(x,) K,HPO,(X;) Succinic acid
(x4) (9/L)

1 125 125 0.5 7.95 4 0.08
2 27.5 125 0.5 142 £0.19
3 125 275 05 13.15+0.03
4 27.5 27.5 0.5 20.27 £0.6
5 125 125 15 8264013
6 27.5 125 15 14.2 +£0.02
7 125 27.5 15 1329+ 06
8 275 275 15 19.75 £ 045
9 74 20 1 10.13 £0.01
10 326 20 1 17.62 £0.67
11 20 74 1 96402
12 20 326 1 16.09 £ 045
13 20 20 0.16 15424024
14 20 20 1.84 16.08 £ 0.56
15 20 20 1 1638+ 0.13
16 20 20 1 16.19 £ 0.38
17 20 20 1 16.68 £ 0.28
18 20 20 1 16.29 + 0.09
19 20 20 1 1598 £0.19
20 20 20 1 15994033

(0.032-0.368 g/L). The selected range covered the opti-
mum condition for urea and for the crude glycerol
respond to suboptimal conditions. However, chroma-
tographic analysis showed incomplete consumption
of 36.8 g/L glycerol in the medium which may suggest
that because of its “crude” nature it contains some other
non-monitored micronutrients that also affect biomass
production. Additionally, the obtained results indicate
a minimal potential increase of biomass concentration
upon further glycerol concentration rise, and therefore
could be economically inefficient. Optimum biomass
production by Enterobacter sp. LU1 as defined on the
basis of RSM occurs using: concentration of glycerol
36.8 g/L, urea 2.84 g/L and magnesium sulfate 0.2 g/L.
Concentrations of other medium constituents were at
the same level as previously. In such conditions, the pre-
dicted concentration of biomass after 22 h of incubation
using the mathematical model is 8.6653 g/L. In order
to validate the adequacy of the model, the confirmation
experiment was carried out using medium prepared
according to the RSM results (the remaining medium
components at the following concentrations g/L: MgCO,
3.0, CaCl, 0.5, K,HPO, 1.0 and NaCl 1.0). The mean con-
centration of the obtained biomass from triplicate 22 h
trials in a shaking flask was 8.7342 + 0.38 which is about
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0.8% higher than the predicted value and confirms the
validity of the model.

Statistical optimization of medium composition

for succinic acid production by Enterobacter sp. LU1

The Plackett—Burman design was also employed to evalu-
ate the influence of culture medium components on suc-
cinic acid production by Enterobacter sp. LU1 using waste
glycerol and whey permeate as carbon sources. Design
for 12 trials with two levels of concentrations for each
variable was exploited and consisted of eight medium
components and three dummy variables/unassigned var-
iables. Results of the experiments performed on the basis
of the Plackett—Burman design are presented in Table 3.
The highest production of succinic acid was observed in
experiment 5 (9.42 g/L) and the levels of medium com-
ponents that provided the highest response are indicated
in Additional file 1: Table S3. Except calcium chloride, all
tested medium components affected succinic acid pro-
duction (response). A positive effect was observed with
MgCO,, K,HPO,, waste glycerol, urea and whey perme-
ate (Additional file 1: Figure S2). In contrast, magnesium
sulfate and sodium chloride exerted a negative influence.
Magnesium carbonate, dipotassium phosphate and waste
glycerol were selected as the factors for CCD. Succinic
acid concentrations for each individual run are summa-
rized in Table 4. The highest succinic acid concentration
of 20.27 g/L was obtained when the concentrations of
magnesium carbonate, dipotassium phosphate and waste
glycerol were 27.5, 0.5, and 27.5 g/L, respectively (Run 4).
Also the lowest succinic acid concentration was 7.95 g/L,
which was achieved when magnesium carbonate, dipo-
tassium phosphate and waste glycerol concentrations
were 12.5, 0.5, and 12.5 g/L, respectively (Table 4). On
the basis of the CCD analysis and regression coefficients
obtained (Additional file 1: Table S4) following simplified
quadratic equation was calculated (Eq. 4):

Y54 = 16.0879 4 2.8097 X1 —0.8531 X7 + 2.3992 X
—~1.2162 X3 + 0.1743 X1 X “)

The fit of the model was examined by the coefficient
of determination R?, which was calculated to be 0.95774.
This indicates that the sample variation of more than
95.8% was attributed to the given independent variable.
The value of the adjustment determination coefficient
(Adj R? = 95.38%) was also high to confirm the signifi-
cance of the model. The three-dimensional graph for the
response surface model is shown in Fig. 2. It is evident
from the plot that succinic acid production by Entero-
bacter sp. LUl was affected by crude glycerol and mag-
nesium carbonate concentration and the influence of
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Fig. 1 Response surface plots showing the effects of (x;) crude glycerol, (x,) urea and (x5) magnesium sulfate on (Y) biomass concentration (g/L)
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dipotassium phosphate was not confirmed within the
tested concentration range. When the magnesium car-
bonate was at a low level, an increase in crude glycerol
did not improve succinic acid concentration. However,
if the crude glycerol and magnesium carbonate were at
high levels, more succinic acid could be obtained. For
magnesium carbonate the selected range covered the
optimum condition but for crude glycerol it was sub-
optimal. Despite the last, similar to biomass optimiza-
tion experiments, the amount of glycerol present in the
medium was not completely consumed and as shown on
surface plot further glycerol concentration increase could
give only faintly improvement in succinic acid concentra-
tion. At least, it could be economically unjustified. Opti-
mal succinic acid production by Enterobacter sp. LU1 as
defined on the basis of RSM occurs using: glycerol in the
concentration 32.6 g/L, MgCO; 26.3 g/L and K,HPO,
1.0 g/L. Other medium constituents include whey per-
meate (20 g/L) and urea (2 g/L). In such conditions, the
predicted concentration of succinic acid after 120 h of
incubation using the mathematical model is 19.804 g/L.

In order to validate the adequacy of the model, the con-
firmation experiment was carried out using medium
prepared according to the RSM results. The mean con-
centration of succinic acid from triplicate 120 h trials
in serum bottles was 19.957 £+ 0.22 g/L which is about
0.77% higher than the predicted value and confirms the
validity of the model.

Discussion

In works published so far on the microbiological produc-
tion of succinic acid, bacteria applied have been usually
characterized by high nutritive requirements in terms of
fermentation media (necessity of using expensive organic
supplements like e.g. yeast extract or peptone), just to
mention Actinobacillus succinogenes (Guettler et al. 1999)
or Basfia succiniciproducens (Schroder et al. 2010). Only
part of the genetically-modified strains of E. coli (e.g.
KJ060 or KJ134) were capable of succinic acid production
on poor microbiological culture media (Jantama et al.
2008). Relatively sparse works have also been devoted
to the use of waste glycerol as the basic substrate of this
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process moreover, conducted usually with the addition
of organic extracts (Scholten et al. 2009; Vlysidis et al.
2011). Considering the above, increasing interest has
been observed in the studies aimed at developing eco-
nomic culture media for the microbiological production
of succinic acid, particularly these recommending waste
glycerol in medium composition. Earlier obtained results
regarding succinic acid production with the use of Enter-
obacter sp. LUl demonstrated a significant potential of
this acid production on culture media with glycerol and
lactose (Podlesny et al. 2017). Unfortunately, the achieved
succinic acid concentration of 37 g/L required yeast
extract addition in a dose as high as 15 g/L. The indus-
trial implementation of this process would also require
development of a microbiological culture medium based
on cheap and easily-available substrates. The previously
applied pure glycerol was replaced by waste glycerol from
a bio-refinery that produces fatty acid methyl esters, lac-
tose was replaced by whey permeate, whereas urea was
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used instead of the yeast extract as a source of nitrogen.
Urea appears relatively often in works addressing the
optimization and production of various bio-products on
impoverished microbiological media (Wang et al. 2012).
The choice of urea was also supported by the fact that
due to its molecular composition—the supply of ammo-
nium ions as a nitrogen source in the process additionally
results in the release of carbon dioxide which is a signifi-
cant substrate for carboxylic enzymes in the succinic acid
production pathway (Tajima et al. 2015). The possibility
of accelerating the succinic acid production process by
introducing aeration at the early stage of cells prolifera-
tion as well as no need for lactose addition at this stage
have prompted the individual approach to each stage of
the process. The present study demonstrates the feasibil-
ity of substituting pure glycerol with waste glycerol and
indicates whey permeate to be the appropriate source
of lactose. Furthermore, optimization experiments con-
firmed the possibility of producing bacterial biomass of
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Fig. 2 Response surface plots showing the effects of (x,) crude glycerol, (x,) magnesium carbonate and (x;) dipotassium phosphate on (Y) succinic
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Enterobacter sp. LU1 on a simple culture medium with
waste glycerol but without lactose addition (in any form).
Results achieved in this study confirm also the feasibility
of replacing expensive organic extracts with significantly
cheaper urea. Although the first results achieved for
Enterobacter sp. LU1 in succinic acid production without
organic sources of nitrogen demonstrated a significant
decrease in acid concentration in the medium, they were
obtained during analyses made in small volumes (8 mL),
corresponding to almost half of the total volume of the
culture vessel (20 mL) (Podlesny et al. 2017). In optimiza-
tion experiments, however, use was made of larger vessels
(100-mL bottles) and the medium constituted not more
than 20% of the total volume. In addition, the described
microorganism cultured on glycerol was character-
ized by enhanced gas production in the samples based
exclusively on simple sources of nitrogen, compared to
YE. This observation has as yet not been elucidated, but
knowing that hydrogen is one of the main gaseous com-
ponents—its negative effect on E. coli capability for glyc-
erol consumption in the fermentation process is expected
(Dharmadi et al. 2006). In addition, considering the fact
that the above-mentioned process of fermentative con-
sumption of glycerol by E. coli is linked with the activity
of formate-hydrogen lyase enzyme, the increased volume
of the culture vessel may also be significant (Murarka
et al. 2008) and may—in part—explain the results
achieved earlier with Enterobacter sp. LUl (Podle$ny
et al. 2017). The following medium components were
analyzed apart from urea in optimization experiments:
MgCO;; K,HPO,; MgSO,; CaCl, and NaCl. The use of
waste glycerol or—as in the case of culture medium for
succinic acid production—whey permeate enabled omit-
ting analyses of microelements that originated from these
components (Pescuma et al. 2015; Samul et al. 2014). In
the case of bacterial biomass production, all analyzed
components of the culture medium had a positive effect
upon this process. The greatest impact was observed in
the case of the addition of glycerol, urea and magnesium
sulfate. The organic source of carbon—herein waste glyc-
erol—is a key growth-enhancing factor for heterotrophic
microorganisms which additionally stimulates their
metabolic functions. Another significant factor turned
out to be magnesium sulfate comprising Mg>" ions and
sulfur. Sulfur is an inseparable element of some peptide
chains as well as compounds being significant in the
course of energetic processes in a cell (Sekowska et al.
2000). In turn, magnesium is not only a divalent ion sig-
nificant for the functioning of many enzymes but also a
key element of the structure of ribosomes or cell mem-
branes (Maguire and Cowan 2002). Other factors, like
MgCO;, K,HPO,, CaCl, and NaCl had also a positive but
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less significant effect upon the process described. The
above observations affected further optimization works
aimed at establishing the most optimal for Enterobac-
ter sp. LU1 bacterial biomass production concentrations
of medium components having the strongest impact on
this process. The application of central composite design
allowed minimizing the number of necessary experi-
ments in order to achieve statistically significant results.
The conducted experiments confirmed the significance of
two out of three analyzed at this stage factors, i.e. glyc-
erol and urea, to the investigated process. The effect of
the third one (MgSO, x 7H,0) was found statistically
insignificant in the analyzed range of concentrations.
Perhaps, its effect could be noticeable only when cou-
pled with the other components of the culture medium
which at the first stage also exerted a significant effect on
the process. Secondly, considering such a strong effect of
glycerol and urea determined in the study, establishing
the effect of magnesium sulfate may be impaired. None-
theless, results achieved enabled creating a mathematical
model which appeared very well fitted to the analyzed
process and during verification with experimental data
it provided results differing from the experimental ones
by only 0.8%. Finally, we managed to establish optimal
composition of microbiological culture medium for the
quantity of bacterial biomass produced. It assumes the
addition of the following components (g/L): glycerol 36.8,
urea 2.84, magnesium sulfate 0.2, MgCO, 3.0, CaCl, 0.5,
K,HPO, 1.0, and NaCl 1.0. Summarizing, the culture
medium developed assumes the addition of a cheap and
easily available source of carbon—namely waste glyc-
erol, and in the case of nitrogen source it is based on a
relatively cheap urea. The remaining components of the
medium are also strongly competitive in terms of price
but, ultimately, make the described culture medium a
perfect alternative for standard media applied in entero-
bacteria cultures like e.g. Luria—Bertani broth (Sezenov
et al. 2007).

The approach to the choice of medium components
for the stage of succinic acid product was analogous to
that applied in the case of bacterial biomass production.
Firstly, analyses were aimed at confirming the necessity
of addition of its individual components. An additional
element checked in respect of succinic acid produc-
tion under anaerobic conditions was the addition of
whey permeate containing mainly lactose (77%). Experi-
ments carried out based on the Plackett—Burman design
demonstrated the advisability of adding the following
components to the microbiological medium: MgCO;,
K,HPO,, glycerol, urea and whey permeate. In turn, the
addition of MgSO,, NaCl and CaCl, would have a nega-
tive effect on succinic acid production by Enterobacter
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sp. LUL. In addition, the impact of CaCl, turned out sta-
tistically insignificant. The key importance of MgCOj for
the production of succinic acid by bacteria is relatively
well document in different research works (Lee et al.
1999; Zhang et al. 2012). This compound is responsible
for the control of medium pH and delivers Mg*" ions
being indispensable for the key enzyme in the succinic
acid biosynthesis pathway, namely phosphoenolpyru-
vate carboxykinase. Based on results achieved, three
components having the strongest impact on the inves-
tigated process were selected for further studies. Using
the central composite design, a series of experiments
were planned differing in the applied concentrations of
MgCO,, K,HPO, and glycerol. The analysis of results
achieved in these experiments confirmed the effect
of MgCO, and glycerol on the process of succinic acid
production by Enterobacter sp. LU1. Obviously, the sig-
nificant impact of the source of carbon on succinic acid
synthesis is not a surprise. Most of works devoted to
the optimization of fermentation medium composition
emphasize the importance of the choice of carbon source
(Isar et al. 2006; Ji et al. 2009). In the case of the third
factor, i.e. K,HPO,, no statistical significance of this vari-
able was observed in the analyzed CCD model. A similar
observation was made when optimizing the composi-
tion of the culture medium for succinic acid production
with the use of Corynebacterium glutamicum (Jeon et al.
2013). Here also the application of Plackett—Burman
design resulted in K,HPO, inclusion among factors sig-
nificant for the production of succinic acid, whereas at
the successive stage of optimization involving the choice
of appropriate concentrations of the selected factors, the
effect of potassium phosphate turned out minimal. Nev-
ertheless, based on the achieved mathematical model,
culture medium composition was developed that con-
firmed the usability of this model for description of the
analyzed process of succinic acid production in relation
to the composition of the applied fermentation medium.
Results of the verification experiment predicted with the
same model diverged only by 0.77% from the experimen-
tal results, which allows concluding that the developed
model fitted well to the real biotechnological process.
The optimal for succinic acid synthesis concentrations
of the applied components were as follows (g/L): MgCO,
26.3, glycerol 32.6, K,HPO, 1.0, whey permeate 20.0,
and urea 2.0. In this way, results achieved confirmed
the feasibility of conducting the process of succinic acid
production on the culture medium not containing yeast
extract or peptones, which enables significant reduction
of costs of preparing such a culture medium and bring
the described process of succinic acid production by
Enterobacter sp. LU1 closer to the economic profitability.
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Additional file

Additional file 1: Table S1. Experimental ranges and levels of the 7 fac-
tors tested in the Plackett-Burman design for biomass production. Table
S2. Regression coefficients and tests of their statistical significance for the
simplified quadratic model for biomass production. Table S3. Experimen-
tal ranges and levels of the 8 factors tested in the Plackett-Burman design
for succinic acid production. Table S4. Regression coefficients and tests
of their statistical significance for the simplified quadratic model for suc-
cinic acid production. Figure S1. Pareto chart ranking the variables inves-
tigated in the Plackett-Burman design for biomass production. Figure
S2. Pareto chart ranking the variables investigated in the Plackett-Burman
design for succinic acid production.

Abbreviations
BHI: brain heart infusion broth; CCD: central composite design; OD600: optical
density at 600 nm; RSM: response surface methodology; YE: yeast extract.

Authors’ contributions

MP conceived of the study, participated in its design and coordination,
performed the experiments, interpreted the data, and drafted the manuscript.
AKK participated in its design and coordination, interpreted the data, and
helped to draft the manuscript. JK performed the experiments and the data
analysis. JW performed the experiments and the data analysis. PJ participated
in its design and coordination, interpreted the data and helped to draft the
manuscript. ZT conceived of the study, participated in its design and coordi-
nation, and helped to draft the manuscript. All authors read and approved the
final manuscript.

Author details

! Department of Biotechnology, Human Nutrition and Food Commodi-

ties, University of Life Sciences in Lublin, 8 Skromna, 20-704 Lublin, Poland.

2 Department of Applied Mathematics and Informatics, University of Life Sci-
ences in Lublin, 28 Gteboka, 20-950 Lublin, Poland. 3 Department of Analysis
and Food Quality Assessment, University of Life Sciences in Lublin, 8 Skromna,
20-704 Lublin, Poland.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the
article.

Consent for publication
This article does not contain any individual person’s data.

Ethical approval
This article does not contain any studies with human participants or animals
performed by any of the authors.

Funding

This work was supported by the Project No. 01.01.02-00-074/09 of the National
Centre for Research and Development (Poland) co-funded by The European
Union from The European Regional Development Fund within the framework
of the Innovative Economy Operational Programme 2007-2013.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 4 March 2017 Accepted: 7 June 2017
Published online: 19 June 2017


http://dx.doi.org/10.1186/s13568-017-0423-0

Podlesny et al. AMB Expr (2017) 7:126

References

Barbera MJ, Mateo E, Monkaityte R, Constanti M (2011) Biodegradation of
methyl tert-butyl ether by newly identified soil microorganisms in a
simple mineral solution. World J Microbiol Biotechnol 27:813-821

Cycon M, Wéjcik M, Piotrowska-Seget Z (2011) Biodegradation kinetics of the
benzimidazole fungicide thiophanate-methyl by bacteria isolated from
loamy sand soil. Biodegradation 22:573-583

D'Alessandro M, Erb M, Ton J, Brandenburg A, Karlen D, Zopfi J, Turlings TCJ
(2013) Volatiles produced by soil-borne endophytic bacteria increase
plant pathogen resistance and affect tritrophic interactions. Plant Cell
Environ. doi:10.1111/pce.12220

Delhomme C, Weuster-Botz D, Kuhn FE (2009) Succinic acid from renewable
resources as a C4 building-block chemical—a review of the catalytic pos-
sibilities in aqueous media. Green Chem 11(1):13-26

Dharmadi Y, Murarka A, Gonzalez R (2006) Anaerobic fermentation of glycerol
by Escherichia coli: a new platform for metabolic engineering. Biotechnol
Bioeng 94(5):821-829

Guettler MV, Rumler D, Jain MK (1999) Actinobacillus succinogenes sp. nov., a
novel succinic-acid-producing strain from the bovine rumen. Int J Syst
Bacteriol 49:207-216

Hardoim PR, Nazir R, Sessitsch A, Elhottova D, Korenblum E, van Overbeek LS,
van Elsas JD (2013) The new species Enterobacter oryziphilus sp. nov. and
Enterobacter oryzendophyticus sp. nov. are key inhabitants of the endo-
sphere of rice. BMC Microbiol 13:164

Isar J, Agarwal L, Saran S, Saxena RK (2006) A statistical method for enhancing
the production of succinic acid from Escherichia coli under anaerobic
conditions. Bioresour Technol 97(13):1443-1448

Jansen MLA, Gulik W (2014) Towards large scale fermentative production of
succinic acid. Curr Opin Biotechnol 30:190-197

Jansen MLA, Verwaal R, Segueilha L, Van De Graaf MJ, Geurts T (2012) Low pH
fermentation to succinic acid, the basis for efficient recovery. Bio4Bio
Conference, Copenhagen, Denmark

Jantama K, Haupt MJ, Svoronos SA, Zhang XL, Moore JC, Shanmugam KT,
Ingram LO (2008) Combining metabolic engineering and metabolic
evolution to develop nonrecombinant strains of Escherichia coli C that
produce succinate and malate. Biotechnol Bioeng 99(5):1140-1153

Jeon JM, Thangamani R, Song E, Lee HW, Lee HW, Yang YH (2013) Media opti-
mization of Corynebacterium glutamicum for succinate production under
oxygen-deprived condition. J Microbiol Biotechnol 23(2):211-217

Ji XJ,Huang H, Du J, Zhu JG, Ren LJ, Li S, Nie ZK (2009) Development of an
industrial medium for economical 2,3-butanediol production through
co-fermentation of glucose and xylose by Klebsiella oxytoca. Bioresour
Technol 100(21):5214-5218

Kang JW, Khan Z, Doty SL (2012) Biodegradation of trichloroethylene by an
endophyte of hybrid poplar. Appl Environ Microbiol 78:3504-3507

Kryuchkova YV, Burygin GL, Gogoleva NE, Gogolev YV, Chernyshova MP,
Makarov OE, Fedorov EE, Turkuvskaya OV (2014) Isolation and characteri-
zation of glyphosate-degrading rhizosphere strain, Enterobacter cloacae
K7. Microbiol Res 169:99-105

Lee PC, Lee WG, Lee SY, Chang HN (1999) Effects of medium components on
the growth of Anaerobiospirillum succiniciproducens and succinic acid
production. Process Biochem 35(1-2):49-55

Lee SJ, Kim SB, Kang SW, Han SO, Park C, Kim SW (2012) Effect of crude glyc-
erol-derived inhibitors on ethanol production by Enterobacter aerogenes.
Bioprocess Biosyst Eng 35:85-92

Lopez-Garzon CS, Straathof AJJ (2014) Recovery of carboxylic acids produced
by fermentation. Biotechnol Adv 32(5):873-904

Maguire ME, Cowan JA (2002) Magnesium chemistry and biochemistry.
Biometals 15:203-210

McKinlay JB, Laivenieks M, Schindler BD, McKinlay AA, Siddaramappa S,
Challacombe JF, Lowry SR, Clum A, Lapidus AL, Burkhart KB, Harkins V,
Vieille C (2010) A genomic perspective on the potential of Actinobacillus
succinogenes for industrial succinate production. BMC Genom 11:680.
doi:10.1186/1471-2164-11-680

Page 10 of 10

Mishra P, Das D (2013) Biohydrogen production from Enterobacter cloacae
IIT-BT 08 using distillery effluent. Int J Hydrogen Energ. doi:10.1016/j.
ijhydene.2013.08.100

Murarka A, Dharmadi'Y, Yazdani SS, Gonzalez R (2008) Fermentative utilization
of glycerol by Escherichia coli and its implications for the production of
fuels and chemicals. Appl Environ Microbiol 74(4):1124-1135

Naik MM, Pandey A, Dubey SK (2012) Biological characterization of lead-
enhanced exopolysaccharide produced by a lead resistant Enterobacter
cloacae strain P2B. Biodegradation 23:775-783

Panda J, Sarkar P (2012) Bioremediation of chromium by novel strains Entero-
bacter aerogenes T2 and Acinetobacter sp. PD 12 S2. Environ Sci Pollut Res
19:1809-1817

Pescuma M, de Valdez GF, Mozzi F (2015) Whey-derived valuable products obtained
by microbial fermentation. Appl Microbiol Biotechnol 99(15):6183-6196

Podlesny M, Jarocki P, Wyrostek J, Czernecki T, Kucharska J, Nowak A, Targoriski
7 (2017) Enterobacter sp. LU1 as a novel succinic acid producer—co-
utilization of glycerol and lactose. Microbial Biotechnol 10(2):492-501

Samul D, Leja K, Grajek W (2014) Impurities of crude glycerol and their effect
on metabolite production. Ann Microbiol 64:891-898

Sarma SJ, Dhillon GS, Brar SK, Bihan YL, Buelna G, Verma M (2013) Investigation
of the effect of different crude glycerol components on hydrogen pro-
duction by Enterobacter aerogenes NRRL B-407. Renew Energ 60:566-571

Scholten E, Renz T, Thomas J (2009) Continuous cultivation approach for
fermentative succinic acid production from crude glycerol by Basfia suc-
ciniciproducens DD1. Biotechnol Lett 31(12):1947-1951

Schroder H, Haefner S, von Abendroth G, Hollmann R, Raddatz A, Ernst H,
Gurski H (2010) Novel microbial succinic acid producers and purification
of succinic acid. BASF SE Patent WO 2010/092155 Al

Sekowska A, Kung HF, Danchin A (2000) Sulfur metabolism in Escherichia
coli and related bacteria: facts and fiction. J Mol Microbiol Biotechnol
2(2):145-177

Sezenov G, Joseleau-Petit D, D'Ari R (2007) Escherichia coli physiology in Luria-
Bertani broth. J Bacteriol 189(23):8746-8749

Singh B, Bhat TK, Sharma OP, Kanwar SS, Rahi P, Gulati A (2012) Isolation of
tannase-producing Enterobacter ludvigii GRT-1 from the rumen of migra-
tory goats. Small Rumin Res 102:172-176

Sinha A, Khare SK (2012) Mercury bioremediation by mercury accumulating
Enterobacter sp. cells and its alginate immobilized application. Biodegra-
dation 23:25-34

Tajima Y, Kaida K, Hayakawa A, Fukui K, Nishio Y, Hashiguchi K, Fudou R, Matsui
K, Usuda Y, Sode K (2014) Study of the role of anaerobic metabolism in
succinate production by Enterobacter aerogenes. Appl Microbiol Biotech-
nol 98(18):7803-7813

Tajima Y, Yamamoto Y, Fukui K, Nishio Y, Hashiguchi K, Usuda Y, Sode K (2015)
Effects of eliminating pyruvate node pathways and of coexpression of
heterogeneous carboxylation enzymes on succinate production by
Enterobacter aerogenes. Appl Environ Microbiol 81(3):929-937

Vlysidis A, Binns M, Webb C, Theodoropoulos C (2011) Glycerol utilisation for
the production of chemicals: conversion to succinic acid a combined
experimental and computational study. Biochem Eng J 58-59:1-11

Wang A, Xu X, Ma C, Gao C, Li L, Wang Y, Tao F, Xu P (2012) Efficient 2,3-butan-
ediol production from cassava powder by a crop-biomass-utilizer, Entero-
bacter cloacae subsp. dissolvens SDM. PLoS ONE 7:e40442

Wang J, Kim YM, Rhee HS, Lee MW, Park JM (2013) Bioethanol production from
mannitol by a newly isolated bacterium, Enterobacter sp. JMP3. Bioresour
Technol 135:199-206

Yoon SJ, Choi YJ, Min HK, Cho KK, Kim JW, Lee SC, Jung YH (1996) Isolation and
identification of phytase-producing bacterium, Enterobacter sp. 4, and
enzymatic properties of phytase enzyme. Enzyme Microbiol Technol
18:449-454

Zhang YJ, Li Q, Zhang YX, Wang D, Xing JM (2012) Optimization of succinic
acid fermentation with Actinobacillus succinogenes by response surface
methodology (RSM). J Zhejiang Univ-Sci B 13(2):103-110


http://dx.doi.org/10.1111/pce.12220
http://dx.doi.org/10.1186/1471-2164-11-680
http://dx.doi.org/10.1016/j.ijhydene.2013.08.100
http://dx.doi.org/10.1016/j.ijhydene.2013.08.100

	Media optimization for economic succinic acid production by Enterobacter sp. LU1.
	Abstract 
	Introduction
	Materials and methods
	Microorganism
	Optimization procedure
	Plackett–Burman design
	CCD

	Biomass and succinic acid production from waste glycerol
	Analytical methods

	Results
	Statistical optimization of medium composition for Enterobacter sp. LU1 cultivation
	Statistical optimization of medium composition for succinic acid production by Enterobacter sp. LU1

	Discussion
	Authors’ contributions
	References




