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Abstract

Accumulation of recalcitrant plastics in the environment has become a world-wide problem in to-
day’s societies. Rapid depletion of natural resources for synthetic plastics along with environ-
mental concerns has directed research towards finding alternatives to petroleum-based polymers.
Poly(3-hydroxybutyric acid) P(3HB), as one of these alternatives, have attracted much attention in
recent years due to their varied mechanical properties, biocompatibility and biodegradability.
The aim of this study was to identify an agro-industrial waste resource economically suitable for
large-scale production of P(3HB), to optimize the production using Response Surface Methodology
in small-scale and subsequently, to test the production in a continuously stirred tank reactor.
Among a range of agro-industrial waste, orange peel was selected as the most suitable for P(3HB)
production. P(3HB) concentration of 1.24 g P(3HB)/L culture broth with 41% P(3HB)/dcw yield
was obtained using orange peel as the sole carbon source in optimized medium with a modified
strain of Bacillus subtilis (B. subtilis 0K2).
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1. Introduction

Plastics have a number of desirable properties over conventional materials. These include low density, strength,
durability and resistance to degradation [1]. However, accumulation of recalcitrant plastics in the environment
has become a world-wide problem. In 2005, 18 million barrels of crude oil-equivalent were used to manufacture
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2 million polyethylene terephthalate (PET) bottles [2]. Along with the environmental problems, rapid depletion
of natural resources, is forcing research to focus on alternatives to petroleum-based plastics.

Polyhydroxyalkanoates (PHAS), as one of these alternatives, have attracted much attention in recent years due
to their varied mechanical properties, biocompatibility and biodegradability [3]. PHAs are a family of linear po-
lyesters of 3, 4, 5 & 6-hydroxyacids. They are water insoluble and have thermoplastic and elastomeric properties.
They are synthesised and stored intracellularly by a wide variety of bacteria such as, Bacillus sp., Pseudomonas
sp., Azobacterium and many recombinant strains through the fermentation of sugars, lipids, alkanes, alkenes and
alkanoic acids, in the presence of excess carbon while another essential nutrient, such as nitrogen or phosphorus,
is limiting [4]-[8] (Figure 1). In addition, the composition and the concentration of the polymer in the cell is
strongly dependent on the C:N ratio of the media [9]-[11]. Therefore, it is important to monitor and adjust the
C:N ratio of the medium used in PHA production.

There are two main groups of PHAs, namely, short chain length (scl)-PHAs and medium chain length (mcl)-
PHAs. Scl-PHAs consist of 3-5 carbon atoms and mcl-PHAs contain 6-14 carbon atoms [4]-[8]. They are also
identified as homo-polymers and hetero-polymers depending on whether one or more than one type of hydrox-
yalkanoate units are found as monomer units in the polymer [12]. Scl-PHAs have high crystallinity with a melt-
ing point of 180°C and an elongation to break of 5%. However mcl-PHAs and their copolymers have low crys-
tallinity (20% - 40%) and do not break easily (extension to break of 300% - 450%). They behave as elastomers
and their composition can be manipulated for a range of applications [13].

The physical and chemical properties of PHAs are affected by the monomer composition. The monomer
composition of the polymer depends on type of micro-organism, media ingredients, fermentation conditions,
modes of fermentation and recovery methods [7].

The high costs of raw material and relatively low conversion rates are the two main problems in large-scale
industrial production of PHAs [14]. Studies are targeted to bring down the cost of the polymer to 2.20 - 0.99
$/kg range or lower in order to compete with the petroleum-derived polymers [5]. Process economics have re-
vealed that the use of inexpensive and renewable carbon substrates as PHA carbon feedstock can result in as
much as 40% - 50% reduction in the overall production cost [15]. Extensive research has been conducted to
identify cheap sources for the fermentation media. A number of studies are made for production of PHAs using
different media compositions. These include, molasses [6] [16]-[18] corn steep liquor [19], whey [20] [21],
wheat and rice bran [22] [23], starch and starchy wastewaters [24]-[27], effluents from olive mill and palm oil
mill [28]-[30], activated sludge [31] [32], glycerol liquid phase (GLP) from the biodiesel production process [33]
waste frying oil [34], wheat hydrolysate [35] and bagasse hydrolysates [36]. Although utilization of several
agro-industrial wastes have been reported for various bioprocess applications, the full potential of the whole
range is yet to be investigated. This paper attempts to extend the use of agro-industrial wastes for bio-polymer
production.

The aim of this study was to identify a suitable agro-industrial waste source economically suitable for large
scale production of P(3HB), a scl-PHA, to optimize the production using Response Surface Methodology and to
test the production in a stirred tank reactor (STR).

2. Materials and Methods
2.1. Chemicals and Culture Media

All the chemicals used for analyses were HPLC grade and obtained from Merck. The defined culture medium
[8] was composed of 20 g/L glucose, 2.5 g/L yeast extract, 3 g/L KCl and 5 g/L (NH,),SO,. All chemicals were
obtained from Sigma-Aldrich Company Ltd (Dorset, UK).
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Figure 1. The general structure of Polyhydroxyalkanoates (n = 100 - 30,000) [3].
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2.2. Bacterial Strain

The recombinant strain, B. subtilis OK2 was gift from Prof Fujio Kawamura, Department of Life Sciences,
Rikkyo University, Japan. The strain was chosen as a model for the experiments, due to its potential as a mul-
tiple producer for industrially useful bio-products. In this paper only the P(3HB) production capability of the
strain was exploited. Stock cultures were grown at 30°C in nutrient broth and maintained at 4°C on nutrient agar.

2.3. Equipment

The Spectrophotometer used in this study was Jenway 6503 UV-spectrophotometer, freeze dryer was Thermo
Savant ModulyoD, the centrifuge was Denley BS400, the orbital shaker was Innova 4430 incubator shaker,
Kjeldahl apparatus was Gerhardt, and the fermenter was Electrolab FerMac310/60 fermentation system
equipped with automated control.

2.4. Waste Material and Pre-Treatment

Four different agro-industrial waste materials namely, rapeseed cake (RS), orange peel (OP), wheat bran (WB),
Spirulina powder (S), and 4 different pre-treatment methods were tested for their suitability for production of
P(3HB). In order to avoid high downstream processing costs emerging from high solid contents of these waste
materials, four different pre-treatment methods were tested. To begin with, all waste materials were suspended
in water at a concentration of 10 g/L. One group was treated with microwave at 800 W for 2 min (Coded as D).
The other three were subjected to mild acid (Coded as A), mild alkaline (Coded as B) and water suspension
(Coded as C). All three were incubated at 70°C and 100 rpm for 2 hours. The pH of the acid and the alkali
treatments were set at pH 3.5 and 10.5 respectively. Following the pre-treatments, the media were filtered and
sterilized at 110°C for 10 min prior to inoculation.

2.5. P(3HB) Extraction

For the extraction of P(3HB), the cells were harvested by centrifugation at 5000 g and then lyophilized. P(3HB)
was extracted by treating 1 gram of freeze-dried cells with a mixture containing 50 ml of chloroform and 50 ml
of a 30% sodium hypochlorite solution in an orbital shaker at 100 rpm, at 37°C for 1 hour. The mixture obtained
was then centrifuged at 4500 rpm for 10 min. This resulted in three separate phases. P(3HB) was recovered from
the bottom, i.e. chloroform phase, by precipitation using 10 volumes of ice-cold methanol [8].

2.6. Analytical Methods

2.6.1. P(3HB) Quantification

For the identification of P(3HB) content, a slight modification of the crotonic acid method of Law and Slepecky
[37] was applied. 200 ul of the chloroform phase obtained from the extraction stage was transferred to a clean
tube, air dried and mixed with 5 ml concentrated sulphuric acid. The tube was incubated in 80°C water bath for
1 h while mixed vigorously before incubation, half-way through and after incubation. The absorbance was
measured at 235 nm and the concentration was calculated using a calibration curve specifically drawn for this
system

2.6.2. Dry Cell Weight Determination

For the dry cell weight (dcw) determination, depending on the experiment, known volumes of either all or part
of the cultures were taken and centrifuged at 4200 g for 15 mins to separate the cells. The cell paste was washed
with distilled water and freeze-dried before weighing.

2.6.3. Total Sugar and Nitrogen Content Measurements
Phenol-sulphuric acid method was applied for the determination of totalsugar content [38]. Total nitrogen analy-
sis was carried out using the Kjeldahl method [39] at Ege University, Department of Bioengineering, Turkey.

2.7. Experimental Design

A central composite design (CCD) was applied using Design-Expert 6.0 (trial version), with three variables and
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five levels (Table 1) in order to explore the effect of variables on the culture response within the region of in-
vestigation. Waste material concentration, citrate and yeast extract concentrations were chosen as the most ef-
fective independent variables based on our preliminary experiments (data not shown) and the literature [13]. A
total number of 18 experiments were carried out using the three variables. To evaluate pure error, the eighteen
experiments were augmented with four replications at the centre point marked as 0 (Table 1). The experiments
were conducted in shaken flasks at 30°C and 250 rpm. P(3HB) concentration was taken as the response. Ex-
periments were performed according to the experimental design matrix given on Table 1, within the ranges in-
dicated.

The matrix for the three variables was varied at five levels (—a, —1, 0, +1, +«). The higher level of variable
was designed as “+1”, the lower level was designed as “—1", centre point was designed as “0” and star points
were designed as “—a” and “+«”. In the optimization process the response can be related to the chosen variables
by linear or quadratic models. A quadratic model is given as:

3 3 3 3
y:ﬂ0+2ﬂiixi+2ﬂiixiz+zZIBijxixj_'_e ®
i=1 i=1 i=1 j=i+l
where y is the response, S, the constant coefficient, X;(I = 1 — 3) are non-coded variables, g;s are the linear, and
piis are the quadratic, and f;s are the second-order interaction coefficients. The parameters in our study were
coded by letters (e.g. A, B, C) rather than X; for clarification. Data were processed for Equation (1) using De-
sign-Expert 6.0 program including ANOVA to obtain the interaction between the process variables and the re-
sponse. The quality of the fit of the polynomial model was expressed by the coefficient of determination R?.

2.7. STR Experiment

Based on the results obtained from the central composite design, the best medium was tested under controlled
conditions of a stirred tank reactor (STR) in batch mode. Two fermentations (culture and test) were carried out
in parallel in 0.5L batch reactors equipped with turbine type impellors. The conditions were kept the same for
both the control and the test at 30°C, 400 rpm agitation and 1 vvm aeration. During the fermentation, pH, tem-
perature and dissolved oxygen tension (%DOT) were monitored and 12 ml samples were taken against time.
Optical density, P(3HB) concentration, dcw and total sugar content were determined. The results obtained with
the optimized medium were compared with the results obtained with the defined medium.

3. Results and Discussion
3.1. Waste Material Screening

Four different agro-industrial waste materials namely, rapeseed cake (RS), orange peel (OP), wheat bran (WB),
Spirulina powder (S), and 4 different pre-treatment methods were tested for their suitability for production of
P(3HB). Among all the waste materials tested, the best production was observed with the water treated orange
peel (Figure 2). The P(3HB) values obtained were low in all waste materials but this was due to the low nutrient
content of the waste material and the P(3HB) production ability of B. subtilis OK2. No additional nutrients were
added into the media prepared by the waste materials. This was deliberately done to investigate the yields ob-
tained by the inherent components of the waste materials as the sole ingredients for P(3HB) production. The best
production was obtained when orange peel was treated only with distilled water (2.5 mg P(3HB)). The second
best result was obtained with acid treatment (1.4 mg P(3HB)). Water and alkaline treatments of Spirulina were
also high relative to the other waste materials (1.2 and 1.16 respectively).

Anderson and Dawes [13], and Kessler and Witholt [40] reported that citric acid promotes PHA formation.
Ersus and Cam [41] investigated the organic acid content of Citrus aurantium peels using HPLC. The predomi-

Table 1. Experimental design matrix showing five levels for CCD.

Parameter Code —a =il 0 +1 +a
Orange Peel (OP) A 30.00 40.57 55.00 69.43 80.00
Yeast Extract (YE) B 1.00 1.63 2.50 3.37 4.00
Citrate (Cit) C 0.00 0.42 1.00 1.58 2.00
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Figure 2. Results showing the P(3HB) amounts obtained from various waste
materials and pre-treatments; RS: rapeseed cake, OP: orange peel, WB: wheat
bran, S: Spirulina powder; A: Acid treatment, B: Alkaline Treatment, C: Wa-
ter treatment, D: Microwave treatment.

nant organic acids in freshly prepared peel samples were found to be oxalic acid (257.5 mg/100 g peel), ascorbic
acid (117.6 mg/100 g peel) and quinic acid (98.5 mg/100 g peel), but malic acid and citric acid were not detected.
This indicated that, promotion of P(3HB) production is affected not by citric acid but by some other ingredient
present in orange peel. When different pre-treatments were compared orange peel treated by water showed the
highest P(3HB) production, although %P(3HB)/dcw values for acid and water treatments were very close to
each other. According to Ververis et al. [42] orange peel contains 13.6% cellulose, 6.1% hemicellulose and 2.1%
lignin within its dry weight. As a pre-treatment method, hot water treatment mainly removes hemicelluloses.
Liquid soluble oligosaccharides are dissolved and separated from insoluble cellulosics and lignin fractions of
solid agricultural material. In mild acid treatment, all of the hemi-cellulosic content dissolves in water and the
treatment helps hydrolysing lignocellulose content to fermentable sugars. Mild alkaline treatment mainly re-
moves lignin and part of the hemicellulose from the solid content. NaOH treatment has been referred to as the
most effective delignification method for agricultural wastes [43] and is also known to be an effective method in
breaking ester bonds between lignin, hemicellulose and cellulose. Release of lignin into the liquid medium can
be considered as one of the reasons why alkaline treatment does not promote P(3HB) production. Phenolic
compounds from lignin structures interfere with the production.

Among the pre-treated orange peel media, microwave treatment showed the lowest P(3HB) production. Mi-
crowave treatment mainly affects lignin and lignocellulose contents. The cellulose component of lignocellulose
can be degraded into fragile fibres and low molecular weight oligosaccharides. However this is only observed in
the presence of lignin. The fact that orange peel contains only 2% lignin may explain why microwave treatment
was not as effective as other treatments. In addition, microwave treatment is more effective in air than in solu-
tion [43].

As a result of this preliminary screening, orange peel treated with distilled water was selected for further ex-
periments. Up to date, apart from a patent by de Aragao et al. [44], there are no reports on orange peel as a po-
tential substrate for P(3HB) production. In the patent, a new pre-treatment method is described for citrus resi-
dues in order to be used as a carbon source for PHA production [44]. The invention involves the use of citric re-
sidues generated by fruit juice industry to produce citric molasses to be utilised as fermentation medium. How-
ever the pre-treatment described, involving a series of physical and chemical processes, is costly compared to
the pre-treatment method suggested in this study.

3.2. Nitrogen Content of Orange Peel

After waste material selection, nitrogen content of orange peel was analysed in order to determine the require-
ment for nitrogen supplementation. The nitrogen content was determined using a Kjeldahl apparatus. The results
shown in Table 2, indicates that nitrogen content of orange peel is poor and in order to be utilized as substrate
for P(3HB) production it needs to be supplemented with a suitable nitrogen source. For this study, yeast extract
was selected as a good nitrogen containing source with trace elements.

In all subsequent experiments, orange peel and yeast extract were used as carbon and nitrogen sources respec-

tively.
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Table 2. Nitrogen content of Orange peel and yeast extract.

Sample (1 g) Nitrogen Percentage (%0)
Dry orange peel 7.56
Yeast extract 63.51

3.3. Central Composite Design

As was mentioned in the methods section, the parameters, subject to statistical optimization, were selected
through preliminary experiments. The waste material content (Orange peel in this case) needed to be supple-
mented with a suitable nitrogen source due to its insufficient nitrogen content (Table 2).

The following model (Equation (2)) was presented and the levels of each parameter were optimized. The
model was significant with all three parameters tested (p < 0.05) (Table 3). The R? of the model obtained was
0.954.

PHB(g/L)=0.12+(0.08* A)-(1.11*B)
+(0.063*C) - (0.022* AB) +(0.06* AC) )
~(0.023*BC)+(0.03* A*) +(0.049* B?) +(0.03*C?)

The coefficients of A and C were positive, indicating that the contribution of those parameters was positive
for P(3HB) production, which in this case are orange peel and citrate. Whereas, variable B, which is yeast ex-
tract in this model, has a negative coefficient indicating that, contribution of B negatively affects the P(3HB)
production. PHAs are mostly produced under limiting nutrient conditions and in the presence of excess carbon
source [15]. In this case, nitrogen was supplied to the medium as the limiting ingredient of yeast extract. The
model shows that in the presence of low nitrogen source more P(3HB) will be produced. This result is in agree-
ment with the literature [8] [15].

On the other hand the quadratic effect of the nitrogen source showed a positive effect on P(3HB) production
(coefficient of B?). Although, the contribution was significantly lower compared to the linear effect, this indi-
cates that a small amount of nitrogen would actually promote P(3HB) production. This argument was validated
with the experiments presented in this study as well as previous studies reported by other researchers. Page [45]
studied production of P(3HB) by Azotobacter vinelandii, and reported that, the P(3HB) production was pro-
moted by the addition of trace amounts of complex nitrogen sources. Similarly Lee and Chang [46] studied the
effect of complex nitrogen sources on the synthesis of P(3HB) by recombinant E. coli and reported that corn
steep liquor which did not enhance P(3HB) synthesis significantly, could promote P(3HB) production when
supplemented with yeast extract.

The other parameter, A, has a positive coefficient. This indicates that excess carbon needs to be present in the
medium for high P(3HB) production. Again this statement is very well in agreement with the values stated by
other researchers [7] [8] [15].

The last parameter investigated was citrate, presented as C. The parameter C had a positive coefficient indi-
cating that the presence of citrate affects the P(3HB) production positively. This has been reported through the
production pathways of PHAs in Bacillus sp [13] [40] [47]. PHAs are produced from acetyl-CoA. The addition
of citrate blocks the TCA cycle, shifting most of the acetyl-CoA generated through glycolysis towards PHA
synthesis. This results in the utilisation of the available sugars for the production of PHAs while altering the
metabolism and inhibiting cell growth. This negative effect was not recognized by the program due to the nar-
row range selected for screening since high concentration of citrate was found to inhibit the cellular growth
(unpublished results). The model can also be interpreted by looking at the values of the coefficients. The highest
value is 1.11 (coefficient of B). This indicates that the negative contribution of the yeast extract is more domi-
nant compared to other variables, a small change in this variable will make a bigger difference with respect to
the others. The second most important variable is orange peel (variable A). The positive contribution of carbon
source is more significant compared to citrate (variable C). When point prediction was carried out in order to
maximize P(3HB) production within the current culture conditions, the levels of orange peel, yeast extract and
citrate were found to be 69.39 g/L, 1.63 g/L, 1.58 g/L respectively (Table 4).

According to the optimum point predicted by the program, 0.589 g P(3HB)/L culture broth is achievable us-
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Table 3. ANOVA results for CCD.

Sum of Squares df Mean Square F Value p-value

Model 0.86 9 0.043 18.447 0.0002

A-OP 0.19 1 0.088 37.555 0.0003

B-YE 0.36 1 0.163 69.908 <0.0001

C-Cit 0.12 1 0.056 23.822 0.0012

AB 0.01 1 0.004 1.617 0.2393

AC 0.06 1 0.029 12.386 0.0079

BC 0.01 1 0.004 1.843 0.2116

A? 0.03 1 0.015 6.599 0.0332

B? 0.08 1 0.034 14.674 0.0050

C? 003 1 0.012 5.308 0.0502
Residual 0.04 8 0.002

Lack of Fit 0.03 5 0.002 0.926 0.5627
Pure Error 0.02 3 0.002

Std. Error 0.072 R? 0.954

Table 4. Optimisation result and statistical analysis and confidence levels.

OP (g/L) YE (g/L) Citrate (g/L) P(3HB) (g/L) Desirability
69.39 1.63 1.58 0.589 0.935

Response Prediction SE Mean 95% CI low 95% CI high
P(3HB) (g/L) 0.589 0.039 0.498 0.697

ing the suggested levels (Table 4). In order to validate the predicted point, a triplicate validation experiment was
carried out. The levels obtained from all flasks were within the confidence interval and the average production
was 0.61 g P(3HB)/L culture broth with 30% P(3HB)/cdw. These values are within the range of the ones re-
ported in the literature using defined media. Yields of 58.6% PHA/cdw [48] and 32.9% P(3HB)/cdw [49] were
obtained using glucose as carbon source and Bacillus megaterium and Bacillus sp. Thirumala et al. [50] investi-
gated the effects of different sugars on P(3HB) production using Bacillus sp. They reported yields ranging be-
tween 24%P(3HB)/dcw (using mannitol as carbon source) and 70%P(3HB)/dcw (using glucose as carbons
source). Very little has been reported using waste materials and Bacillus sp. The main waste materials tested
were sugar based such as beet or cane molasses and date syrup. The yields varied from 5.8 g P(3HB)/L t0 0.16 g
P(3HB)/L [17] [50]-[52].

3.4. Reactor Experiment

Based on the validation experiment where the confidence interval and average production was determined, pa-
rallel fermentations were carried out in identical 0.5 L fermenters with a working volume of 0.4 L using the op-
timized medium in order to observe the production profile. The fermentations were carried out for three days.
Three samples were taken daily from each fermenter and analysed for total carbohydrate, P(3HB) content, opti-
cal density (ODggg) and dcw.

The optimized orange peel medium was used for the test fermentation, and a previously optimized medium
was used for the control fermentation [8]. The P(3HB) obtained from the test fermentation was higher than the
control. Using the medium composed of orange peel, a maximum production of 1.24 g P(3HB)/L culture broth
was observed corresponding to 40% P(3HB)/cdw (Figure 3). This was double the amount achieved in shaken
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Figure 3. Fermentation profile of P(3HB) production using orange peel me-
dium (At; 30°C, 400 rpm, 1 vvm).

flasks in this study. In the literature the highest production using waste material is reported by Khiyami et al.
[51]. They achieved a yield of 68 g P(3HB)/L by using 15% v/v date syrup as a carbon source with Bacillus SA
at pH 7, 120 rpm, 30°C. Halami [24] investigated a batch fermentation using starch as raw material and reported
a production of 0.48 g/L. Similarly Omar et al. [17] reported 1.5 g/L production using 2% w/v date syrup as
carbon source and keeping the conditions at pH 7, 30°C, 100 rpm, 0.9 vvm. In the control fermentation, the
maximum production was 1.03 g P(3HB)/L culture broth (Figure 4). However, although the P(3HB) concentra-
tion was lower, the % dcw P(3HB) was higher (49% dcw P(3HB)). This could be due to the early commence-
ment of P(3HB) production in the control fermentation (20h). Another reason for this difference could be due to
differences in the pH profiles of the respective fermentations. In the test medium there was citrate present in or-
der to enhance P(3HB) production. However, the pH profile indicates that citrate also acted as a buffer keeping
the pH more or less stable around pH 6, while in the control, the pH dropped to 4, when the culture entered the
stationary phase. The rise in P(3HB) concentration coincides with this, suggesting that the pH drop could have
had a role in inducing the P(3HB) production as well as inhibiting cellular utilisation of the stored P(3HB).

The total P(3HB) yield was higher with the orange peel substrate, however P(3HB) production profile was
delayed in comparison to the control, the peaks being observed at 50 h and 20 h respectively. In the test fermen-
tation, P(3HB) concentration peaked after 50 h and then it started to drop as pH started to increase. Although the
ODgq profiles of the test and control were different, the stabilisation in OD values was concomitant with an in-
crease in the pH and P(3HB) production.

Despite the different substrates used, the total carbohydrate assay showed similar profiles for both fermenta-
tions. A slow decrease in total sugar content was observed concomitant to a slow increase in P(3HB) production
and a step increase was observed in sugar content when the P(3HB) production peaked. Other peaks (unidenti-
fied) were observed in both total sugar profiles indicating the possible presence of some other extracellular car-
bohydrates being simultaneously produced during the fermentation. The profiles indicate that sugar is not used
completely during the fermentation. This could be due to the depletion of the nitrogen source in the fermenter,
as nitrogen is the key nutrient for cellular growth as well as P(3HB) production. Partial utilization of sugar (su-
crose), was also reported by Omar et al. [17], where they obtained 25% dcw P(3HB). In this study the maximum
yield was 41% dcw P(3HB) at a concentration of 1.24 g P(3HB)/L culture broth.

Although the results are promising for production of PHAS using orange peel, the strain used in this study was
not a high producer of PHA. The aim in this study was to study the potential of selected waste material and not
to investigate a system for high production of PHAs. Further investigation is needed in order to enhance the
productivity and optimize the conditions in the reactor using a high producer strain.

4. Conclusions

The total world production of Citrus fruits is over 117 million tons of oranges, lemons, grapefruits and manda-
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Figure 4. Fermentation profile of P(3HB) production using control medium
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rins. One-third of the crop is industrialized, with oranges accounting for approximately 82% of the total citrus
crop [53].

Approximately 60% of all citrus fruit is consumed domestically; 7% is used for industrial purposes [54] for
the production of mainly fruit juice and jams and confectionary goods. Approximately 50% of the original
whole fruit mass after citrus processing for juice, is converted into waste material at the end of industrial pro-
duction. 10% of total production is discarded as waste during picking, packaging and storing.

The solid residues of citrus processing consist primarily of the peel (exterior yellow peel and the interior
white spongy peel), membranes and seeds. This raw wet residue contains 76% - 82% water. The dry residue
consists of approximately 31% simple sugars (e.g. fructose, glucose and sucrose), 19% pectin, 12% cellulose,
12% hemicellulose, 7% flavonoids, 4.8% organic acids, 4.8% protein, 4.8% ash, and 4.8% oil.

However, currently, the residues from such processes are not being valorised. They are either used as animal
feed additive or are discarded directly. Citrus waste is highly fermentable due to its carbohydrate content and
therefore the current practice of discarding citrus wastes to landfills causes an environmental hazard.

In this study, orange peel was used as a sole carbon source in the medium optimized for P(3HB) production
with a result of 1.24 g P(3HB)/L culture broth. These results clearly show that orange peel which is an abundant
and unutilised agro-industrial waste material especially in the Mediterranean, is a very attractive and an eco-
nomically feasible carbon source for the production of PHAS. Here, we have reported for the first time the pro-
duction of P(3HB) using orange peel as a sole carbon source with a very simple pre-treatment method. Although
the strain selected was not a high producer, the results obtained indicated that the presence of orange peel as a
medium component promoted P(3HB) production significantly. Additional research is continuing to further op-
timise the production process in the fermenter scale by adjusting the process parameters and scaling up the entire
process to be suitable for large scale production. Further research is needed in downstream processing and fur-
ther industrial strain selection in order to make this process feasible for commercial production.
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