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a b s t r a c t

Production of recombinant Oryza sativa non-symbiotic hemoglobin 1 (OsHb1) by Escherichia coli was
maximized in shake-flask cultures in media containing tryptone, yeast extract, sodium chloride and
byproduct glycerol from biodiesel production. Response surface methodology (RSM) and artificial neural
networks (ANNs), followed by multiple response optimization through a desirability function were
applied to evaluate the amount of OsHb1 produced. The results obtained by the application of ANNs were
more reliable since better statistical parameters were obtained. The optimal conditions were (g L�1), tryp-
tone, 42.69; yeast extract, 20.11; sodium chloride, 17.77; and byproduct glycerol, 0.33. A maximum
recombinant protein concentration of 3.50 g L�1 and a minimum biomass concentration of 18.48 g L�1

were obtained under these conditions. Although the concentrations of tryptone, yeast extract and sodium
chloride are relatively high, the increase in the yield with respect to biomass formed (YP/X) overcomes this
disadvantage.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Escherichia coli is the most common prokaryotic expression sys-
tem for production of recombinant proteins because physiology
and genetics of this bacterium are well-characterized (Cheng
et al., 2007; Ma et al., 2006; Tabandeh et al., 2008; Zhao et al.,
2008). E. coli is frequently grown in LB medium which includes
tryptone, yeast extract and sodium chloride (Bertani, 2004). Since
this medium has a low carbon-to-nitrogen ratio, inexpensive com-
ponents that can increase this ratio and the product yield are being
sought (Ren et al., 2006). Corn steep liquor (Ren et al., 2006), euca-
lyptus hemicellulosic hydrolysate (Almeida e Silva et al., 2003) and
byproduct glycerol from biodiesel production (Imandi et al., 2007)
have been studied as carbon sources.

Byproduct glycerol is becoming increasingly available as a re-
sult of the expansion of the biodiesel (Murarka et al., 2008). Since

for 10 kg of biodiesel produced, 1 kg of glycerol is obtained (Lamers
et al., 2008), the price of glycerol has declined 90% between 2006
and 2009 (Yazdani and Gonzalez, 2007).

When formulating a culture medium, a key step is the optimi-
zation of the concentrations of its components since the compo-
nent ratios directly influence the amount of biomass produced
and the yield of the process (Nikerel et al., 2006). The traditional
method to achieve optimization consists of varying one factor
while keeping others constant. The main problems with this ap-
proach are the requirement to carry out a large number of experi-
ments and the uncertainty of actually finding the optimal
conditions, because the interactions between factors are not taken
into account (Hao et al., 2006; Leardi, 2009; Montgomery, 1991).
There are alternative techniques which are more efficient such as
response surface methodology (RSM) and artificial neural net-
works (ANNs) (Havel et al., 1998; Marengo et al., 2004). RSM is a
collection of statistical techniques for designing experiments,
building models, evaluating the effect of factors and searching for
the optimum conditions (Tabandeh et al., 2008). Combining RSM
with the so-called Derringer’s desirability function (Derringer
and Suich, 1980), a very powerful tool is obtained, which can be
applied to determine the optimum operative conditions for the
studied system (Didier et al., 2007; Tabandeh et al., 2008). ANNs
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allow estimating relationships between one or more input or inde-
pendent variables and one or more output or dependent variables
(also called responses). In an ANN, the information is distributed
among multiple nodes and connections between them, called
weights (Despagne and Massart, 1998). RSM and ANNs have been
applied in diverse areas like recombinant protein (Cheng et al.,
2007) and bioinsecticides production (Moreira et al., 2007), and
in pharmaceutics (Leonardi et al., 2009).

The aim of this work was to define the composition of a culture
medium for recombinant E. coli through the application of RSM and
ANNs. The selected recombinant protein is a non-symbiotic hemo-
globin from Oryza sativa (rice), because it has a characteristic red
color, whose intensity may be spectrophotometrically quantified
and related to its concentration. The goal was the maximisation
of the YP/X, maximisation of recombinant protein concentration (re-
sponse 1) and minimisation of biomass concentration (response 2).

2. Methods

2.1. Bacterial strain and media

E. coli BL21 (DE3) harboring plasmid pET28/OsHb1 which al-
lows the expression of Oryza sativa non-symbiotic hemoglobin 1
(OsHb1) (Arredondo-Peter et al., 1997) was grown on LB agar
and stored at 4 �C. Tryptone, yeast extract, sodium chloride and
byproduct glycerol were used as substrates, while lactose was used
as an inducer for the production of OsHb1. Stock solutions of
150 g L�1 tryptone, 150 g L�1 yeast extract, 80 g L�1 sodium chlo-
ride and 10 g L�1 byproduct glycerol, respectively, were prepared
in distilled water. Substrates concentrations were analyzed by a
central composite design, and the 18 suggested combinations were
achieved by combining different volumes of the corresponding
stock solutions and adding distilled water to a final volume of
30 mL. The pH was adjusted to 7.00 with 1 M sodium hydroxide
or 1 M chlorhydric acid. The media were sterilized at 121 �C for
15 min.

2.2. Inoculum preparation and culture conditions

A loopful of bacteria were inoculated into a 250 mL Erlenmeyer
flask containing 30 mL of sterilized LB medium (10 g L�1 tryptone,
5 g L�1 yeast extract, 10 g L�1 sodium chloride) and 3.3 � 10�3 g L�1

of a kanamycin sulphate and grown for 1 day on a rotary shaker at
200 rpm and 30 ± 1 �C. Aliquots of this culture were pipetted into
250-mL Erlenmeyer flasks containing 30 mL of the different media
as suggested by the central composite design to obtain an initial

optical density at 600 nm (OD600) of 0.1. The cultures were incubated
at 200 rpm at 30 ± 1 �C. Once an OD600 of 1 was reached, synthesis of
OsHb1 was induced by the addition of 0.3 mL of a 25% lactose solu-
tion (Ramchuran et al., 2005). Cultivation was continued for 24 h.

2.3. OsHb1 extraction protocol

Extractions were carried out with an empirically derived (proto-
col A) and an optimized protocol (protocol B). Protocol A consisted
of suspending each gram of the biomass in 4 mL of extraction solu-
tion (disodium EDTA, 1 � 10�3 mol L�1; Na2HPO4, 5 � 10–

2 mol L�1; NaH2PO4, 5 � 10�2 mol L�1). Then, each biomass suspen-
sion was submitted to four cycles of ultrasound. Each cycle con-
sisted of 80 s (1 s of resting time between 2 pulses of 1 s of
ultrasound with an amplitude of 70%).

To arrive at an optimized protocol, a Plackett–Burman design
was applied, and concentration of EDTA (E), Na2HPO4 (P1) and
NaH2PO4 (P2); frequency (F) (seconds of resting time between
two pulses of ultrasound), amplitude (A), grams of biomass/mL of
extraction solution (XV), extraction time (T) and number of cycles
(C) were analyzed (Table 1). The two levels required for each factor
in the Plackett–Burman design were defined taking protocol A as a
reference. The design consisted of 12 experiments. The analyzed
responses were: yield, referred to biomass formed (YP/X) and the
coefficient of variation (CV). YP/X was calculated according to Eq.
(1):

YP=X ¼
DOsHb1

DB
ð1Þ

where DOsHb1 and DB are the increments of OsHb1 and biomass
concentrations, respectively, during the culture process. Only final
concentrations were taken into account, as the initial concentra-
tions were negligible.

The optimized protocol B consisted of suspending each gram of
the biomass in 4 mL of extraction solution (disodium EDTA,
1 � 10�3 mol L�1). Then, each biomass suspension was submitted
to five cycles of ultrasound. Each cycle consisted of 90 s (2 s of rest-
ing time between 2 pulses of 1 s of ultrasound with an amplitude
of 50%). To compare both protocols, the recombinant E. coli strain
was grown in D1 medium (40.0 g L�1 of tryptone (TT), 23.5 g L�1

of yeast extract (YE), 16.0 g L�1 of sodium chloride (NaCl)) supple-
mented with 0.70 g L�1 of byproduct glycerol (BPG). The harvested
biomass was divided into six samples, and OsHb1 was extracted
from three samples, each following protocols A and B. Statistical
tests were applied: an ANOVA test to identify the significant fac-
tors, an F-test to compare standard deviations of both protocols,
and a t-test to compare the average yields of both protocols.

Table 1
Plackett–Burman design built to define the most important factors in the extraction protocol.

Experiment Factorsa Responsesb

E (mol L�1 � 103) P1 (mol L�1 � 103) P2 (mol L�1 � 103) F (s) A (%) XV (g mL�1) T (s) C YP/X CV (%)

1 1.00 0.00 50.00 1.00 50.00 0.125 50.00 5.00 0.092 4.59
2 0.00 50.00 0.00 1.00 70.00 0.250 30.00 5.00 0.138 8.34
3 1.00 0.00 0.00 2.00 70.00 0.125 30.00 5.00 0.104 6.74
4 1.00 50.00 50.00 1.00 70.00 0.125 30.00 3.00 0.094 1.34
5 1.00 50.00 50.00 2.00 50.00 0.250 30.00 5.00 0.186 7.84
6 0.00 50.00 0.00 2.00 50.00 0.125 50.00 5.00 0.071 2.88
7 1.00 50.00 0.00 1.00 50.00 0.250 50.00 3.00 0.190 9.92
8 0.00 0.00 0.00 1.00 50.00 0.125 30.00 3.00 0.084 18.34
9 0.00 0.00 50.00 2.00 50.00 0.250 30.00 3.00 0.164 24.47

10 0.00 50.00 50.00 2.00 70.00 0.125 50.00 3.00 0.073 14.55
11 1.00 0.00 0.00 2.00 70.00 0.250 50.00 3.00 0.176 8.38
12 0.00 0.00 50.00 1.00 70.00 0.250 50.00 5.00 0.153 9.50

a E: EDTA, P1: Na2HPO4, P2: NaH2PO4, F: frequency, A: amplitude, XV: grams of biomass/mL of extraction solution, T: extraction time, C: number of cycles.
b YP/X: yield referred to biomass formed and CV: coefficient of variation.
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2.4. Optimum glycerol concentration

The range of BPG concentrations allowing maximum YP/X was
determined by growing the recombinant E. coli strain in D1 med-
ium supplemented with (in g L�1) BPG 0, 0.4, 0.73, 1, 1.5 and 2,
respectively.

2.5. Analysis by response surface methodology and artificial neural
networks

The optimal combination of the concentrations of TT, YE, NaCl
and BPG was determined using RSM through a small central com-
posite design (small CCD) with two center points (Hartley, 1959).
This design consisted of 18 experiments with TT, YE, NaCl and
BPG at concentration ranges of (in g L�1) 10–50, 5–50, 1–20, and
0.25–2.5, respectively. The concentration of biomass (B) (in g L�1)
and concentration of OsHb1 (in g L�1) were measured by gravimet-
rical and spectrophotometrical procedures, respectively.

The data were analysed by ANNs. The architecture of the ANNs
consisted of three layers of nodes, an input layer consisting of four
nodes, a hidden layer with a variable number of nodes, and an out-
put layer with one node. Linear transfer functions were used in this
work for input and output layers, while the sigmoid transfer func-
tion f ðxÞ ¼ 1=ð1þ e�xÞ was used for the hidden layer. For each re-
sponse, different architectures were tested computing errors
(RMSEC and RMSEP) for several ANNs obtained varying the num-
ber of nodes in the hidden layer. One ANN was selected for model-
ling each of the responses taking into account the lowest Root
Mean Square Error for Calibration (RMSEC) and Prediction (RMSEP).
Responses predicted by RSM and ANNs were used to generate par-
tial desirability functions (di), and the combination of the four
components that predicted the highest value of global desirability
function (D) was selected as the best blend of components to be
present in the culture medium being developed.

2.6. Analytical

Cells were harvested by centrifugation (5000�g, 10 min) and
their wet weight was determined. Response B was obtained by
dividing this weight by the total medium volume. The cells were
resuspended in extraction solution and lysed in a cool bath with
a high intensity ultrasonic processor VibraCell™ VCX 130 (Sonics
& Materials, Inc., USA). Cell debris was removed by centrifugation
at 5000�g for 10 min and the supernatants were recovered and
stored at �20 �C until OsHb1 determination was carried out.

Owing to the fact that there is no commercial availability for a
standard of OsHb1, a reference sample was developed in our labo-
ratory. Briefly, dilutions of a bovine serum albumine (BSA) stan-
dard and of supernatant containing the OsHb1 were subjected to
electrophoresis under denaturing conditions (PAGE–SDS) (Lae-
mmli, 1970) and staining, and band intensities were compared
by densitometry. The concentration of OsHb1 in routine samples
was determined spectrophotometrically in a 96 well plate reader

at 410 nm. All measures were made in triplicate. Blanks and corre-
sponding dilutions were made with extraction solution.

BPG concentration was monitored by adapting a commercial kit
available for the determination of triglycerides (Wiener Lab,
Argentina).

The data were transferred to a PC Intel Celeron D for further
interpretation. Design Expert™ version 7.0.3 trial (Stat-Ease, Inc.,
Minneapolis, USA) was used for performing experimental design
and data analysis.

3. Results and discussion

3.1. OsHb1 extraction protocol

Results of the application of an ANOVA test to the data pre-
sented in Table 1 are tabulated in Table 2. Factors E and XV were
significant for response YP/X, while E and C were significant for re-
sponse CV. The results also show that there was no need for the
extraction solution to contain phosphate buffer pH 7.00. To maxi-
mize the response YP/X and minimize CV, E was set at 1 M, XV at
0.25 g mL�1, C at 5 cycles, F at 2 s, A at 50% and T at 30 s in order
to avoid overburdening the equipment. P1 and P2 were excluded
from the extraction solution, which only contained 1 M EDTA.

The results obtained with protocols A and B were statistically
different when a F-test was applied, not different when a t-test
was used (Table 3). Since protocol B allowed a decrease of 54% in
CV (6.2% for protocol B against 13.7% for protocol A), protocol B
was selected for extraction of OsHb1.

3.2. Optimum byproduct glycerol concentration

When the concentration of BPG increased up to 0.4 g L�1, YP/X

also increased up to a value of 0.23, at which it stabilized until it

Table 2
Factors p-values for each response obtained by the application of an ANOVA test to the experimental data presented in Table 1.

Responseb p-Valuesa

Model E P1 P2 F A XV T C

YP/X: <0.0001 0.0006 0.4906 0.9792 0.4298 0.1196 <0.0001 0.6505 0.2071
CV 0.0394 0.0522 0.1275 0.6604 0.4183 0.2355 0.2323 0.2709 0.0637

a E: EDTA, P1: Na2HPO4, P2: NaH2PO4, F: frequency, A: amplitude, XV: grams of biomass/mL of extraction solution, T: extraction time and C: number of cycles.
b YP/X: yield referred to biomass formed and CV: coefficient of variation.

Table 3
Statistical parameters of an F-test and a t-test applied to compare standard deviations
and average yields referred to biomass formed (YP/X) of both protocols, respectively.

Test Statistical
parametera

Protocol

A B

F-test s 0.018 0.008
Fc 4.678
Ft(nA,nB);0.05 3.438
p-value 0.043 (sA and sB are statistically different)b

t-test YP/Xaver 0.130 0.136
tc 0.833
tt(11); 0.05 1.796
p-value 0.422 (YP/XaverA and YP/XaverB are statistically not

different)c

a s: standard deviation; Fc: calculated F; Ft: table F; nA = nB = 9; YP/Xaver: average
yield referred to biomass formed (n = 9); tc: calculated t; tt: table t.

b sA: standard deviation for protocol A; sB: standard deviation for protocol B.
c YP/XaverA: average yield referred to biomass formed for protocol A; YP/XaverB:

average yield referred to biomass formed for protocol B.
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decreased to 0.11 at 2 g L�1 of BPG (Fig. 1). Therefore the optimum
concentration of BPG (at which YP/X reaches its maximum value) is
in the range between 0 and 2 g L�1 BPG.

3.3. Analysis by response surface methodology

Table 4 shows all the combinations suggested by the small CCD
and its respective responses values. Experiment 10 (for response B)
and experiment 14 (for response OsHb1) were excluded for further
analysis because they were detected as outliers, by applying a dif-
ference between fitted values test (DFFITS) (Myers and Montgom-
ery, 1995).

An ANOVA test applied to the data obtained from the design
(Table 5) demonstrated that a linear model could fit the response
B with YE and BPG as significative factors and that the response
OsHb1 could be fitted with a quadratic model with TT (quadratic
term), YE (linear and quadratic terms) and NaCl (linear term) as
significant factors. These models can be mathematically expressed
according to Eqs. (2) and (3):

Y1 ¼ 17:1366þ 0:1988 X2 þ 1:3379 X4 ð2Þ
Y2 ¼ �5:0249þ 0:2999X1 þ 0:2657X2 � 0:0359X3

� 0:005X2
1 � 0:004X2

2 ð3Þ

where Y1 and Y2 are responses B and OsHb1, respectively, and X1, X2,
X3 and X4 are TT, YE, NaCl and BPG, respectively. Only the factors
that are significant for each response have been included in the
above equations.

As examples, Fig. 2a and b represent the response surfaces cor-
responding to responses B (as a function of BPG and YE) and OsHb1
(as a function of TT and YE, setting NaCl at 1.00 g L�1), respectively.
In addition, it can be seen the quadratic contributions of YE and TT.

The maximum concentration of OsHb1 obtained after modelling
was 4.03 g L�1 (experiment 15, Table 4, with a YP/X of 0.138), which
is 5.5 times greater than the concentration obtained for an LB

Fig. 1. Yield, referred to biomass formed (YP/X) as a function of the concentration of
byproduct glycerol (g L�1).

Table 4
Small CCD used for the culture media optimization.

Experiment Factorsa (g L�1) Responsesb (g L�1)

TT YE NaCl BPG B OsHb1

1 41.89 40.88 4.85 0.71 24.21 0.98
2 41.89 40.88 16.15 0.71 27.32 1.16
3 18.11 40.88 16.15 2.04 27.44 0.86
4 30.00 27.50 10.50 1.38 24.85 2.63
5 41.89 14.12 4.85 2.04 22.49 1.17
6 18.11 40.88 4.85 2.04 27.71 2.09
7 18.11 14.12 16.15 0.71 19.90 1.03
8 18.11 14.12 4.85 0.71 18.93 0.64
9 41.89 14.12 16.15 2.04 20.04 1.12

10 30.00 5.00 10.50 1.38 15.96 0.37
11 30.00 50.00 10.50 1.38 27.32 1.39
12 10.00 27.50 10.50 1.38 26.19 1.24
13 50.00 27.50 10.50 1.38 24.01 1.09
14 30.00 27.50 10.50 2.50 27.83 1.06
15 30.00 27.50 1.00 1.38 29.08 4.03
16 30.00 27.50 10.50 0.25 24.94 3.29
17 30.00 27.50 20.00 1.38 22.68 2.80
18 30.00 27.50 10.50 1.38 24.32 2.65

a TT: tryptone. YE: yeast extract. NaCl: sodium chloride. BPG: byproduct glycerol.
b B: biomass. OsHb1: Oryza sativa non-symbiotic hemoglobin 1.

Table 5
Statistical results obtained for the model test.

Statistical parameter B OsHb1

Fitted model Linear Quadratic
F-Model 12.31 14.16
p-Modela 0.001 (significant) 0.0003 (significant)
R2 0.654 0.876

Fig. 2. (a) Concentration of biomass as a function of YE (g L�1) and BPG (g L�1),
obtained by the application of RSM techniques. (b) Concentration of OsHb1 as a
function of the concentrations of tryptone (g L�1) and yeast extract (g L�1), setting
NaCl at 1.00 g L�1, obtained by the application of RSM techniques.
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medium (10.00 g L�1 TT, 5.00 g L�1 YE, 10.00 g L�1 NaCl, yielding
0.73 g L�1 OsHb1 with a YP/X of 0.057). This justifies the application
of RSM in order to improve yields of recombinant proteins, opti-
mizing the formulation of culture media.

Based on these results the media was optimized by the applica-
tion of the global desirability function (D). Table 6 shows the crite-
ria employed to perform this optimization. The combination
predicted by the application of D according to the optimization cri-
teria was, 29.71 g L�1 TT, 23.90 g L�1 YE, 1.00 g L�1 NaCl and
0.25 g L�1 BPG (R1 medium). The values predicted for the re-
sponses were, 22.22 g L�1 B and 3.15 g L�1 OsHb1. Fig. 3 represents
the response surface for the D, as a function of YE and BPG setting
NaCl at 1 g L�1 and TT at 29.71 g L�1. Its maximum corresponded to
0.721.

3.4. Analysis by artificial neural networks

Table 7 summarizes the characteristics and parameters of the
selected ANNs: number of nodes in the three layers, RMSEC,
RMSEP, parameters/data ratio (the number of parameters should
not be higher than the number of data), number of epochs at which
the lowest errors were reached, learning rate (g) and momentum
coefficient (l). Parameters l and g were set at 0.5 because at lower
values, the learning process would be very slow, and at higher val-
ues, oscillations may occur causing the non-convergence of the
ANN (del Brío and Sanz Molina, 2002).

The values predicted by the ANNs vs. the actual ones were em-
ployed to calculate the determination coefficients (R2) for both re-
sponses. Fig. 4a–d show the correlation between actual and
predicted values for both responses, modeled applying RSM and
ANNs, respectively; and it can be seen that ANNs improved R2 val-
ues in both cases as compared to RSM. Therefore, ANNs were capa-
ble of fitting a reliable model with only 17 experimental points.

Selected ANNs were used for predicting the responses of 600
different simulated combinations of the four factors, which com-
pletely covered the experimental space. The 2 � 600 = 1200 pre-
dicted values obtained were then used to calculate their di and D
values (Derringer and Suich, 1980). The D was calculated assigning
a value of 1 to the parameter ri, as it was done for RSM. The optimal
value found was D = 0.913, which corresponds to the combination:
TT 42.69 g L�1, YE 20.11 g L�1, NaCl 17.77 g L�1 and BPG 0.33 g L�1

(A1 medium). The responses values that correspond to this combi-
nation were: 19.24 g L�1 B and 3.59 g L�1 OsHb1. Again, the ANN
approach was capable of improving, in this case, the value of D,
which was near to 1, indicating that factors and responses have
all desirable values, simultaneously. The results given by the RSM
implementation are in general agreement with these latter values
but the results obtained by ANNs are more reliable due to the bet-
ter statistical parameters that are more complex as can be seen in
Fig. 5a and b, which represent the response surfaces corresponding
to responses B (as a function of BPG and YE) and OsHb1 (as a func-
tion of TT and YE, setting NaCl at 20.00 g L�1), respectively, ob-
tained by the application of ANNs.

The media predicted by RSM and ANNs have an important con-
tent of TT and YE. This observation can be explained taking into ac-
count the characteristics of the OsHb1. This protein has heme as
prostetic group, and the microorganism must synthesize not only
heme for its own proteins but also for the recombinant protein,
which increases the requirements for iron and nitrogen. These
needs may be supplied by increasing the concentrations of TT
(source of nitrogen) and YE (source of various microelements
including iron). Since glycerol, rather than peptides, is used as a
carbon and energy source, pH changes due to the production of
ammonia are minimized (Murarka et al., 2008).

3.5. Experimental verification

The optimal combinations of components predicted by means
of RSM and ANNs were verified by additional independent experi-
ments. It was seen that BPG was consumed at the moment of har-
vesting the biomass (data not shown). This proves that BPG was
metabolized by E. coli, but does not mean that the culture was car-
bon limited at that time, since TT and YE include carbon sources in
their compositions. Beyond this fact, one possibility for a fed-batch
or continuous culture strategy could be the BPG feeding, which
should be started when the initial amount of BPG is almost totally

Table 6
Criteria for the optimization of multiple responses.

Factorsa and responsesb Optimization criteria Lower limit Upper limit

TT (g L�1) In range 10.00 50.00
YE (g L�1) In range 5.00 50.00
NaCl (g L�1) In range 1.00 20.00
BPG (g L�1) In range 0.25 2.50
B (g L�1) Minimize 18.93 29.08
OsHb1 (g L�1) Maximize 0.37 4.03

a TT: tryptone. YE: yeast extract. NaCl: sodium chloride. BPG: byproduct glycerol.
b B: biomass. OsHb1: Oryza sativa non-symbiotic hemoglobin 1.

Fig. 3. Global desirability as a function of YE (g L�1) and BPG (g L�1), setting NaCl at
1.00 g L�1 and TT at 29.71 g L�1. Its maximum corresponds to 0.721.

Table 7
Architecture and statistical parameters of the selected ANNs.

ANNBb ANNHbb

Net architecture 4/3/1 4/3/1
Parameters/Data 19/56 19/56
Epochs 4332 5241
Learning rate 0.5 0.5
Momentum coefficient 0.5 0.5
RMSECa 0.059 0.025
RMSEPa 0.027 0.042
R2 0.922 0.970

a RMSE ¼ 1
I

PI
1ðcact � cpredÞ2

h i1=2
where cact and cpred are the actual and the pre-

dicted concentrations in either the training or the monitoring steps, and I is the
number of samples used in each procedure.

b ANNB: ANN trained with biomass data; ANNHb: ANN trained with OsHb1 data.
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depleted. Predicted and empirical responses values are presented
in Table 8. The empirical data only showed close agreement with
what was predicted by ANNs, thus indicating the high reliability
of the fitted models obtained by means of this technique. The fol-
lowing combination, 42.69 g L�1 TT, 20.11 g L�1 YE, 17.77 g L�1

NaCl and 0.33 g L�1 BPG, is expected to render optimal yields, max-
imize the concentration of recombinant protein, and minimize the
concentration of biomass.

In a further step, the cost of TT, YE and NaCl were obtained from
local suppliers in order to estimate the cost of LB and A1 media,
according to Eq. (4):

A ¼ CTT � 0:421þ CYE � 0:509þ CNaCl � 0:156 ð4Þ

where A is the cost (in U$S/L), and CTT, CYE and CNaCl are the concen-
trations of TT, YE and NaCl (in g L�1), respectively, in each media.
Then, the costs of LB and A1 media are, in U$S/L, 8.3 and 30.9.

Whereas the cost of A1 medium increased 3.7-fold with respect
to LB medium, the concentration of OsHb1 increased 4.9-fold. In
other words, producing 1 g of recombinant protein in LB medium
requires U$S 43.3, while it requires U$S 32.8 in A1 medium. More-
over, the YP/X was 0.057 and 0.180 for LB and A1 media, respec-
tively. This 3.2-fold increase in yield demonstrates an increase in
the volumetric productivities of the bioreactor and should result
in effluents reductions (Matsui et al., 2008).

4. Conclusions

ANNs provided more reliable results than RSM in optimization of
the yield of recombinant Oryza sativa non-symbiotic hemoglobin 1
in medium containing byproduct glycerol. Additional studies should
be carried on to evaluate the predicted formulation with fed-
batch cultures, which are extensively used in industrial bioprocess-
es and to include the parameters involved in the feeding strategy.

Fig. 4. Correlation between actual and predicted values for response B, fitted applying RSM (a) and ANNs (b); and for response OsHb1, fitted applying RSM (c) and ANNs (d).
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