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Abstract

The present work aimed to optimize a new economic medium for biopolymers production by Rhizobium leguminosarum.
Biopolymers were poly-B-hydroxybutyrate and exopolysaccharide (EPS and PHB). They were extensively used in various
industrial sectors. Statistical experimental designs and Response Surface Methodology were employed to optimize the medium
components. A central composite design was applied to increase the production yield and predict the optimal values of the selected
factors. An optimal medium, for PHB and EPS production of about 75.12 + 5.87 mg/L and 9.2 + 0.66 g/L, respectively, was found
to be composed of 10 g/L of sucrose and 3 g/L of yeast extract added to the wastewater based medium. These two components
were added to the wastewater to accurate the nutrient composition of the medium growth. This work shows for the first time the
feasibility of using rhizobial strains growing in industrial wastewater to coproduce EPS and PHB.
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1. Introduction

There has been considerable interest in the
development and production of biodegradable
polymers from renewable sources. Particular attention
was devoted to microbial polymers due to their great
variation that allows the continuous increase in the
search for product formulation useful in numerous
industrial sectors (Villano et al., 2014; Wang et al.,
2012). Bacterial polymers have particularly attractive
properties (non-toxicity, biocompatibility,
biodegradability, selective permeability, physico-
mechanical properties, etc.) and could be a solution to
the environmental problems caused by the waste
generated by the petroleum based polymers. Among
the bacterial polymers, polyhydroxybutyrate (PHB)
and exopolysaccharides (EPS) are extensively used in
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various industrial sectors. PHB is known to be
accumulated as intracellular inclusion in some
bacteria as carbon and energy reserves (Grothe et al.,
1999; Liu et al., 1998; Tavernier 2008), which can be
used mainly in biodegradable plastics production and
pharmaceutical sector (Singh et al., 2011). However,
the EPS polymers are synthesized inside the microbial
cell and excreted in the medium in the form of
macromolecules (Castellane et al., 2015; Kumari et
al., 2009; Sutherland, 1985). Because of their different
properties, EPS found applications in many industrial
sectors such as medicine, agriculture and food
industries (emulsifiers, stabilizers, binders, gelling
agents, coagulating agents, flocculating agents, film-
forming substances, lubricants, thickening agents,
immunostimulating agents and antitumor agents etc.)
(Donot et al., 2012).
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Rhizobia are able to synthesize both EPS and
PHB (Fouchet et al.,, 1995; Stam et al., 1986;
Sutherland 1985; Tavernier et al., 1997). Rhizobial
EPS are implicated in the Rhizobium-legume
symbiosis and are considered as important factors for
symbiotic efficacity (Breedveld and Miller, 1998;
Fraysse et al., 2003). They act as messengers during
host plant infection. These molecules are needed for
the continuous development of the infection thread
allowing the formation of biofilm on abiotic surfaces
and on roots of the host plants (Gonzalez et al., 1996;
Rinaudi 2009; Xie et al., 2012).

The rhizobial EPS biosynthesis represents a
multi-step process controlled by a complex protein
located on both inner and outer bacterial membranes.
The exopolysaccharide  properties  (structure,
composition, viscosity etc.) depend on several factors
related to the growth environment (nitrogen, carbon,
mineral salts, pH temperature, aeration etc.) (Duta et
al., 2006; Janczarek, 2011). PHB is synthesized under
specific conditions as intracellular carbon and energy
storage polymer (Fouchet et al., 1995; Stam et al.,
1986).

The biosynthesis of polymers by Rhizobia
controlled by the genetic characteristics and the
culture conditions (the nutrient sources, the nature and
the availability of carbon and nitrogen sources, pH,
temperature, oxygenation, concentrations) (Belal,
2013; Duta et al., 2006; Tavernier et al., 1997).
Besides, to produce microbial polymers, a wide
variety of raw material has been used as growth
medium for various microbial strains.

The carbon source is an important factor that
can influence the growth of microorganisms and the
polymer production. Nevertheless, the price and
availability of these substrates can be associated with
the production cost. Different studies have been
conducted in order to study the impact of the
concentration and the type of carbon source on the
PHB and EPS production (Ben Rebah et al., 2009;
Cerning etal., 1994; Gamar et al., 1997). The recovery
of waste is a beneficial solution to ensure
environmental quality. Particularly, the challenge for
wastewater treatment plants is to find ways to reduce
the cost of the treatment process and the sludge
disposal.

Because wastewater and sludge contain
various nutrients (carbon, nitrogen, phosphorus,
potassium and magnesium etc.) useful for microbial
growth, they have been used as growth media for
various rhizobial stains (Ben Rebah et al., 2001; 2002;
2009; Yan et al., 2006). However, no studies have
reported the use of wastewater as a carbon source for
growing rhizobial strains in order to produce
simultaneously EPS and PHB. Therefore, the
objective of this work was to maximize EPS and PHB
production by Rhizobium leguminosarum cultivated in
industrial wastewater. Carbon and nitrogen sources
added to the wastewater were optimized using central
composite design.
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2. Experimental
2.1. Wastewater sampling and characterization

Food processing wastewater was collected
from confectionery factory (Le Moulin-Triki, Sfax-
Tunisia), which generates a substantial volume of
wastewater of 30 md/day. The wastewater was
analyzed and stored at 4°C until their use (APHA
1992). Wastewater characteristics are shown in Table
1.

Table 1. Wastewater characteristics

Parameters Value
pH 4.94
SS: Suspended solids (mg/L) 230
COD: Chemical Oxygen Demand (mg/L) 2376
BOD:s: Biochemical Oxygen Demand (mg/L) 1550
TKN: Total Kjeldahl Nitrogen (mg/L) 140

2.2. Microorganism

A strain of Rhizobium leguminosarum
(ATCC 10004) was used during the experiments. The
inoculum was prepared in Yeast Mannitol Broth
(YMB) as described by Ben Rebah et al. (2009)

The growth of the strain was conducted in
wastewater filtrated under vacuum (to eliminate
suspended solids) and supplemented with various
concentrations of sucrose as carbon source and yeast
extract as a nitrogen source. Samples for rhizobial
growth were prepared as described by Ben Rebah et
al. (2009) and inoculated with inoculum size of 4%
v/v. Growth experiments were stopped after 72 hours.

2.3. Determination of EPS

The quantity of exopolysaccharide produced
by the strain in the growth medium was determined as
described by Damery and Alexander (1969) and
Kumari et al. (2009).

2.4. Determination of PHB

A sample of culture medium was centrifuged
for 10 min at 8000 rpm and washed twice with distilled
water. Then, the pellet was treated as described by
Anderson and Dawes (1990). The obtained cell
residue was subject to extraction with chloroform and
PHB was evaluated using the crotonic acid method
(Law and Slepecky 1960).

2.5. Experiment design and statistical analysis

Five-level (-0, -1, 0, +1, +a), two-factors
(sucrose and yeast extract concentrations) Central
Composite Design (CCD) was applied in this study.
With two factors, the total number of runs is equal to
12; 22 (two level factorial) + 2x2 (axial points) + 4
(center points) = 12 (Myers and Montgomery 1995).
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The two-level factorial part of the design
consists of all possible combinations of the +1 and -1
levels of the coded factors (4 design points: (1, 1), (1,
-1), (-1, 1) and (-1, -1)). Axial points are (-a, 0), (a, 0),
(0, o) and (0, -a). Center points : data from the center
points provides estimates of pure error and estimates
of curvature. The coded and uncoded variables and
their respective level are shown in Table 2.

Design Expert 7 was used to analyze the CCD
results. The effects of sucrose and yeast extract
concentrations on PHB and EPS vyields were
evaluated. The interaction of the two variables was
also calculated. ANOVA test was used to evaluate the
significance of variables. A mathematical correlation
associated the response (PHB or EPS) to the two
variables (sucrose and yeast extract) can be presented
by an equation. This mathematical model should be
evaluated and validated (at 95% of confidence level).

The regression models of two responses
(PHB and EPS) were established through second order
polynomial equation and were presented as follows

(Eq. 1):

Y = ag +arXy + axXo +a XiXo + anXi? + aznXs?

)

where: Y is the response (PHB and EPS production),
X1 and X are the input variables (sucrose and yeast
extract concentrations), ao is intercept term, a;, a; are
linear coefficient, a11, ax2 are quadratic coefficient and
arz is interaction coefficient.

3. Results and discussion

The wastewater used in the present study is
from a confectionery (Triki-Le Moulin, Sfax). It
mostly contains the nutrients (Table 1) that support the
microbial growth and/or bio-product formation (PHB

and EPS). In preliminary study, it was demonstrated,
that the wastewater can be used as growth media for
Rhizobium leguminosarum and during growth
substantial quantities of PHB and EPS were produced
by the strain. Growing in this wastewater, PHB and
EPS vyields did not exceed 8.55 mg/L and 4.40 g/L
respectively (data not shown).

These results confirmed those reported by
Ben Rebah et al., (2001; 2002; 2009) concerning the
possibility of growing Rhizobia in wastewater and in
sludge. Generally, the media used for biopolymer
production, in laboratory studies, may vary
considerably from industrial production media. In
laboratory studies, pure substrates such as glucose,
sucrose, and glycerol can be used to determine yields.
In industrial production, the main factors that control
the choice of the substrate to be used are the substrate
cost, the yield and the quality of the product. In order
to enhance rhizobial PHB and EPS productivities in
wastewater used in this study, the effect of sucrose and
yeast extract were chosen as nutrients sources. Our
strategy can lower the cost of growth media for
biopolymer production and reduce the industrial
wastewater handling and disposal. This can provides
an environmental sound way of wastewater
management and use in diverse biotechnological
application. A central composite design was
used to optimise levels of sucrose and yeast extract,
added to the wastewater, to maximize production of
PHB and EPS by Rhizobium leguminosarum. Table 2
shows the coded and the real experimental conditions
of the mixture design with the corresponding
measured responses. The independent variables and
runs were generated by Design-Expert Software. The
guadratic model was found to be the best fitted to the
responses. A second order polynomial equation was
employed to fit the experimental data presented in
Table 2.

Table 2. Central composite design matrix with the observed and predicted values

Experimental Condition Responses
Nutrient source (g/L) PHB (mg/L) EPS (g/L)
RuN Sucrose Yeast Extract Observed Predicted Observed Predicted

(X1) (X2) Value value value value
1 2.00 (-1) 1.00 (-1) 29.09 20.94 6.8 6.98
2 10.00 (+1) 1.00 (-1) 19.43 23.82 7.7 8.38
3 2.00 (-1) 3.00 (+1) 69.75 55.14 5.3 5.67
4 10.00 (+1) 3.00 (+1) 75.12 73.06 9.2 10.12
5 0.34 (-1.41) 2.00 (0) 18.24 32.05 7.3 7.00
6 11.66 (+1.41) 2.00 (0) 48.29 46.77 9.6 11.15
7 6.00 (0) 0.59 (-1.41) 16.22 17.73 5.9 6.35
8 6.00 (0) 3.41 (+1.41) 66.05 76.56 6.4 6.66
9 6.00 (0) 2.00 (0) 68.20 65.04 7.6 7.22
10 6.00 (0) 2.00 (0) 70.58 65.04 7.2 7.22
11 6.00 (0) 2.00 (0) 62.60 65.04 6.2 7.22
12 6.00 (0) 2.00 (0) 57.47 65.04 6.4 7.22
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The response data (PHB and EPS production)
in Table 2 was converted into two polynomial
equations  with  two independent variables.
Consequently, the polynomial models describing the
correlation between responses and variables were
(Egs. 2, 3):

Yeps (inglL) = +7.73-0.71X; + 0.41Xo+ 0.19 X Xo +
0.05 X~ 0.36 X,~

)
with adjusted R? = 0.83

YpHB (inmgi) = -38.00 + 9.02X; + 51.22 X, + 0.94 X; X2
~0.80 X,"~9.00 Xo*

®)
with adjusted R? = 0.77
where: Yeps and Ypus are the predicted responses of
EPS and PHB production, respectively; X; and X are
the concentrations of sucrose and yeast extract,
respectively.

ANOVA was also performed (Table 3). The
values of R? a measurement for fitness of the
regressed Eg. (2) and Eg. (3) were 0.91 and 0.88,
respectively. These resultants indicated that the
experimental data were in a good agreement with
predicted values. The associated p-value was used to

estimate whether F-value was large enough to indicate
statistical significance. A p-value below 0.05 indicates
that the model was statistically significant. The PHB
produced by Rhizobium increased with the
enhancement of both the sucrose and yeast extract
concentrations added to the growth medium (Fig. 1).
For yeast extract concentrations superior to 2 g/L, a
significant enhancement of PHB yield was observed.
Generally, PHB synthesis can be selectively induced
in Rhizobium strains by sources of carbon and
nitrogen and the nature of nutrient sources may affect
the PHB rates. For example, the culture of R. phaseoli
680 in the presence of sucrose and nitrate may allow
PHB yield up to 65% of dry cell weight (Bonartseva
et al., 1994). This illustrates that nitrate is an
importance factors in the biopolymer accumulation by
Rhizobium. In our study, only the total Kjeldahl
nitrogen was determined for the used wastewater.
Therefore, it seems interesting to determine the
different nitrogen forms contained in this media such
as nitrate and ammonia, allowing the investigation of
the significant nitrogen sources that enhanced polymer
production by the rhizobaial strain. Furthermore, the
C/N in the wastewater may have an impact on PHB
accumulation as reported by Ben Rebah et al., (2009)
while growing S. meliloti in starch and slaughterhouse
wastewaters.

Table 3. ANOVA and regression analysis of surface quadratic model for EPS and PHB

Source g’(;jun;gs Dfi?eg?j%sn?f Mean Square F-value p-value
PHB
Model 5062.85 5 1012.57 8.57 0.0105 Significant*
X1 182.40 1 182.40 1.54 0.2605
X2 3478.64 1 3478.64 29.43 0.0016
X1 X2 56.42 1 56.42 0.48 0.5155
X1? 1071.07 1 1071.07 9.06 0.0237
X2* 518.62 1 518.62 4.39 0.0811
Residual 709.31 6 118.22
Lack of Fit 605.72 3 201.91 5.85 0.0905 not significant
Pure Error 103.59 3 34.53
Cor Total 5772.15 11
R-Squared =0.88
EPS
Model 16.19 5 3.24 11.59 0.0049 Significant*
X1 8.11 1 8.11 29.00 0.0017
X2 0.06 1 0.06 0.22 0.6530
X1 X2 2.25 1 2.25 8.05 0.0297
X1? 3.97 1 3.97 14.20 0.0093
X2? 0.84 1 0.84 3.01 0.1335
Residual 1.68 6 0.28
Lack of Fit 0.37 3 0.12 0.28 0.8382 not significant
Pure Error 1.31 3 0.44
Cor Total 17.87 11
R-Squared =0.91

*Statistically significant at 95% of confidence level
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Fig. 2 showed that an increase of sucrose
concentration from 2 to 10 g/L and using a yeast
extract concentration more than 2 g/L improved the
EPS production. Generally, carbon is the most
important component of the media used for the
production of EPS because it directly affects the
production yields, compositions, structures and
properties of bacterial exopolysaccharide (Fialho et
al., 1999). However, a limit nitrogen concentration
allows an excess of EPS production for some Gram-
bacterial strains such as Xanthomonas, Pseudomonas
and Rhizobium (Sutherland, 1990). As reported for
PHB production, the C/N ratio is very important and
an abundant secretion of EPS is usually most
noticeable when bacteria are supplied with abundant
carbon source and minimal nitrogen (Pollock, 2002).

The addition of yeast extract in the growth
medium could have a beneficial effect on rhizobial
growth and on polymer production, because it supplies
the growth medium with various compounds and
might be used as a carbon and nitrogen source by
rhizobia (Meade et al., 1985). Yeast extract contains,
amino acids, inorganic nitrogen and growth factors
(iron, calcium, magnesium, strontium, sodium,
potassium, barium, manganese, copper, lead,
aluminium and vanadium) at a concentration that is
enough for nutritional requirement of rhizobial growth
(Burton, 1979). A better rhizobial growth is usually
obtained when low molecular weight amino acids are
added (Burton, 1979). In many research activities
vitamins and amino acids were used as nitrogen source
or as stimulator for improving gellan gum production
(Ashtaputre and Shah, 1995; Giavasis et al., 2000;
Nampoothiri et al., 2003). However, the use of high
concentration of yeast extract cannot be suitable for

(a)
PIIB (mg/l)

Yeast Extract (g/l)

Sucrose (g/l)

PHB (mg/l)

large industrial production due to the economic
consideration. Moreover, the use of yeast extract
concentration higher than 0.35% is not beneficial for
rhizobial growth because it produces distorted cell and
decreases the viability for some strains (Skinner et al.,
1977). The optimal conditions for EPS or PHB
coproduction were predicted using the optimization
function of the Design Expert Software. To improve
the economic competitiveness of the wastewater used
as growth medium and maximizing EPS and PHB
coproduction, sucrose and yeast extract were added.
These goals were satisfied by adding nutrient source
levels given in Table 4. These solutions provide EPS
and PHB vyields of 9.12 g/L and 77.71 mg/L
respectively. Experiments were conducted under
optimal conditions in order to assess the validity of
regression models (Table 4).

The result demonstrated that the experiment
data were in good agreement with the predicted values
confirming the validity and the adequacy of the
predicted models. The highest EPS (9.2 + 0.66 g/L)
and PHB production (75.12 = 5.87 mg/L) were
obtained with the same growth media (10 g/L of
sucrose and 3 g/L of yeast extract). For an industrial
point of view and to minimize the cost efficiency of
the growth medium for PHB production, a high yield
of 66.77+ 5.87 mg/L could be obtained when using
7.51 g/L of sucrose and 2.95 g/L of yeast extract.

4. Conclusions
Utilization of industrial wastewater provides
alternative substrates for biopolymer production and

may help solving pollution problems, which otherwise
might be caused by their disposal and treatment.
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Fig. 1. Contour diagrams (a) and response surface (b) for the PHB produced by Rhizobium as a function of the concentrations
of sucrose and yeast extract added to the wastewater
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Fig. 2. Contour diagrams (a) and response surface (b) for the EPS produced by Rhizobium as a function of the concentrations

of sucrose and yeast extract added to the wastewater

Table 4. Solutions for optimal conditions as generated by the Design Expert Software

Experimental Condition Response
Nutrient source (g/L) PHB (mg/L) EPS (g/L)
Sucrose (X1) Yeast Extract (X2) Observed value Predicted value Observed value Predicted value
10* 3* 75.12 £5.87 72.16+10.87 9.2 £ 0.66 9.12+0.53
7.51 2.95 66.77+ 5.87 77.71 £10.87 - -

*Concentrations maximizing PHB and EPS productions at the same time

Wastewater was the most important factor
affecting both EPS and PHB production. In this work,
it was demonstrated that central composite design was
a reliable method for determining the nutrient
concentrations supplemented to the growth medium in
order to maximize EPS and PHB yields.

However, the predicted optimum conditions
should be verified in large scale. Also, other factors
could be optimized using the CCD (such as salts, trace
element, pH, aeration, agitation etc). The screening of
other waste as nutrients sources (fish processing waste
as nitrogen source, etc.) should be also examined.
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