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The objective of this work was to optimize the bioprocess parameters, using Klebsiella
oxytoca ICCF 419 to obtain an exopolysaccharide based on lactose as substrate. A kinetic
study was employed and Logistic and Gompertz models were applied to describe the
polysaccharide production, in relation with biomass growth and substrate consumption.
The RSM methodology based on Central Composite Rotatable Design was used to
evaluate and optimize the effect of lactose, corn extract, KH,PO. and citric acid
concentrations as independent variables on the polysaccharide production, biomass growth
and substrate consumption as the response functions. The interaction effects and optimal
parameters were obtained using Design Expert Software (version 9.0.6.2). The significance
of the variables and their interactions was tested by means of ANOVA analysis with a 99%
confidence level. The optimum culture conditions were determined and the model prediction
was compared with experimental results. At an initial value of 23.45 for the C/N in the
fermentation medium, the strain produces 17.41 g/L of crude polysaccharide and 2.53 g/L
dry biomass. The EPS production was significantly influenced by lactose, corn extract
and KH,PQO4, while the citric acid had no influence. The biomass growth was influenced
by the corn extract, KH,PO4 and citric acid.
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Introduction

The natural environment represents a valuable resource
of microorganisms for the polysaccharide biosynthesis,
while bacteria are considered as a significant source of bio-
active natural products (SEKUROVA et al, 2019). The need
for new therapeutic agents, with low toxicity, obtained
from renewable resources which can replace the petroleum-
based ones, contributed in the last decades to the discovery
of novel compounds (VENTORINO et al, 2019; YADAV
et al, 2019). Microbial exopolysaccharides (EPSs), as
secondary metabolites, advantageous for environmental
adaptation and bacteria survival, represent a class of
superior biopolymers with an extensive range of industrial
applications (pharmaceuticals, nutraceuticals and cosmetics,
chemicals, biomedicine, food and agriculture, packaging
industries, environmental protection), which present
multiple advantages over their similar chemical derived
compounds, such as bioactive functions, biodegradability,
biocompatibility and non-toxicity. These natural polymers
are well known for their beneficial effects on human health,
such as immune (including the reduction of oxidative
stress in relation with anti-inflammatory action and human
microbiota) and digestive functions, and for their important
role in nutraceuticals formulation, if we consider their
contribution to the growth of probiotic organisms (BUENO
AND GARCIA-CRUZ, 2006; VU et al, 2009; SANCHEZ
et al., 2015; DAM et al, 2017; SEKUROVA et al, 2019;
VAMANU E, 2019; VENTORINO et al, 2019). EPSs
represent a good alternative to those obtained from plants,
animals or seaweed, because their biosynthesis can be
easily conducted in controlled conditions (VENTORINO et
al, 2019). Natural molecules are produced in small yields, and
this is why classical approaches of fermentation processes
(upstream, downstream) need to be improved (YADAYV et
al, 2019), in order to ensure a constant or a higher yield; an
increased understanding of the biotechnological process
could be achieved by using kinetics and optimization studies.

There is a need to mathematically model the microbial
growth in the fermentation, to describe the behavior of
microorganisms and product formation under different
physical or chemical conditions, and further elucidate the
larger scale fermentation strategies (TELEKEN et al,
2010). In this context, mathematical biology has gained
attention in the past years, and kinetic models are employed
to solve various problems encountered in industrial biopro-
cesses, facilitating data analysis (GANDURI and PODHA,
2014; RAJENDRAN and THANGAVELU, 2012).

The mathematical modeling of the fermentation
process provides information on the kinetics and metabolic
nature of microorganisms, but also allows controlling and
optimizing production during biosynthesis. The prediction of
the production can have practical consequences as biomass
can be produced much faster, and even in a continuous manner.

In the literature, Gompertz, Logistic, Richards, Stannard,
Weibull and Morgan—Mercer—Flodin based models are
used to fit well the experimental data (ALIREZA, 2008;
BARANYI and ROBERTS, 1994; CHENG et al, 2010;
COBAN and DEMIRCI, 2016; DODIC et al, 2012; FAN et
al, 2004; FERCHICHI et al., 2005; GOMPERTZ, 1825;
KHANNA et al, 2011; MORGAN et al, 1975; PEARL and

REED, 1920; PHUKOETPHIM et al, 2017; RICHARDS,
1959; SINGHASUWAN et al, 2015; STANNARD et
al, 1985; VAZQUEZ et al, 2004; WEIBULL, 1951a;
ZWIETERING et al, 1990).

Among these, Logistic and Gompertz are the most
frequently models used to predict microbial growth and
product formation in fermentations (COBAN and DEMIRCI,
2016). The logistic function model was originally utilized
to model the biomass growth and it was applied to calculate
batch kinetics of microbial growth for polysaccharide
production. Luedeking-Piret and Gompertz equations were
used to correlate the product formation to microbial growth
and substrate consumption, and also to model the substrate
consumption in relation with biomass production (KLIMEK
and OLLIS, 1980; THOMSON and OLLIS, 1980; BOA and
LEDUY, 1987; Mohammad et al, 1995). Predictions of the
fermentation kinetics parameters have been also reported in
the past few years, including: i.e. cell growth for Xanthomonas
campestris (ZAKERI et al, 2015), Enterobacter sp. (MARQUES
etal, 2016), Klebsiella pneumoniae (CHENG et al, 2015), Lacto-
bacillus delbrueckii ssp. bulgaricus (GORANOV et al, 2015),
Sphingomonas paucimobilis (WANG et al, 2006), Kocuria
marina (MITRA and DUTTA, 2018), Streptococcus sp.
(TARRAH et al, 2018), Pediococcus acidilactici (CHOWD-
HURY et al, 2007), Rhizoppus arrhizus (RAJENDRAN and
THANGAVELU, 2012), Aureobasidium pullulans (GANDURI
and PODHA, 2014), and described by Logistic or Gompertz
models; EPSs synthesis — xanthan (ZAKERI et al, 2015),
gellan (WANG et al, 2006), pullulan (CHAO et al, 2017),
bioflocculant EPS (GUO et al, 2018), described by the
Luedeking—Piret model; substrate utilization — vegetable
sugar juices (SHARMA and MISHRA, 2014), lactose from
cheese whey (MITRA and DUTTA, 2018), lactose from
whey (ARIYANTI and HADIYANTO, 2013), described
by Logistic, Gompertz or Monod models.

Along with the Kinetics studies, bioprocess para-
meters optimization aims to maximize the yield and quality
of the product (KUMAR et al, 2007; SIRAJUNNISA et al,
2016; SING et al, 2017). In this context, statistical approaches
and experimental designs are effective, because the limita-
tions of conventional methods can be efficiently eliminated
(LIU et al, 2005; MAHAJAN et al, 2010). Response Surface
Methodology (RSM) is frequently utilized as an optimization
method, with applications in the development and formu-
lation of new products. RSM offers complex information
based on various designs that fit empirical models to experi-
mental results, assessing the effects of the independent
variables, but also of their interactions (BAS and BOYACI,
2007; AHMAD et al, 2015; MANAGAMURI et al, 2017).
Industrial optimization processes are addressing to the potential
problems using the RSM approach, which provides a panorama
of them. Its popularity has been reported in various studies
during the past years, including for the EPSs biosynthesis,
such as xanthan, gellan, dextran, wellan, cellulose, hyaluronic
acid, levan and many others, including polysaccharides produ-
ced by K. oxytoca, bioflocculants obtained from K. pneumoniae
(ZHONG et al, 2014; Marques et al, 2016; YU et al, 2016).

This research presents a preliminary study, the main
purpose of which was to obtain a microbial exopolysac-
charide using a bacterial strain, Klebsiella oxytoca ICCF 419,
recently isolated from bitter cucumber roots, and to investigate
the effects generated by some key factors in the biosynthesis
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process, to improve the product yield, when lactose is
used as the main carbon source and substrate.

Materials and Methods

Bacterial strain and batch fermentation

A bacterial strain of Klebsiella oxytoca (K. oxytoca)
ICCF 419, belonging to the CMII-ICCF-WFCC 232
Culture Collection?, was recently isolated from a sample
of bitter cucumber root nodules (Momordica charantia),
extracted from fresh garden soil. The microorganism was
stored as slant cultures in nutrient agar, King’s B2 medium
and Bacto Emerson agar (BE)3, at 4°C. Slant cultures
grown in BE were transferred to 10 mL of the seed medium,
IPS (an ICCF medium), in Erlenmeyer flasks of 500 mL
capacity, with a total working volume of 100 mL. IPS medium
consisted of (% wi/v): glucose 1.0, corn steep liquor 1.5,
KH2PO4 0.2, MgS0O4 0.05 and NaCl 0.2. Inoculum cultures
were incubated at 33-34°C, 220 rpm. Fermentation was
carried out in 500 mL conical flasks, each containing 100 mL
of the sterile production medium. The basal medium LAC
(an ICCF original formula) was inoculated with 10% (v/v) of
24 hrs inoculum cultures and then incubated at 33-34°C,
220 rpm, for 64 hrs. The EPS production medium was
composed of (% wi/v): lactose 3.0, corn steep liquor (as a
waste product from industry) 1.5, KH,PO4 0.2, MgSO.
0.05, NaCl 0.2 and citric acid 0.1, with an initial pH of 7.5.

The rate of substrate consumption was determined by
measuring free reducing sugars expressed as glucose (% wiv)
in the fermentation broth, at the end of the bioprocess (Luff-
Schoorl method). Samples with lactose were measured separa-
tely due to an increased viscosity, after an HCI (20%) hydrolysis,
at 67°-70°C, for 10 minutes (adapted after the method of
xanthan hydrolysis, in European Pharmacopoeia 9™ Ed.).

Downstream process followed an adapted methodo-
logy (MOSCOVICI et al, 2009). To determine the crude
EPS content, the microbial cells were first removed by
centrifugation (8000 rpm/30 min/4°C) and filtration, using
a celite precoat. Highly viscous samples were first diluted
with distilled water (1:1, v/v). Then, the crude polysac-
charide was precipitated, under vigorous shaking by adding
5 g/L of KCI and cold ethanol (99.5%), 1:3 (v/v) and the
mixture was allowed to settle overnight, at 4°C, to ensure
the complete precipitation. Then, the alcoholic supernatant
was centrifuged (3000 rpm/15 min/4°C) and the precipitate
was dried to constant weight, in a vacuum oven (Memmert)
at 85°C, for 8-10 hrs.

Cell growth was measured by optical density and
converted to dry weight, after centrifugation (8000 rpm/
15-30 min/4°C) and vacuum-drying, at 105°C for 10 hours.

Optimization of fermentation parameters using RSM
Effects of the independent variables on the bioprocess
and their interactions were studied, to find their optimum,
lower and upper values in maximizing the EPS production.
A central composite rotatable design (CCRD) for four
independent variables was used to obtain a combination

! http://cfarm.ncpri.ro/sct_1/page_58/culture_collection_of industrial
importance_microorganisms_-_cmii.htm

2 King’s B medium was originally described by King EMS et al,
1954, but the medium used for the Klebsiella ICCF 419 strain was
modified, according to the formula listed in: http://cfarm.ncpri.ro/
files/cmii-iccf/CMII-1CCF.pdf

of values that optimizes the response within the region of
three-dimensional observation spaces, which allows desig-
ning a minimal number of experiments (MOGHANNEM
et al, 2018; MONTGOMERY, 2019).

The experiments were designed using the Design Expert
Version 9.0.6.2. Software (State Ease, Minneapolis, MN).

The second-order polynomial coefficients were com-
puted in order to estimate the responses of the dependent
variable and the response surface plots were also obtained
by the use of the Design Expert Version 9.0.6.2. Software
package.

Variables such as carbon source (lactose — 3.0, 5.5 and
8.0 % wi/v) and nitrogen source (liquid corn extract — 1.15,
2.075 and 3.0 % w/v), KH2PO4 (0.1, 0.2 and 0.3 % w/v) and
citric acid (0.1, 0.2 and 0.3 % w/v) were studied to optimize
the EPS production, using the K. oxytoca ICCF 419 strain
in shaken culture fermentations.

A central composite factorial design of 24 = 16 plus 6
centred points and (2 x 4 = 8) star points, leading to a total of
30 experiments, was performed by using the Design Expert.

The F-test in ANOVA analysis was used to check the
statistical significance of models equations and p-values
lower than 0.05 were considered as significant. Verification
of experiments was used to validate the results under the
optimized experimental conditions.

Results were compared with predicted values from
the model, with determined minor standard deviation and
a representative coefficient of variation. All experimental
variants were made in duplicates.

The final equations in terms of coded factors were:

(1) EPS = +1.49-0.052*A-0.078*B+0.10*C+0.029*D+
0.26*AB+0.061*AC-1.406E-003*AD+0.050*BC-0.025*BD-
0.057*CD,

(2) Biomass = +0.43-0.025%A-0.17*B+0.089*C-+0.12*D+
0.091*AB+0.013*AC-0.024*AD-0.018*BC-0.18*BD-
0.044*CD,

(3) Substrate = +0.10+0.39*A-0.28*B+0.014*C+0.024*D-
0.34*AB-0.071*AC+8.812E-003*AD+0.12*BC-8.063E-
003*BD-0.049*CD+0.17*A"2+0.26*B"2+0.069*C"2+
0.031*D"2,

where the actual factor significance is: A — lactose (% wi/v),
B — corn steep liquor (corn extract) (% w/v), C — KH2PO4
(% wiv) and D — citric acid (% w/v).

Kinetics models for EPS production, biomass growth
and substrate consumption

A modified Gompertz model and a Logistic model
were proposed to predict the microbial growth, polysaccha-
ride production and substrate utilization in the fermentation
process. A logistic incorporated modified Luedeking-Pirret
model was also employed. The values were calculated
using the computational Matlab programming (R2017a,
MathWorks, Natick, MA), and initial values of the para-
meters were obtained from model linearization, according

3 https://www.atcc.org/~/media/6 D65EC60358F46DF A71728
D028DEBB8C.ashx

4IPS medium — modified formula of an ICCF original medium,
IPS broth (SOARE MG et al, 2017)
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to Mohammad et al. (1995). Kinetic coefficients were
calculated using sequential quadratic programming, Design
Software - Expert 9 (Stat-Ease, Inc., Minneapolis, U.S.A.).

According to Zwietering et al. (1990), the mathe-
matical equations are: (1) for the modified Gompertz
model and (2) for the modified logistic model:

Be
A; = A exp {—exp [A— A —t]+ 1]} ¢
m

A
A, n

= (2)
1+exp[tlﬁ|/1—t| +2]
m

where Ay: is the concentration of the studied factor at “t”
time, Anm is the maximum concentration of the studied factor,

XOeXp(/lmt)
X
1— 5% (1 - exp(umt))
m

The kinetics of substrate concentration in relation with
time is descrbed by the following equation:

XOeXp(.umt)
X
1— 5% (1 — exp(gmt))
m

where X is the instantaneous biomass concentration,
Xo - initial biomass concentration, X, - maximum biomass
concentration, P - instantaneous product concentration,
Po initial product concentration, S - instantaneous substrate
concentration, So- initial substrate concentration, o, B,y and 1 -
empirical constants depending on the fermentation conditions.

Therefore, logistic and Gompertz equations were
applied to study cell growth, EPS production, and substrate
consumption rate, the logistic incorporated modified
Luedeking—Piret model was applied to study the EPS
profile and substrate utilization, and the reparametrized
Gompertz survival model was utilized to study the substrate
consumption/growth profiles.

To evaluate the mathematical models used in the
experiments, R-squared (R?, Rag?), Mean-Square Errors
(MSE), Root-Mean-Square Errors (RMSE) and Mean
Absolute Errors (MAE) values were considered.

The modified Logistic Gompertz and Gompertz
survival models were fitted to the experimental data using

S@) =So—v — X

Table 1. Statistical coefficients

Response Model RMSE | MSE R?
Logistic 0.009 | 0.010 |0.999
. Gompertz 0.009 | 0.010 | 0.999
Biomass Logistic-Luedeking
Pirret (LLP) 0.069 | 0.076 | 0.964
Crude Logistic 0.024 | 0.027 |0.999
. Gompertz 0.025 | 0.028 |0.999
polysactc hi”de Logistic-Luedeking
conten Pirret (LLP) 2.943 | 3.265 | 0.999
Logistic 0.034 | 0.038 | 0.998
Substrate Gompertz 0.050 | 0.056 | 0.995
concentration | Logistic-Luedeking | 0.643 | 0.714 | 0.261
Pirret (LLP)

- X

Bm the production or consumption rate of the studied factor,
A is the duration of the lag phase and t the sampling time.
The EPS formation is described by the Leudeking—
Piret kinetics (ZWIETERING et al, 1990) expressed as
equation (3) and depending on both, the instantaneous biomass
concentration X and growth rate dX/dt, in a linear manner:

dP dX
3

ac = Ca tPX
where o and P are empirical constants depending on the
fermentation conditions.
Solving the equation (3) based on the logistic
equation, the logistic incorporated Luedeking—Piret model
for the EPS production is:

X, X
ol + 37111 [1 - ﬁ@ - exp(,umt))] (4)

X, X
o =n 2|1 - F (1 - ewwan)|  ®)

the Levenbergh”Marquardt algorithm, to minimize the
objective function (PRESS WH et al, 1992; HUANG L.,
2009), while for the logistic incorporated Ludeking—Piret
model, the initial values were obtained by the linearization
technique, presented by Mohammad et al. (1995).

Results

Dynamics of bacterial growth and EPS production

Statistical coefficients for all the applied kinetics
models are presented in Table 1, along with the experi-
mental data which indicate values higher than 0.99 for the R?
coefficient, in the case of Logistic and Gompertz models.

To study the kinetics of the fermentation process
using the K. oxytoca ICCF 419 strain, time profiles for
biomass, substrate and crude product were first evaluated
separately, and then, results were compiled as shown in
the Fig. 1 to give a better view about the optimal model
for the further use.

T e ]

B % 44 idb i lad
—h—ak

14 %~ Lé 1 S - S 1 T e | 1

Y * k # Biomass

% § 4 EPS ]

10 ; 4 4 Substrate 4

Biomass, EPS and Substrate, g/l

tLh
Figure 1. Kinetic modeling for the K. oxytoca ICCF 419 —
Logistic model.
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Fig. 1 presents concentration profiles for the Logistic
model and illustrates the relation between biomass, substrate,
and the EPS biosynthesis. The following values were
recorded: a maximum for dry biomass at 4.2 g/L, a constant
increase in crude polysaccharide content, with a maximum
of 15 g/L and a rapid decrease in substrate concentration,
with a minimum value after 64 hrs fermentation.

Investigation of fermentation parameters effects
using RSM

Based on a previous screening study, different con-
centrations of medium components such as lactose, corn

extract, KH2PO4 and citric acid were selected for the
optimization experiment by using a CCRD design, with
4 variables and 3 levels.

Accordingly, three-dimensional graphs were gene-
rated for pair-wise combination of the four factors and in
Fig. 2, 3 and 4 are presented some of the interactions that
positively influenced the EPS production, biomass growth
and substrate consumption, such as: KH2PO4 and citric
acid or lactose, corn extract and lactose, and corn extract
and KH,POj,.

a
) Design-Expert® Software
Factor Coding: Actual 1
Polysaccharide (g/100 mL)
® Design Points

205

1.03
X1= A Lactose
X2 = B: Corn Extract
Actual Factors

C: Potassium Phosphate =0
D: Citric Acid =0

B: Corn Extract

45

Prediction 1.49133

] Isaccharide (g/100 mL)

b

) Design-Expert® Software

Factor Coding: Actual

Polysaccharide (g/100 mL)

® Design points above predicted value

® Design points below predicted value
205

1.03

X1 =B: Corn Extract
X2 = D: Citric Acid

Actual Factors
A: Lactose =0
C: Potassium Phosphate =0

Polysaccharide (g/100 mL)

D: Ctric Acd

B: Com Extract

Figure 2. RSM profile of the EPS production: a) the CD factors interaction (between KH2PO4 and citric acid)
and b) the AC factors interaction (between lactose and KH2POs).
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Experimental data indicate that after 64 hrs of
fermentation, the highest concentration of crude EPS
(20.5 g/L) was determined for run 20 (%w/v: lactose 3.0,
corn extract 1.15, KH,PO4 0.1 and citric acid 0.3). High
concentrations of EPS, such as 19.0, 18.75 and 17.5 g/L
were also determined in case of runs 26 and 4, 23 and 1,
respectively. Culture conditions were (% wi/v): lactose 3.0

or 8.0, corn extract 1.15 or 3.0, KH2PO, 0.3, 0.2 or 0.1 and
citric acid 0.1 or 0.2. The lowest production values were
measured for runs 13, 3 and 8, where EPS content was
determined as 10.3, 10.95, and 11.2 g/L, with initial culture
conditions (% w/v): lactose 8.0 or 3.0, corn extract 1.15 or
3.0, KH2PO4 0.1 and citric acid 0.1 or 0.3.

a) Design-Expert® Software
Factor Coding: Actual 1
Biomass (g/100mL)
# Design Points

1.14

o1 28

X1=A: Lactose
X2 = B: Corn Extract

Actual Facters
C: Potassium Phosphate =0
D: Citric Acid = 0

B: Corn Extract

Prediction 0433167 ‘

Biomass (g/100mL)

E.1} a a5

A: Lactose

b) Design-Expert® Software

Factor Coding: Actual

Polysaccharide (g/100 mL)

@ Design points above predicted value
@ Design points below predicted value

205
22
1.03
X1 =B: Corn Extract
X2 = D: Citric Acid

Actual Factors
A: Lactose =0
C: Potassium Phosphate =0

Polysaccharide (g/100 mL)

D: Citric Acid

B: Com Extract

Figure 3. RSM profile of the biomass growth: a) the CD factors interaction (between KH2PO, and citric acid)
and b) the AB factors interaction (between lactose and corn extract).

The highest values for dry biomass were determined
as 11.4 and 10.4 g/L, corresponding to runs 23 and 20,
with initial fermentation conditions (% wi/v): lactose 3.0,
corn extract 1.15, citric acid 0.3 and KH,PO4 0.3 or 0.1.

The lowest values were determined as between 1.0 and
1.95 g/L, caused by higher concentration of lactose and
corn extract.
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a) Design-Expert® Software

Factor Coding: Actual

Substrate (g/100 mL)

¢ Design points above predicted value
[} o

21
0

X1 = A: Lactose
X2 = D: Citric Acid

Actual Factors
B: Com Extract =0
C: Potassium Phosphate =0

Substrate {g/100 mL)

D: Citric Acid

T::""«,‘,» > a5 A Lactose

b) Design-Expert® Software

Factor Coding: Actual

Substrate (/100 mL)

® Design points above predicted value
o

21
IO

X1 = C: Potassium Phosphate
X2 = D: Citric Acid

Actual Factors r*
A: Lactose = 0
B: Com Extract = 0 2

— R N C Potassum Phosphate

D Citric Acid

Figure 4. RSM profile of the substrate consumption: a) the BC factors interaction (between corn extract and KH;PQOy,)
and b) the AB factors interaction (between lactose and corn extract).

Lactose, used as a carbon source for cell growth, but
also as a substrate for the EPS production, was totally
consumed (0 g/L in the fermentation broth) in case of run
23, for which was determined an EPS content of 18.75 g/L,
with initial culture conditions (%wi/v): lactose 3.0, corn
extract 1.15, K,PO4 0.2 and citric acid 0.3.

A validation experiment was conducted and the
following values were obtained: 17.41 g/L of crude
exopolysaccharide, 2.53 g/L dry biomass and 0.13 g/L
lactose remained in the fermentation broth (nearly totally
substrate consumption).

Following the RSM modeling and data interpretation,
bioprocess parameters were estimated considering the
fermentation medium composed of (%w/v): lactose 3.0,
corn extract 1.34, KH,PO4 0.1 and citric acid 0.1, with
a C/N ratio of 23.45. The predicted values were: 17.7 g/L
for the crude EPS content, 2.6 g/L for dry biomass and
0.163 g/L substrate in the fermentation broth. Under the

optimization conditions, experimental data was very close
to the predicted values of EPS content: 17.41 g/L of crude
EPS, 2.53 g/L dry biomass and 0.13 g/L lactose in the
fermentation broth.

Discussions

K. oxytoca is a Gram-negative and rod-shaped micro-
organism, ubiquitous in the environment, normally found
in water, vegetation and soil, but also in the bowel of man
and animals, and which is known to be an opportunistic
pathogen, an endophytic nitrogen-fixing bacterium, and
an EPS producer. It is also a major component of the
microflora characteristic to stressed environments, and it is
frequently isolated from various plant roots in the bio-
prospecting studies, in order to study different metabolic
properties interesting for the bioremediation field (i.e.
potential to remove phenol, cadmium, mercury, endosulfan,
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nitroglycerin, acrylonitrile etc) (BRISSE et al, 2006;
GALLO etal, 2012; CHEN et al, 2013; SINGH et al, 2016).

The present study aimed to investigate the effects
of some bioprocess parameters, on an EPS producing
K. oxytoca strain (ICCF 419), when lactose was selected as
the main carbon source, and as a precursor for the polymer
synthesis.

Most of the microbes have not the capacity to
degrade lactose, because they do not produce the lactose-
hydrolyzing enzymes, but K. oxytoca ICCF 419 strain
demonstrated its ability to utilize lactose as a carbon source,
which is not a commonly substrate used in the fermentation
media, and it synthesized a promising yield of crude
exopolysaccharide. Other studies reported production of
polysaccharides by using lactose-utilizing microorganisms (i.e.
Pseudomonas elodea, Bacillus subtilis, Streptococcus ther-
mophilus, lactic acid bacteria etc. (CAGRI-MEHMETOGLU
et al, 2012; RABHA et al, 2012; ZEIDAN et al, 2017).

Kinetics studies

Comparing the results presented in Table 1, the
Logistic and Gompertz models are similar and suitable to
use for the entire time-domain data analysis, than the LLP
model, which has a linear allure and allows only a linear
growth domain analysis (up to 44 hrs of fermentation).

In the case of cell formation, it was noticed a rapid
growth in the first 24 hrs, followed by a slight and constant
growth in the stationary phase, with a maximum deter-
mined at 4.33 g dry biomass/L after 56 hrs bioprocess.
Logistic and Gompertz models are considered suitable to
study the biomass growth, with a correlation coefficient
(R?) of 0.999.

Medium composition and the relation between carbon
and nitrogen sources are significant factors that influence
EPS biosynthesis, while substrate has a key role in poly-
saccharide production. Time profiles for this parameter
were evaluated with Logistic and Gompertz models, with
correlation coefficients (R?) of 0.998 and 0.995.

An immediate decrease of lactose in fermentation
broth was observed when Klebsiella started to exponen-
tially multiplicate, the substrate being almost completely
consumed between 8 and 64 hrs of bioprocess and reaching
a minimum value of 2 g/L.

The strain started to produce EPS during the expo-
nential phase, then a maximum yield of crude polysaccharide
of 15 g/L was determined after 56 hrs of fermentation; after
that, it followed the decline phase, during which the content
of EPS in the fermentation broth started to decrease, due to
its possible hydrolysis (MOGHANNEM et al, 2017). As in
the case of biomass profile, correlation coefficient (R?) for
the Kinetic models was 0.999.

Therefore, employing a Logistic model gives the
closest interpretation of the experimental data in case of
K. oxytoca ICCF 419, with a correlation coefficient (R?)
of 0.998.

Optimization studies

Higher EPS contents (17.5-20.5 g/L), and the most
common values for EPS production (14-17 g/L) deter-
mined by using CCRD experiment were obtained when

the C/N was calculated as between 27.32-27.93, and 30-55,
respectively. These findings are promising, by comparison
with other results, obtained with a K. oxytoca strain isolated
from milk, which was grown on lactose 5%w/v, and after
72 hrs of bioprocess, produced 6.1 g EPS/L (DLAMINI
et al 1997). The lowest values were obtained when the
corresponding C/N ratios were calculated as 10.47 and
72.87, respectively. The relation between carbon and
nitrogen source is strengthening the idea that a C/N ratio
value of 27-30 is recommended for a maximum vyield
of polysaccharide.

Lower concentrations of carbon and nitrogen, as well
as phosphate (a minimum of 0.2% wi/v) are favorably
influencing cell growth; the maximum value for dry
biomass was observed when the C/N was approximately
27. Concentration of KH2PO4 had no significant effect on
the EPS production, while a high concentration of biomass
was not desirable. Therefore, biomass growth was influen-
ced by corn extract, KH,PO4 and citric acid, and by the
interactions between corn extract and lactose or citric
acid. Lactose itself and its interaction with KH2PO4
had no significant influences. The highest biomass value
was determined as 11.4 g/L, but it was not recommended
when maximizing the EPS production.

Following the statistical analysis, it was found that
the interactions between AB factors (lactose and corn
extract), as well as BC factors (corn extract and potassium
phosphate) have a positive influence on the substrate
consumption, and in relation with the EPS production.
However, the individual contributions of citric acid or
phosphate or the interaction between them does not
significantly influence lactose consumption. During the
experiment, it has been observed that lactose at an initial
concentration of 3 or 5.5% (w/v) is completely meta-
bolized by our strain, with the advantage of producing
high EPS content.

Crude EPS content as a response in the 2FI - RSM
model

The F-value of 70.92 shows that the 2FI model is
significant; there is only a 0.01% chance that this value
could occur, due to the noise, while a value of “Prob>F”
less than 0.05 indicates that model terms are significant.
The “Lack of Fit F-value” of 11.90 implies that the model
fits and there is only a 0.64% chance that this could occur
due to the noise. ANOVA showed that terms like A, B, C, AB,
AC, BC, and CD were significant, which means that lactose,
corn extract and KH2PO4 by themselves were significantly
effective in the EPS biosynthesis (p-values<0.0001); lower
p-values registered for interactions between lactose and
corn extract, and lactose and KH,POa, had some influence
on the EPS content. However, the citric acid itself or the
interaction between lactose and citric acid had no signi-
ficant influences (p-values of 0.0088 and 0.91).

The model has high values for R?, R?%(adj) and R?
(pred) of 0.97, 0.96 and 0.90 and it indicates that experi-
mental results were fitted accordingly. Also, the value of
32.54 corresponding to the “Adeq Precision” indicates
adequate signal to use these model in further spatial
designing.
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Biomass growth as a response in the 2FI - RSM
model

The F-value of 39.34 suggests that the 2FI model is
significant; the “Lack of Fit F-value” of 1.38 implies that
the model fits and there is only a 38.31% chance that this
could occur due to the noise. ANOVA analysis showed that
terms like B, C, D, AB, BD, and CD are significant,
meaning that the corn extract, KH,PO4 and citric acid by
themselves were significantly effective (p-values <0.0001),
while interactions between corn extract and lactose or citric
acid had also influenced the biomass production. However,
lactose itself and its interaction with KH,PO4 had no
significant influences (p-values of 0.09 and 0.48).

High values for R?, R?(adj) and R?(pred) of 0.95,
0.93 and 0.87 indicate that experimental results were fitted
accordingly. The “Pred R-Squared” value of 0.87 is in
a reasonable agreement with the “Adj R-Squared” value
of 0.93, because the difference is less than 0.2. Also, the
value of 24.56 corresponding to the “Adeq Precision”
indicates adequate signal to use this model in further
spatial designing.

The optimum values of biomass correlated with the
EPS production were obtained when the C/N value was
calculated as approx. 27, while interaction between lactose
and corn extract had a significant influence on cell growth.
As could be observed in the experimental results, higher
concentrations (%wi/v) of these nutrients (lactose — 5.5 or
8.0 and corn extract — 3.0) lead to lower biomass values,
but nitrogen had a bigger influence than carbon if we
compare run 29 and 27. In the first case, biomass was
1.35 g/L and in the second one, it was 8 g/L. The culture
conditions (%wi/v) were: lactose 3.0 and 5.5 and corn
extract 3.0 and 1.15. KH;PO4 and citric acid in concen-
trations higher than 0.3 %w/v influenced the biomass and
lead to decreased values of it: 1.15 g/L (run10) and 1.95 g/L
(run 12).

Substrate consumption as a response in the 2FI - RSM
model

The F-value of 29.98 indicates that the quadratic
model is significant; the “Lack of Fit F-value” of 12.44
implies that the model fits and there is only a 0.62% chance
that this could occur due to the noise. ANOVA analysis
showed that terms like A, B, AB, BC, A? B? and C2are
significant, meaning that lactose and corn extract by them-
selves were significantly effective (p-values <0.0001),
including their interaction; lactose and citric acid interac-
tion had no influence on substrate consumption.

The values 0f 0.97, 0.93 and 0.81 corresponding to R?,
R?(adj) and R?(pred), indicate that experimental results
were fitted accordingly. The “Pred R-Squared” value of
0.81 is in a reasonable agreement with the “Adj R-Squared”
value of 0.93, because the difference is less than 0.2. Also,
the value of 29.98 corresponding to the “Adeq Precision”
indicates adequate signal to use these models in further
spatial designing.

A significant influence on substrate consumption
was determined by the AB factors interaction, between
lactose and corn extract. Therefore, to have a total substrate

consumption, but taking into account the EPS production,
optimal composition of fermentation medium was consi-
dered (%w/v): lactose 3.0, corn extract 1.15, and KH,PO4
and citric acid in concentrations higher than 0.2, if we
correlate also with the values determined for the crude EPS
and dry biomass (e.g. in case of run 23:; 18.75 and 11.4 g/L,
respectively).

Conclusions

Optimizing the fermentation is a key step of a
microbial biotechnological process development, aiming to
ensure the reliability, cost-efficiency and product quality.
In this study, the effects of different bioprocess para-
meters on EPS production were investigated, by using the
K. oxytoca ICCF 419 strain. Optimization and mathema-
tical modeling were studied using RSM — CCRD design,
and kinetics models such as Logistic and Gompertz.

The Logistic model was considered the most suitable
to interpret experimental data, with an R? value > 0.99.
Results indicated a crude EPS vyield of 15 g/L and
a maximum biomass concentration of 4.2 g/L after 56 hrs
of bioprocess.

CCRD design was applied to study EPS formation in
relation with microbial growth and substrate consumption,
using 4 variables and 3 levels. EPS production was signi-
ficantly influenced by lactose, corn extract and KH2PO,,
while citric acid had no influence. Maximum experimental
yield of crude EPS was determined as 20.5 g/L.

ANOVA analysis showed that interactions between
the carbon and nitrogen sources were the most significant
on the EPS production, with a R? value of 0.97.

Scaling-up the polysaccharide production using the
K. oxytoca ICCF 419 strain, starting from the process
parameters established following this study, is the next
challenge related to the obtaining of a new biomaterial
with potential pharmaceutical applications.
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