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a  b  s  t  r  a  c  t

Hyaluronic  acid (HA)  production  in  Streptococcus  zooepidemicus  competes  for  the carbon  source  along
with  biomass  formation,  lactate  formation  (via  glycolysis)  and  pentose  phosphate  pathway  (PPP).  In  our
studies,  increase  in  HA molecular  weight  was  observed  by  redirecting  the carbon  flux  towards  HA biosyn-
thesis  pathway  by partially  inhibiting  the glycolytic  pathway.  Batch  bioreactor  (1.2  L)  studies  showed
that  with  the  addition  of  25  �M sodium  iodoacetate,  5 g/L  tryptophan  and  10  g/L  pyruvate,  which  are
glycolytic  inhibitors,  HA  molecular  weight  increased  to 3.2,  3.2 and  3.1 MDa  respectively  compared  to
control  run  (2.4  MDa).  Yield  coefficients  YHA/S and  YLA/S showed  inverse  relationship,  indicating  compe-
tition  for  glucose  between  HA  and  lactic  acid  formation.  Addition  of 5 g/L  glutamine  along  with  25  �M
atch processing
ioreactors
roduction kinetics
actic acid

sodium  iodoacetate  also  increased  the  HA  concentration  to 5.0  g/L  from  2.0  g/L in  control  run.  Metabolic
flux  analysis  studies  show  that  concentration  and molecular  weight  of  HA is  increased  by  decreasing
carbon  flux  towards  glycolysis  and  PPP  and  increasing  carbon  flux  towards  HA  precursor  formation.  It
was  observed  that specific  growth  rate  of the  cells  correlated  positively  to the specific  HA production
rate  and  negatively  to the  molecular  weight  of HA produced.  Addition  of antioxidant  tannic  acid  also

ht  to
increased  molecular  weig

. Introduction

Hyaluronic acid (HA) is an unbranched glycosaminoglycan com-
osed of disaccharides of glucuronic acid and N-acetylglucosamine

oined in an alternate fashion [1]. It is a high molecular weight
iopolymer. HA forms highly viscous solutions in aqueous media
llowing it to be used for various medical applications [2].

HA is found in the connective tissues of animals (such as, rooster
omb) and in capsular form in Streptococcus bacteria belonging to
ancefield classification group A or C. HA is produced by extrac-
ion from rooster combs for commercial purposes. However, due
o recent outbreaks of viral diseases from avian sources, there is

 prejudice on the usage of poultry derived products for medicinal
urposes. Therefore, microbial production of HA from Streptococcus
ooepidemicus is a more attractive option, which also has compar-
tively reduced purification costs [1].

Recent reports on microbial production of HA include develop-

ent of recombinant GRAS (Generally Recognized As Safe) strains

or HA production. These studies include recombinant strains of
acillus subtilis [3–5], Escherichia coli [6,7] and Lactococcus lactis
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[8–11]. The major problem with the recombinant strains is the low
yield and low molecular weight of the HA produced compared to
the HA produced by S. zooepidemicus.

So far, methods for HA production have emphasized mainly on
the environmental or culture conditions for cell growth and HA
formation rather than focusing on cellular metabolism and its reg-
ulation for obtaining higher yield and molecular weight [12–19].
The biosynthesis of HA faces a stiff competition between glycolytic
pathway and cell wall synthesis [1,18]. It has also been reported
that the molecular weight of HA is controlled by the concentra-
tion of the precursor UDP-N-acetylglucosamine which is limiting
compared to the other precursor UDP-glucuronic acid [20]. Conse-
quently, to increase the productivity and the molecular weight of
HA, a balanced flux of these precursors towards HA biosynthesis is
required.

The current study investigated the effect of redirecting the car-
bon flux on HA productivity and molecular weight. To redirect the
fluxes, partial inhibition of the glycolytic pathway was  done by the
addition of iodoacetate, tryptophan and pyruvate and strength-
ening of UDP-N-acetylglucosamine formation by the addition of
glutamine. Reducing the depolymerization of HA polymer chain
length was  by the addition of antioxidants like salicylic acid, oxalic

acid and tannic acid. Iodoacetate is an irreversible inhibitor of glyc-
eraldehyde 3-phosphate dehydrogenase enzyme of the glycolysis
pathway [21]. Tryptophan is reported to be an inhibitor of pyruvate
kinase enzyme [22,23]. Pyruvate is known to reduce the overall
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ctivity of glycolytic enzymes [24,25]. Glutamine acts as an amino
roup donor to fructose 6-phosphate in presence of amidotrans-
erase enzyme which yields glucosamine 6-phosphate. Later on this
orms UDP-N-acetylglucosamine is synthesized which is one of the
recursors for HA formation. Addition of glutamine is known to

ncrease HA production [14,26]. Reactive oxygen species are formed
ue to high aeration and agitation, they are known to depolymerise
A chains resulting in low molecular weight product [27]. Hence,
sage of antioxidants can inhibit reactive oxygen species forma-
ion which can lead to higher molecular weight HA [14,27]. In this
tudy, metabolic flux analysis was also carried out at different inhi-
ition levels of glycolytic pathway to understand their effect on flux
istribution in the metabolic network. Also, we have discussed the
elationship among cell specific growth rate, HA molecular weight,
A and lactic acid yield.

. Materials and methods

.1. Strain and culture media

S. equi subsp. zooepidemicus ATCC 39920 was maintained in
lycerol stock at −80 ◦C. It was revived by culturing the glycerol
tocks onto brain heart infusion agar plates at 37 ◦C for 24 h before
noculation.

The transfer and reactor media used was a complex media
ith composition 30 g/L of glucose, 10 g/L of yeast extract,

.5 g/L of Na2HPO4·12H2O, 0.5 g/L of KH2PO4·5H2O and 0.5 g/L of
gSO4·7H2O. Glucose and MgSO4 were autoclaved separately and

ransferred aseptically to the sterilized media. Yeast extract from
he same batch was used in all the experiments.

.2. Cultivation

Colonies from brain heart infusion agar plate were inoculated
nto 10 mL  brain heart infusion broth. The overnight incubated cul-
ure at 37 ◦C and 200 rpm was transferred into a 60 mL  seed culture

edia in 250 mL  Erlenmeyer flask and incubated (till optical den-
ity of at least 0.6 was obtained at 600 nm wavelength) at 37 ◦C
nd 200 rpm, before inoculating the reactor. The fermentation was
arried out in an in situ sterilizable 2.4 L Bioengineering® reactor
Switzerland) with a working volume of 1.2 L. pH was maintained
y 4 M NaOH solution; acidic solution was not required to maintain
H as initial pH of the media was 7.2 and it continuously dropped
ith the formation of organic acids. A control run was carried out

o compare the results of the reactor runs. The control run is the
eactor run with complex media containing 30 g/L glucose, aera-
ion rate of 1vvm, pH maintained at 7.0, impeller agitation speed of
00 rpm and temperature controlled at 37 ◦C. All the reactor runs
ere repeated three times. The error bars in all the figures represent

he standard deviation from the average values.

.3. Feeding of inhibitors and amino acids

The range of concentration of all the additives used was deter-
ined previously in shake flask studies. Additives in excessive

oncentrations led to very poor biomass and HA production (data
ot shown). Sodium iodoacetate, pyruvate, amino acids and the
ntioxidants (tannic acid, oxalic acid and salicylic acid) were fil-
er sterilized using 0.22 �m syringe filter and were added to the

ioreactor aseptically through feeding bottle having silicon tubing
ith hypodermic needle at the end. Feed bottles, silicon tubing and
ypodermic needles were autoclaved prior to use. The flow rate of
he feed was controlled by a peristaltic pump.
eering Journal 80 (2013) 53– 60

2.4. Analytical methods

2.4.1. Measurement of biomass
For measurement of biomass, culture samples were treated with

1 volume of 0.1% SDS for 10 min  to strip cells of capsular HA [28]
and then centrifuged at 10,000 rpm for 10 min to pellet HA  free
cells. The supernatant was  used to estimate HA concentration. The
pellet was resuspended in 0.9% NaCl solution. The optical density of
the resulting suspension was analysed at a wavelength of 600 nm
(OD600) for biomass using Jasco V550 UV–vis spectrophotometer
for biomass estimation. Correlation between culture absorbance at
OD600 and dry cell weight was found to be: 1 OD600 = 0.4 g/L dry
cell weight. The supernatant was  used for estimating HA and other
metabolites.

2.4.2. Measurement of glucose and other metabolites
HA was  estimated using the modified carbazole assay [29].

HA standards used were obtained from Calbiochem (San Diego,
USA).

Glucose was estimated by the enzymatic glucose oxidase-
peroxidase Merkotest method (Merck Specialties Pvt., Ltd., India).
Lactate was  estimated using HPLC (Shimadzu, Japan) fitted with a
Phenomenox Rezex 300 mm × 7.8 mm  column maintained at 50 ◦C.
The mobile phase used was  5 mM H2SO4 with 0.6 mL/min flow
rate. The detector used was  diode array detector at a wavelength
of 210 nm (Shimadzu, Model SPD-M20A, Japan).

2.4.3. Estimation of molecular weight
HA molecular weight was estimated using HPLC (Shimadzu,

Japan) with gel permeation column Shodex OHpak 13u SB-805 HQ
500A-600 × 8 mm maintained at 30 ◦C. The mobile phase used was
0.1 M sodium nitrate at a flow rate of 1.0 mL/min. Refractive index
detector was  used to analyse the samples. Polyethylene oxide sam-
ples (0.6–4 MDa) obtained from Sigma–Aldrich (USA) was used as
molecular weight standards.

2.5. Calculation of specific rates

Specific growth rate (�) was calculated from the slope of the
regression line in a plot between ln (X/X0) and time during the
exponential growth phase (where X and X0 are the biomass at time
“t” and at the beginning of the exponential phase, respectively,
measured in g cell L−1). The specific productivity (qP) (g product
g cell−1 h−1) was calculated from the discrete time course measure-
ment using the following formula:

qP = � · �P

�X

where �P/�X is the slope of the regression line for the plot between
product concentration (P) and biomass (X) in the exponential phase.
Similar equation was  used for calculating the specific uptake rate
of glucose.

2.6. Metabolic flux analysis

The stoichiometric equations of S. zooepidemicus were adapted
from the equations provided by Jagannath and Ramachandran [25].
The model is an over-determined system of equations consisting
of 33 equations and 34 variables with 7 metabolites measured
during experimental study and final solution was achieved using

Least squares method. Metabolites measured are glucose uptake
rate, rate of formation of biomass, lactic acid, formic acid, acetic
acid, hyaluronic acid and ethanol. Reactions considered for the flux
analysis are shown in Table 1.



M.V. Shah et al. / Biochemical Engineering Journal 80 (2013) 53– 60 55

Table  1
Stoichiometric equations used in metabolic flux model for Streptococcus zooepidemicus.

Flux no. Stoichiometric equations for Streptococcus zooepidemicus

Glycolysis and pyruvate metabolism
[V1] Glucose 6-phosphate → fructose 6-phosphate
[V2] ATP + fructose 6-phosphate → ADP + 2 DHAP
[V3] DHAP + ADP + phosphate + NAD(+) → phosphoenolpyruvate + H(2)O + ATP + NADH + H(+)
[V4]  ADP + phosphoenolpyruvate → ATP + pyruvate
[V5]  Pyruvate + NADH + H(+) → (S)-lactate + NAD(+)
[V6] Pyruvate + CoA → acetyl-CoA + formate
[V7] Pyruvate + CoA + NAD(+) → acetyl-CoA + NADH + CO(2)
[V8] Pyruvate + phosphate + ADP + O(2) + H(2)O → acetate + ATP + CO(2) + H(2)O(2)
[V9]  Acetyl-CoA + 2 NADH + H(+) → ethanol + CoA + 2 NAD(+)

Pentose phosphate pathway
[V10] Glucose 6-phosphate + 2 NADP(+) + H(2)O → ribose 5-phosphate + CO(2) + 2 NADPH + 2 H(+)
[V11] 3 ribose 5-phosphate → 2 fructose 6-phosphate + DHAP

HA production pathway
[V12] Fructose 6-phosphate + l-glutamine + acetyl-CoA + UTP → UDP-N-acetyl-glucosamine + l-glutamate + CoA + 2 phosphate
[V13]  Glucose 6-phosphate + UTP + NAD(+) → UDP-Glucuronic acid + 2 phosphate + NADH + H(+)
[V14] UDP-N-acetyl-glucosamine + UDP-Glucuronic acid + 2 ATP + 2 NAD(+) → HA + 2 ADP + 2 UTP + 2 phosphate + 2 NADH + 2 H(+)

Nucleotide synthesis
[V15] Ribose 5-phosphate + 4 ATP + adenosine → ATPN + 4 ADP + pyrophosphate
[V16] Ribose 5-phosphate + 4 ATP + uridine → UTP + 4 ADP + pyrophosphate
[V17] Ribose 5-phosphate + 4 ATP + guanidine → GTP + 4 ADP + pyrophosphate
[V18] UTP + l-glutamine + ATP → CTP + l-glutamate + ADP + phosphate
[V19] ATP + NADPH → dATP + NADP(+)
[V20] GTP + NADPH → dCTP + NADP(+)
[V21] CTP + NADPH → dGTP + NADP(+)
[V22] UTP + MTHF + 2 ATP + NADPH → DTTP + DHF + 2 ADP + NADP(+) + pyrophosphate

Macromolecules and biomass
[V23] 2 UDP-N-acetyl-glucosamine + phosphoenolpyruvate + 3.5 l-alanine + l-glutamate + l-lysine + 8 ATP + NADPH → PG + 2 UTP + 8 ADP + 7

phosphate + NADP(+)
[V24] UDP-glucose + 3 DHAP + 3 NADH + 5 ATP → TEIC (techoic acid) + 3 NAD(+) + 5 ADP + UDP
[V25] 23.9 acetyl-CoA + 2.1 DHAP + 0.65 UDP-glucose + 43.5 NADPH + 24.3 ATP + 2.1 NADH → LIP (lipid) + 23.9 CoA +43.5 NADP(+) + 24.3 ADP + 2.1

NAD(+) +0.65 UTP + 1.1 pyrophosphate + 2.2 phosphate + 2.1 H(2)O
[V26] UDP-N-acetyl-glucosamine + 2 glucose 6-phosphate + 2 NADPH + 3 ATP → AWALL (antigenic wall) UTP + NADP(+) + 3 ADP + 2

pyrophosphate
[V27]  100 AA (amino acid) + 430.6 ATP → 100 PROT + 430.6 ADP + 430.6 phosphate
[V28] 29 dATP + 29 dTTP + 21dGTP + 21 dCTP + 137.2 ATP → 100 DNA + 137.2 ADP + 137.2 phosphate + 100 pyrophosphate
[V29] 26.2 ATPN + 21.6 UTP + 32.2 GTP + 20 CTP + 40 ATP → 100 RNA + 40 ADP + 40 phosphate + 100 pyrophosphate
[V30] 86.7 PROT + 2 PG + 1.6 TEIC + 0.7 AWALL + 1.1 DNA + 7.6 RNA + 0.5 LIP → BIOMASS

Energy and maintenance reactions
[V31] ATP → ADP + phosphate
[V32] NADH + 0.5 O(2) → NAD(+) + H(2)O

Glucose transport through membrane
[V33] GLUCext + phosphoenolpyruvate → glucose 6-phosphate + pyruvate

(
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adapted from Jagannath and Ramachandran [25]).

. Results

.1. Effect of addition of glycolytic pathway inhibitors

.1.1. Effect of addition of Iodoacetate
Iodoacetate is a specific and irreversible inhibitor of glycolytic

nzyme glyceraldehyde-3-phosphate dehydrogenase. It inhibits
yruvate kinase and l-lactate dehydrogenase only at millimolar
oncentrations [21]. Iodoacetate is also reported to completely
nhibit glycolysis at 50 �M concentration [30]. Therefore, in the cur-
ent study only low concentrations of iodoacetate (up to 25 �M)
ere used. The biomass concentration was same at 10 �M and

5 �M iodoacetate concentration compared to control run (2.6 g/L)
Fig. 1). However, lactic acid production significantly decreased
o around 10 g/L at both concentrations of iodoacetate compared
o 18.6 g/L in control run (Fig. 2). Streptococcus being part of

he lactic acid bacteria family is prone to convert most of the
lucose consumed to lactic acid via glycolysis pathway. Thus,
ecreased lactic acid production is an indicator of diminished gly-
olytic functioning. This led to increased HA production from 2 g/L
(in control) to above 3 g/L upon addition of 10 and 25 �M iodoac-
etate concentrations (Fig. 3). Molecular weight of HA increased with
increasing concentration of iodoacetate. And it was 2.4, 2.7 and
3.2 MDa  for the control run, 10 �M and 25 �M of sodium iodoac-
etate concentrations respectively (Fig. 4). The inhibitor effect also
corresponded with a decrease in specific growth rate from 0.42 h−1

in control run to 0.39 h−1and 0.25 h−1 at 10 �M and 25 �M iodoac-
etate concentrations respectively (Fig. 5). Thus weakening of the
glycolytic pathway can be attributed to diversion of carbon flux
away from glycolysis to HA production pathway. This was further
confirmed by metabolic flux analysis studies in which addition
of iodoacetate showed decrease in carbon flux for formation of
fructose 6-phosphate (Frc6P). Frc6P further goes into glycolysis
to give lactic acid as the end product. With increased iodoac-
etate concentration the flux of Frc6P formation decreased from
95.0% in the control run to 77.5% (25 �M iodoacetate) (Fig. 6). Also

flux of carbon towards UDP glucuronic acid (UDPGlc) formation
increased with addition of increasing iodoacetate concentration
(3.1% for control run, 3.2% for 10 �M iodoacetate and 4.7% for
25 �M iodoacetate). The increased carbon flux towards UDPGlc
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Fig. 1. Effect of various additives on biomass concentration (* signifies p < 0.05 and ** signifies p < 0.005, compared to control run).

 signi

o
t

3
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Fig. 2. Effect of various additives on lactic acid concentration (*

nly led to increased molecular weight of HA, but not its concen-
ration.

.1.2. Effect of addition of tryptophan
Tryptophan is a mild inhibitor of pyruvate kinase enzyme
22,23]. Also formation of one mole of tryptophan requires 5 moles
f ATP [31]. Since HA production also requires ATP, the ATP saved
n formation of tryptophan could be diverted towards HA produc-
ion pathway. At 5 g/L tryptophan concentration, there was  a slight

Fig. 3. Effect of various additives on Hyaluronic acid (HA) concentration (*
fies p < 0.05 and ** signifies p < 0.005, compared to control run).

reduction in biomass (2.1 g/L) and lactic acid (16.4 g/L) formation
compared to control run but no significant increase in HA con-
centration (2.1 g/L) was observed (Figs. 1–3). The specific growth
rate of the cells increased to 0.48 h−1 from 0.42 h−1 for the control
run (Fig. 4). However, there was significant increase in molecular

weight of HA (3.2 MDa) compared to control run (2.4 MDa). Liter-
ature reports [1,25] suggest that there is an inverse correlation of
specific growth rate and molecular weight of HA produced. Such a
correlation was  not found in the case of addition of tryptophan

 signifies p < 0.05 and ** signifies p < 0.005, compared to control run).
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Fig. 4. Effect of various additives on Hyaluronic acid (HA) molecular weight (* signifies p < 0.05 and ** signifies p < 0.005, compared to control run).

Fig. 5. Effect of various additives on specific growth rate (h−1) (* signi

Fig. 6. Flux distribution at node Glucose 6-phosphate at the following conditions:
(a)  control run; (b) iodoacetate (10 �M);  (c) iodoacetate (25 �M);  (d) tryptophan
(5  g/L); (e) pyruvate (5 g/L); (f) pyruvate (10 g/L); (g) pyruvate (15 g/L); (h) glutamine
(5  g/L); (i) Iodoacetate 25 �M + glutamine (5 g/L). The p value for all fluxes is less than
0.005, except for UDP-glucuronic acid flux at (b) (p < 0.05) when compared to control
run. The values of the fluxes are normalized with respect to 100 mol  glucose/mol
biomass/hour.
fies p < 0.05 and ** signifies p < 0.005, compared to control run).

(Fig. 5). An explanation for the increase in molecular weight of
HA by the addition of tryptophan could be because HA forma-
tion is a highly energy consuming process (using 3 ATP and 2 UTP
molecules for each monomer of HA) [1] and tryptophan addition
helped in conserving ATP and increasing the molecular weight of
HA by diversion of ATP towards HA production pathway. It can be
seen from Fig. 6, the carbon flux towards Frc6P decreased to 49.4%
indicating inhibition of glycolysis to a great extent. Also a rise in
UDPGlc formation flux to 4.8 was observed which corresponded
with high molecular weight of HA (3.2 MDa). There was increased
flux of carbon towards ribose 5-phosphate (Rib5P) formation, indi-
cating intense competition for glucose between glycolysis, pentose
phosphate pathway and HA synthesis.

3.1.3. Effect of addition of pyruvate
Pyruvate is known to reduce the overall activity of glycolytic

enzymes [24,25]. Increasing pyruvate concentration by its addition
in the media decreased the concentration of biomass formed (2.6,
2.2 and 1.6 g/L of biomass for 5, 10 and 15 g/L of pyruvate con-
centration respectively) compared to control run (2.6 g/L) (Fig. 1).
This also corresponded with decreased lactate production at higher

concentration of added pyruvate (20, 17 and 13 g/L of lactic acid for
5, 10 and 15 g/L of pyruvate concentration respectively) (Fig. 2).
Thus pyruvate acted as an inhibitor of glycolysis pathway lead-
ing to reduced lactic acid concentrations. HA concentration and
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olecular weight showed an optimum (2.5 g/L and 3.1 MDa) at
0 g/L pyruvate concentration (Figs. 3 and 4). Addition of pyru-
ate did affect glycolysis as expected. The specific growth rates
bserved were 0.43, 0.52 and 0.44 h−1 on addition of 5, 10 and
5 g/L pyruvate concentration respectively, which were higher
han that of the control run (0.42 h−1) (Fig. 5). The flux analy-
is studies showed lesser carbon flux towards Rib5P formation
8.0% and 5.6% for 10 and 15 g/L pyruvate concentration respec-
ively). There was an increased flux towards UDPGlc for all pyruvate
oncentrations (Fig. 6). This corresponded with high molecular
eight of HA produced (3.1 and 2.9 MDa  for 10 and 15 g/L pyru-

ate concentration respectively). Also pyruvate is a known anti
xidant [32] and this property of pyruvate may  also have helped
ncreasing polymer chain length by detoxifying reactive oxygen
pecies. In previous cases, addition of iodoacetate and trypto-
han decreased the carbon towards Frc6P formation and led to
igh molecular weight of HA produced. This suggests intercon-
ectivity of HA synthesis with glycolysis and pentose phosphate
athway.

.2. Effect of addition HA pathway enhancer (glutamine)

Addition of glutamine is known to increase HA production by
eing an amino group donor for N-acetyl glucosamine forma-
ion [14,26]. In this case, biomass concentration was significantly
igher but lactic acid formation was lower compared to control run
Figs. 1 and 2). This indicates that the glucose consumed was redis-
ributed more towards formation cellular components like cell wall
nd less towards lactic acid formation. There was also an increase
n HA concentration to 3.3 g/L indicating that addition of glutamine
id enhance HA production pathway (Fig. 3). This result corre-

ated with previous reports in literature [14,26]. However, there
as no significant change in molecular weight compared to the

ontrol run (Fig. 4). A very high specific growth rate of 0.823 h−1

as observed by addition of glutamine, which is nearly twice that
f the control run (Fig. 5). The flux analysis showed carbon flux
ecreased towards Frc6P formation and increased towards Rib5P
ormation and UDPGlc formation (79.8%, 14.6% and 4.3% respec-
ively) compared to the control run (Fig. 6). Even though there
as no increase in the molecular weight, there was  an increase

n HA concentration. Glutamine acts towards formation of UDP-
-acetylglucosamine (UDPNAG). The flux towards formation of
DPNAG had increased from 4% (in control run) to 5.4% (addition
f glutamine) (data not shown). This might have led to balance
n fluxes of carbon towards the precursors leading to higher HA
oncentration.

.3. Effect of addition of anti oxidants

Reactive oxygen species are formed due to high aeration and agi-
ator rates and are known to depolymerise HA chains to yield low

olecular weight compounds [27]. Hence, usage of antioxidants
tannic acid, oxalic acid and salicylic acid) may  inhibit reactive
xygen species formation leading to higher molecular weight HA
14,27]. For all the antioxidants added, there was no significant
hange in biomass production compared to the control run (Fig. 1).
alicylic acid addition showed decreased lactic acid formation but
ddition of none of the anti oxidants could increase HA concen-
ration (Figs. 2 and 3). Molecular weight of HA was  significantly
nhanced to 2.9 MDa  by the addition of tannic acid compared to
olecular weight of 2.4 MDa  obtained in control run (Fig. 4). In
ur study no significant increase in the molecular weight of HA
as observed with the addition of salicylic acid, unlike reported by

hang et al. [27] who achieved molecular weight improvement by
2%.
Fig. 7. Relationship between lactic acid yield (YLA/S) and HA yield (YHA/S).

3.4. Effect of addition of sodium iodoacetate and glutamine

After obtaining above results, various combinations of gly-
colytic inhibitors, glutamine and antioxidants were tried. It was
observed that except for combination of sodium iodoacetate and
glutamine, others led to poor biomass production (data not shown).
Interestingly, least lactic acid production (6.0 g/L) was observed
in this combination with highest biomass concentration (3.5 g/L)
(Figs. 1 and 2). Also highest HA production of up to 5.0 g/L was
observed (Fig. 3). This indicates that most of the glucose was fluxed
away from lactic acid production to biomass and HA production.
However, molecular weight of HA for the combination of sodium
iodoacetate and glutamine (3.0 MDa) was  not significantly differ-
ent when only iodoacetate was added (3.2 MDa) (Fig. 4). This shows
that glutamine addition has no effect on molecular weight of HA,
but had an effect on HA production. This was supported by the
metabolic flux analysis data also. The carbon flux towards forma-
tion of Frc6P was the lowest by the addition of sodium iodoacetate
and glutamine together. The flux towards formation of Frc6P was
95.0, 77.5 and 37.9% in the control run, for iodoacetate (25 �M)
and sodium iodoacetate (25 �M)  + glutamine (5 g/L) respectively
(Fig. 6). This diversion of carbon flux away from Frc6P formation
and therefore glycolysis, probably led to high HA molecular weight
as well as concentration.

4. Discussion

4.1. Competition for glucose between HA production and other
metabolic pathways

Fig. 7 shows that yield of lactic acid per glucose (YLA/S) consumed
is inversely related to yield of HA per glucose (YHA/S). Streptococcus
being part of the lactic acid producing bacteria family produces
lactic acid as the major product from glucose as the substrate.
Reduction in flux of glucose from glycolysis using inhibitors led
to higher HA formation. The competition for substrate between HA
and other pathways is also reported by Chong et al. [1] and Liu et al.
[17].

The metabolic flux analysis shows the glucose 6-phosphate is
an important node in the metabolic pathway of glucose (Fig. 6).
Glucose from this node can be directed to UDP-glucuronic acid
formation, ribose 5-phosphate formation (pentose phosphate
pathway) and fructose 6-phosphate formation (glycolysis and
UDP-N-acetylglucosamine formation). It was observed that with
decrease in carbon flux towards fructose 6-phosphate formation,
there was higher HA production as well as higher molecular weight
(as seen by addition of 10, 25 �M iodoacetate and combination of
25 �M iodoacetate with 5 g/L glutamine). Also, decreased carbon
flux towards ribose 5-phosphate led to high molecular weight of

HA (as seen at 10 and 15 g/L pyruvate concentration). Decreased
carbon flux for the formation of Frc6P and Rib5P led to only high
molecular weight of HA (as seen at 5 g/L tryptophan concentration)
(Fig. 6). It can be concluded that redirecting glucose away from
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Fig. 8. Relationship between specific HA production rate, qHA (h−1) and specific
growth rate, � (h−1).
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lycolysis as well as pentose phosphate pathway was beneficial for
A production. An optimum balance between the supply of carbon

owards HA synthesis, glycolysis and pentose phosphate pathway
ill lead to high HA concentration as well as high molecular weight.

.2. Effect of specific growth rate on HA production

Specific growth rate is an important indicator of the cells state
n a given environment. Lower the specific growth rate, the more
tressful is the environment for the cell growth. From Fig. 8, it can
e observed that the specific growth rate had a positive effect on
he specific HA production rate (qHA). Thus HA is a growth asso-
iated product in S. zooepidemicus. This could be linked to higher
lucose uptake rate at higher specific growth rates (Fig. 9). More
lucose uptake rate by the cell leads to more distribution through
arious metabolic pathways. Glucose, after satisfying the primary
eeds of a cell like glycolysis and cell wall components, overflows

nto HA synthetic pathway for increased production. Chong et al.
1] reported that the specific HA production rate is inversely pro-
ortional to the specific growth rate which is not in agreement with
ur results.
Molecular weight of HA showed inverse relationship with spe-
ific growth rate (Fig. 10). This finding was also observed by
hong et al. [1], Armstrong and Johns [12] and Jagannath and
amachandran [25]. This shows that molecular weight and specific

ig. 10. Relationship between molecular weight of Hyaluronic acid (MDa) and spe-
ific growth rate, � (h−1).
eering Journal 80 (2013) 53– 60 59

HA production rate behave differently with specific growth rate.
Higher cell doubling time (low specific growth rates) allows the cell
to continue elongation of HA chains. Also at lower specific growth
rate in stressful environments, the cell focuses most of its resources
towards HA chain elongation, which acts as a physical capsular
barrier.

4.3. Comparison of HA production with other studies

In this study, the highest molecular weight of HA, 3.2 MDa, was
obtained with the addition of 25 �M sodium iodoacetate and tryp-
tophan and a maximum HA yield of 5 g/L was  obtained at 5 g/L
glutamine concentration and 25 �M sodium iodoacetate together,
using 3% glucose as carbon source. Im et al. [14] have reported the
highest molecular weight of HA of 5.9 MDa  with a yield of 6.94 g/L
using 4% glucose as a carbon source. They used Streptococcus sp. ID
9102, a mutant strain which is hyaluronidase negative while the
strain used in our study is a wild strain with an ability to synthe-
size hyaluronidase enzyme which lowers the molecular weight of
HA. Rangaswamy and Jain [33] used wild Streptococcal strain and
obtained HA yield of 0.1 g/g of sucrose compared to our yield of
0.16 g/g of glucose. Higher yield observed in this study is due to
increased carbon availability for HA biosynthesis pathway. In our
study no significant increase in the molecular weight of HA was
observed with the addition of salicylic acid, unlike reported by
Zhang et al. [27] who  achieved molecular weight improvement by
32%.

5. Conclusions

The influence and control of glycolytic pathway on the molecu-
lar weight and the production of HA was  examined and a detailed
metabolic flux analysis has been carried out. Since HA synthesis
pathway competes with glycolytic pathway and cell wall compo-
nents synthesis for glucose, it is shown that with the addition of
glycolytic inhibitors, increase in HA yield and molecular weight
can be obtained. By metabolic flux analysis changes in the fluxes
were observed at different levels of inhibition of glycolytic path-
way. The analysis of experimental data and flux distribution values
in bioreaction network showed that the fluxes at principal node of
glucose 6-phosphate changed significantly under glycolytic path-
way inhibition by diverting the carbon flux towards HA pathway
and Pentose phosphate pathway, thus indicating that the node is
not rigid and through genetic engineering higher yield of HA can
be obtained. The addition of glutamine in the presence of glycolytic
inhibitor further enhanced glucose flux towards the HA pathway.
Inverse relationship between specific growth rate and HA molec-
ular weight was observed. Competition for glucose was shown by
the inverse relationship between lactic acid yield and HA yield.

Acknowledgements

The authors would like to thank IIT Madras for providing facili-
ties and funding to carry out the research work. We  would also like
to thank Mr.  Nithin Sanghe for his constructive feedbacks.

References

[1] B.F. Chong, L.M. Blank, R. Mclaughlin, L.K. Nielsen, Microbial hyaluronic acid
production, Appl. Microbiol. Biotechnol. 66 (2005) 341–351.

[2] G. Kogan, L. Soltés, R. Stern, P. Gemeiner, Hyaluronic acid: a natural biopolymer
with a broad range of biomedical and industrial applications, Biotechnol. Lett.
29  (2007) 7–25.
[3] B. Widner, R. Behr, S.V. Dollen, M.  Tang, T. Heu, A. Sloma, D. Sternberg, P.L.
DeAngelis, P.H. Weigel, S. Brown, Hyaluronic acid production in Bacillus subtilis,
Appl. Environ. Microbiol. 71 (2005) 3747–3752.

[4] L. Chien, C. Lee, Enhanced hyaluronic acid production in Bacillus subtilis by
coexpressing bacterial hemoglobin, Biotechnol. Prog. 23 (2007) 1017–1022.

http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0020
mats
Markering

mats
Markering



6  Engin

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

0 M.V. Shah et al. / Biochemical

[5] Y. Jia, J. Zhu, X. Chen, D. Tang, D. Su, W.  Yao, X. Gao, Metabolic engineer-
ing of Bacillus subtilis for the efficient biosynthesis of uniform hyaluronic
acid with controlled molecular weights, Bioresour. Technol. 132 (2013)
427–431.

[6] H. Yu, G. Stephanopoulos, Metabolic engineering of Escherichia coli for biosyn-
thesis of hyaluronic acid, Metab. Eng. 10 (2008) 24–32.

[7] Z. Mao, H.D. Shin, R. Chen, A recombinant E. coli bioprocess for hyaluronan
synthesis, Appl. Microbiol. Biotechnol. 84 (2009) 63–69.

[8] L. Chien, C. Lee, Hyaluronic acid production by recombinant Lactococcus lactis,
Appl. Microbiol. Biotechnol. 77 (2007) 339–346.

[9] J.Z. Sheng, P.X. Ling, X.Q. Zhu, X.P. Guo, T.M. Zhang, Y.L. He, F.S. Wang, Use
of  induction promoters to regulate hyaluronan synthase and UDP-glucose-6-
dehydrogenase of Streptococcus zooepidemicus expression in Lactococcus lactis:
a  case study of the regulation mechanism of hyaluronic acid polymer, J. Appl.
Microbiol. 107 (2009) 136–144.

10] S.B. Prasad, G. Jayaraman, K.B. Ramachandran, Hyaluronic acid production is
enhanced by the additional co-expression of UDP-glucose pyrophosphorylase
in Lactococcus lactis, Appl. Microbiol. Biotechnol. 86 (2010) 273–283.

11] S.B. Prasad, K.B. Ramachandran, G. Jayaraman, Transcription analysis of
hyaluronan biosynthesis genes in Streptococcus zooepidemicus and metabol-
ically engineered Lactococcus lactis, Appl. Microbiol. Biotechnol. 94 (2012)
1593–1607.

12] D.C. Armstrong, M.R. Johns, Culture conditions affect the molecular weight
properties of hyaluronic acid produced by Streptococcus zooepidemicus, Appl.
Environ. Microbiol. 63 (1997) 2759–2764.

13] S.J. Chen, J.L. Chen, W.C. Huang, H.L. Chen, Fermentation process development
for hyaluronic acid production by Streptococcus zooepidemicus ATCC 39920,
Korean J. Chem. Eng. 26 (2009) 428–432.

14] J.H. Im,  J.M. Song, J.H. Kang, D.J. Kang, Optimization of medium components for
high-molecular-weight hyaluronic acid production by Streptococcus sp. ID9102
via  a statistical approach, J. Ind. Microbiol. 36 (2009) 1337–1344.

15] N. Izawa, T. Hanamizu, T. Sone, K. Chiba, Effects of fermentation conditions
and soybean peptide supplementation on hyaluronic acid production by Strep-
tococcus thermophilus strain YIT 2084 in milk, J. Biosci. Bioeng. 109 (2010)
356–360.

16] L. Liu, M.  Wang, G. Du, J. Chen, Enhanced hyaluronic acid production of Strep-
tococcus zooepidemicus by an intermittent alkaline-stress strategy, Lett. Appl.
Microbiol. 46 (2008) 383–388.
17] L. Liu, G. Du, J. Chen, M.  Wang, J. Sun, Influence of culture modes on the micro-
bial production of hyaluronic acid by Streptococcus zooepidemicus, Biotechnol.
Bioprocess Eng. 13 (2008) 269–273.

18] L. Liu, G. Du, J. Chen, M.  Wang, J. Sun, Enhanced hyaluronic acid produc-
tion  by a two-stage culture strategy based on the modeling of batch and

[

[

eering Journal 80 (2013) 53– 60

fed-batch cultivation of Streptococcus zooepidemicus,  Bioresour. Technol. 99
(2008) 8532–8536.

19] M.R. Johns, L.-Tang Goh, A. Oeggeru, Effect of pH, agitation and aeration on
Hyaluronic acid production by Streptococcus zooepidemicus,  Biotechnol. Lett.
16  (1994) 507–512.

20] W.Y. Chen, E. Marcellin, J. Hung, L.K. Nielsen, Hyaluronan molecular weight is
controlled by UDP-N-acetylglucosamine concentration in Streptococcus zooepi-
demicus,  J. Biol. Chem. 284 (2009) 18007–18014.

21] B. Poolman, B. Bosman, J.A.N. Kiers, W.I.L.N. Konings, Control of glycolysis
by glyceraldehyde-3-phosphate dehydrogenase in Streptococcus cremoris and
Streptococcus lactis, J. Bacteriol. 169 (1987) 5887–5890.

22] K.H. Ibsen, P. Trippet, Effects of amino acids on the kinetic properties of three
noninterconvertible rat pyruvate kinases, Arch. Biochem. Biophys. 163 (1974)
570–580.

23] K.H. Ibsen, S.W. Marles, Inhibition of chicken pyruvate kinases by amino acids,
Biochemistry 15 (1976) 1073–1079.

24] G.N. Vemuri, M.A. Elteman, J.E. McEwen, L. Olsson, J. Nielsen, Increasing NADH
oxidation reduces overflow metabolism in Saccharomyces cerevisiae,  Proc. Natl.
Acad. Sci. U.S.A. 104 (2007) 2402–2407.

25] S. Jagannath, K.B. Ramachandran, Influence of competing metabolic processes
on  the molecular weight of hyaluronic acid synthesized by Streptococcus zooepi-
demicus,  Biochem. Eng. J. 48 (2010) 148–158.

26] M.  Hashimoto, T. Kakema, K. Fujii, M.  Ikemi, Method for producing hyaluronic
acid, European patent no. 2311971A1, 2011.

27] X. Zhang, X.J. Duan, W.S. Tan, Mechanism for the effect of agitation on the
molecular weight of hyaluronic acid produced by Streptococcus zooepidemicus,
Food Chem. 119 (2010) 1643–1646.

28] H.J. Gao, G.C. Du, J. Chen, Analysis of metabolic fluxes for hyaluronic acid
production by Streptococcus zooepidemicus, World J. Microbiol. Biotechnol. 22
(2006) 399–408.

29] T. Bitter, H.M. Muir, A modified uronic acid carbazole reaction, Anal. Biochem.
4  (1962) 330–334.

30] I.R. Hamilton, E.J. St Martin, Evidence for the involvement of proton motive force
in  the transport of glucose by a mutant of Streptococcus mutans strain DR0001
defective in glucose-phosphoenolpyruvate phosphotransferase activity, Infect.
Immun. 36 (1982) 567–575.

31] F. Gibson, J. Pittard, Pathways of biosynthesis of aromatic amino acids and vita-
mins and their control in microorganisms, Bacteriol. Rev. 32 (1968) 465–492.
32] A.F. Holleman, Lehrbuch der Organischen Chemie, 3rd ed., Verlag von Veit &
Comp, Leipzig, 1904.

33] V. Rangaswamy, D. Jain, An efficient process for production and purification of
hyaluronic acid from Streptococcus equi subsp. zooepidemicus, Biotechnol. Lett.
30 (2008) 493–496.

http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0035
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00254-4/sbref0165

	Hyaluronic acid production and molecular weight improvement by redirection of carbon flux towards its biosynthesis pathway
	1 Introduction
	2 Materials and methods
	2.1 Strain and culture media
	2.2 Cultivation
	2.3 Feeding of inhibitors and amino acids
	2.4 Analytical methods
	2.4.1 Measurement of biomass
	2.4.2 Measurement of glucose and other metabolites
	2.4.3 Estimation of molecular weight

	2.5 Calculation of specific rates
	2.6 Metabolic flux analysis

	3 Results
	3.1 Effect of addition of glycolytic pathway inhibitors
	3.1.1 Effect of addition of Iodoacetate
	3.1.2 Effect of addition of tryptophan
	3.1.3 Effect of addition of pyruvate

	3.2 Effect of addition HA pathway enhancer (glutamine)
	3.3 Effect of addition of anti oxidants
	3.4 Effect of addition of sodium iodoacetate and glutamine

	4 Discussion
	4.1 Competition for glucose between HA production and other metabolic pathways
	4.2 Effect of specific growth rate on HA production
	4.3 Comparison of HA production with other studies

	5 Conclusions
	Acknowledgements
	References




