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the substrate on the simultaneous
production of polyhydroxyalkanoates and
extracellular polymeric substances by Haloferax
mediterranei via kinetic model analysis†

You-Wei Cui, * Yun-Peng Shi and Xiao-Yu Gong

The extreme halophilic archaeon Haloferax mediterranei can produce polyhydroxyalkanoates (PHAs) and

extracellular polymeric substances (EPSs) simultaneously. In this study, we studied the influence of the

ratio of carbon and nitrogen concentration (C/N) during feeding on PHA and EPS production in open

fermentation by means of the developed model. The results indicated that nitrogen availability had

significant effects on stain growth and PHA and EPS synthesis. The PHA volumetric productivity, EPS

volumetric productivity and biomass increased with the increase of nitrogen concentration. Haloferax

mediterranei synthesized EPSs with a faster rate than that for PHAs, indicating that EPSs were

synthesized as priority energy and food reserves by Haloferax mediterranei. The deficiency of nitrogen

promoted PHA accumulation. The highest PHA cell content of 47.22% mg PHA per mg CDW was found

at a C/N ratio of 35. In contrast, the highest EPS productivity of 733.58 mg L�1 was observed at a C/N

ratio of 5. At a C/N ratio of 35, the percentage of the PHA yield coefficient in the sum of the PHA and

EPS yield coefficient was 92.8%, indicating that the majority of the carbon was converted to PHA rather

than EPS. Supported by the carbon flow and PHA and EPS productivity, PHA was the main product of

Haloferax mediterranei despite the C/N ratio. The study proved that controlling the C/N ratio during

feeding could be one solution to adjust the carbon flow to PHA and EPS synthesis by Haloferax

mediterranei.
1. Introduction

Polyhydroxyalkanoates (PHAs), which serve as intracellular
carbon and energy reserves under unbalanced or non-optimal
growth conditions, are polymers commonly synthesized by
various eubacteria and some haloarchaeal species.1,2 PHA
properties are similar to those of petroleum-based plastics3,4

except that it can be biologically degraded.5 This characteristic
has attracted attention as it could be used as a potential
sustainable substitute for plastics6 or as the base material for
other products such as package lms, bone replacements,
articial blood vessels, and scaffold materials.1,7–9

Haloferax mediterranei, an extreme halophilic archaeon, is
reported to have the ability to accumulate PHAs.10 Compared to
the widely used freshwater eubacteria as fermentation bacteria,
H. mediterranei has more advantages for PHA production.11

Firstly, H. mediterranei was reported to have the potential of
high-content PHA accumulation as reported.12 Secondly, H.
ed Municipal Wastewater Treatment and

hnology, Beijing 100124, China. E-mail:
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hemistry 2017
mediterranei is capable of synthesizing poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) or PHBV, which is a more valuable and
more applicable PHA than poly(3-hydroxybutyrate) or PHB due
to its low melting point and strong plasticity.13 Thirdly, since H.
medierranei depends on salts to maintain its cell wall stability, it
can be incubated in an open unsterile fermentation setup,
reducing aseptic operational expenses.14 Finally, the recovery of
PHAs from cells is easier because halophilic cell walls lyse in the
absence of salt,15 which reduces the amount of organic solvents
required.

Studies found that H. mediterranei also produces extracel-
lular polymeric substances (EPSs) in parallel to synthesizing
intracellular polymers when degrading the substrate.16–18 EPSs
are a complex mixture of high molecular weight polymers19

excreted by microorganisms through lysis and hydrolysis.6

However, the energy and reducing power derived from the
degradation of carbon sources are divided into these two bio-
logical processes, resulting in low PHA production. Because
both PHA and EPS production need extracellular carbon sour-
ces and energy, EPS synthesis may reduce PHA production.

Research has demonstrated that EPS synthesis could lead to
decreased PHA production. Koller et al.16 found that the
formation of EPSs and PHAs in the H. mediterranei strain DSM
RSC Adv., 2017, 7, 18953–18961 | 18953
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1411 competed for the available exogenous carbon source. EPS
production thus negatively affected the conversion yields of
PHA biosynthesis since 70% of the total energy reserves were
put into EPS production, resulting in the shi of carbon ow
towards EPS instead of PHA production. Fig. 1 shows the
possible pathways of PHBV and EPS synthesis in H. medi-
terranei.17,20 The factors which can lead to different synthesizing
ratios of PHAs and EPSs may inuence the carbon ow between
PHAs and EPSs, such as nitrogen. Zhao et al.17 developed a novel
EPS-mutant H. mediterranei strain by knocking out the gene
cluster involved in EPS biosynthesis of the wild-type strain and
demonstrated that PHA production in the engineered H. medi-
terranei strain was enhanced by up to 20% compared to that in
the wild-type strain. This research demonstrates that EPS
synthesis indeed negatively impacts PHA production of H.
mediterranei. However, possible mechanisms to control the
competitive production between EPSs and PHAs in wild-type H.
mediterranei remain unexplored. If PHAs are targeted to be
produced using wild-type H. mediterranei, it would be necessary
to control EPS production during fermentation to save costs for
substrate utilization and biopolymer recovery. Therefore,
exploring the potential factors regulating the competition
between PHAs and EPSs is of importance to increase the yield of
the desired material.

This study focuses on the effects of the ratio of supplemental
carbon and nitrogen (C/N) on the competitive productions of
Fig. 1 PHA and EPS synthesis on glucose by H. mediterranei. First of
all, glucose enters into the cell and becomes glucose-6-P by
combining with phosphoric acid. Glucose-6-P has two metabolic
pathways: (1) the glucose-6-P can synthesize acetyl-CoA which later
becomes PHBV; (2) glucose-6-P transforms into fructose-6-P first,
and then synthesizes EPS by several pathways. The main intermediate
product between PHA and EPS is glucose-6-P, which is the dominant
factor that affects PHBV and EPS production by glucose.

18954 | RSC Adv., 2017, 7, 18953–18961
the intracellular PHBV and the extracellular EPS by H. medi-
terranei during incubation. The relationship between the
production of the two polymers was evaluated as the function of
C/N during the feeding. The focus of the investigation was to
unravel the dynamics of PHA and EPS synthesis, which was
illustrated by both mathematical models and kinetic analysis.

2. Methods and materials
2.1 Strain cultivation

Haloferax mediterranei ATCC 33500 was purchased from the
China General Microbiological Culture Collection Center
(CGMCC, Chaoyang District, Beijing, China). The pure strain
was maintained on CM (complete medium) solid plates con-
taining 7.5 g L�1 casamino acid, 10 g L�1 yeast extract, 3 g L�1

sodium citrate, 20.0 g L�1 MgSO4$7H2O, 2 g L�1 KCl, 10 ppm
Fe2+, 200 g L�1 NaCl, and 15 g L�1 agar (direction fromCGMCC).
The same liquid medium without agar was used to inoculate
strains for later experiments. The inoculants were cultivated in
120 mL of the medium in 500 mL asks, which were placed in
a rotary shaker at 37 �C and 180 rpm for 48 h, where strains were
allowed to reach the late phase of exponential growth.

2.2 Batch experiments

To evaluate the inuence of different C/N ratios on PHA and EPS
production, we used four identical batch reactors with
a working volume of 1.2 L. The control feeding was composed of
150 g L�1 NaCl, 13 g L�1 MgCl2$6H2O, 0.55 g L�1 CaCl2, 4 g L�1

KCl, 20 g L�1 MgSO4$7H2O, 10 mg L�1 Fe2+, 0.4 g L�1 KH2PO4,
0.25 g L�1 NaHCO3, 0.5 g L�1 NaBr, 10 g L�1 glucose, and 1 mL
SL-6 trace element solution.17 Another three types of feeding
with different N concentrations were prepared by adding NH4Cl
to the control feeding with nal NH4Cl concentrations of 0.475,
1.950, and 7.640 g L�1. A total of 60 mL of enriched strain aer
48 h amplication was further inoculated in different SBRs
(Sequencing Batch Reactors), and the four feedings were added
separately to each SBR. The pH-value of the mixed liquid in the
SBRs was automatically adjusted to 7.5 � 0.3 by adding either
1 mol L�1 HCl or NaOH when needed through a pH controller
(SC-200, Si Chen Apparatus Science and Technology limited
Company, China) throughout the experiments. The dissolved
oxygen (DO) in the mixed liquid was sustained at 100% via an
aeration device, and the DOwasmonitored byWTW (Multi 3420
SET B, Germany). The temperature on the other hand was
maintained at 40 �C, using a heated water bath (HH-4, Guo Hua
Electric Appliance Company, China). The batch experiments
lasted for 72 hours. All the above-mentioned treatments were
carried out twice in parallel and their mean values were taken as
the nal values.

2.3 Analysis methods

During the batch experiments, regularly mixed liquid samples
were collected to determine the cell dry weight (CDW) of the
PHAs and EPSs. To determine the CDW, 5 mL of the sampled
liquid culture was centrifuged at 6000 rpm for 5 min, then the
supernatant was discarded. The remaining pellet was washed
This journal is © The Royal Society of Chemistry 2017
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twice with distilled water to remove salts. The pellet was dried in
an oven at 105 �C to a constant mass. The PHA content in the
cells was measured following the method by Oehmen et al.21

with gas chromatography analysis (7890A, Agilent, USA). For
PHA detection, a 30 mL sample was collected from the reactor
and centrifuged at 6000 rpm for 10 min. The supernatant was
discarded and the pellets were collected. The pellets were then
dissolved in distilled water to the initial volume, and 1 mL of
sodium hypochlorite solution (4%) was added to deactivate the
cells. The inactive cells were washed again twice with distilled
water and dried in a freeze dryer. The dried sample was used for
PHA measurement. The chromatograph was operated with
a DB-1 capillary column (Agilent, USA) connected to a ame
ionization detector (FID). Nitrogen gas was used as the carrier
gas, and the chloroform-dissolved sample (1 mL) was injected
using an autosampler. The injector and detector temperatures
were set at 250 and 300 �C respectively. The PHA content was
expressed as a percentage of CDW.

The sonication-cation exchange resin (CER) method22 was
used to extract the EPSs, with some adjustments. Firstly, a 20
mL sample of the mixed liquid from the reactor was collected,
centrifuged at 6000 rpm for 10 min, and the pellets were
recovered. The collected pellets were washed with distilled
water and dissolved in distilled water to the initial volume. The
resuspended cells were lysed by sonicating at 40 kHz for 2 min,
followed by centrifugation at 6000 rpm for 3 min. The super-
natant was ltered through a 0.45 mm lter to recover the loose-
bound EPSs (LB-EPSs). The pellets meanwhile were dissolved in
distilled water back to the initial volume and mixed with the
cation exchange resin, and stirred at 200 rpm for 1 h with
a magnetic stirrer (IKA, Germany). The mixed liquid was
centrifuged at 6000 rpm for 3 min and the supernatant was
collected. The resulting supernatant was again ltered through
a 0.45 mm lter to recuperate the tightly-bound EPSs (TB-EPSs).
The total EPS content was then determined from the sum of the
LB-EPSs and TB-EPSs.

Proteins in the EPSs were detected using the modied Lowry
method, the DNA with N-phenylaniline, and the total carbohy-
drate using the anthrone-sulfuric acid method.16
2.4 Metabolic model development

A metabolic model was developed based on the Monod equa-
tion to explain the relationship between PHAs and EPSs. The
following assumptions and considerations were made.

(1) Competition between PHAs and EPSs for external carbon
only occurs in the feast phase, thus, metabolic reactions during
the famine phase were ignored.

(2) In the existing models, cell catabolism was not usually
included for simplication.22 Since cells undergo anabolism
and catabolism during growth phases, it was assumed that the
biomass would be the outcome of both growth and decay and
that the cell growth and decay was then integrated into our
model. So, cell catabolism was fully considered for the rst time
due to its possible impacts on EPS and PHA accumulation.

(3) Previous studies have demonstrated that H. mediterranei
could simultaneously use PHAs and EPSs when they are
This journal is © The Royal Society of Chemistry 2017
synthesized.13 Thus, the production of PHAs and EPSs was
deemed as a balance between synthesis and utilization. Until
now, the simultaneous usage of PHAs and EPSs when they are
synthesized was never included into the available metabolism
models. This study’s model simultaneously combined the usage
of PHAs and EPSs into the synthesis process for the rst time.

Eqn (1) expresses the substrate uptake using regular kinetics:

�dSS

dt
¼ qmax

�
SS

KS þ SS

�
X (1)

Eqn (2) describes Haloferax mediterranei growth:

dX

dt
¼ mmax

�
SS

KS þ SS

�
X � kXX (2)

PHA accumulation can be described by substrate catabolism,
and PHA catabolism in the feast phase can be described using
biomass concentration. As such, eqn (3) expresses the PHA
metabolic equation:

dXPHA

dt
¼ qPHA

�
SS

KS þ SS

�
X � kPHAX (3)

Eqn (4) expresses the EPS metabolic expression:

dXEPS

dt
¼ qEPS

�
SS

KS þ SS

�
X � kEPSX (4)

In all of these equations, the parameters qmax (h�1) and mmax

(h�1) represent the maximum substrate catabolism and growth
rates, respectively; kX (h�1) is the catabolism rate of biomass;
and qPHA (h�1) and qEPS (h�1) are the PHA and EPS synthesis
rates, respectively. The parameters were resolved using the
Matlab Genetic Algorithm.
3. Results and discussion
3.1 Model validation and calibration

The experimental data in Fig. 2 show proles of the CDW, and
EPS and PHA production along with the substrate consumption
during batch culture incubations at different C/N ratios. These
data were compared to the tted data derived from eqn (1)–(4).
The results show that the CDW, and PHA and EPS content
increased gradually with the COD (Chemical Oxygen Demand)
consumption in the feast phase. The maximal substrate
consumption, CDW, and PHA and EPS production decreased
with an increasing C/N ratio. To evaluate the concurrence of the
actual and predicted values, we compared the measured and
modeled data in the feast phase (Fig. 3). Fig. 3 shows that the
COD, CDW, EPS and PHA data t well with the R2 values of 0.97,
0.96, 0.95, and 0.89, respectively. This illustrates that our model
ts well with the experimental data generated at different C/N
ratios, describing the kinetic behavior of H. mediterranei at
the C/N ratios investigated in this study. Table 1 summarizes
the kinetic parameters of these biological processes. The decay
coefficients of PHA and EPS were very similar to that of the
RSC Adv., 2017, 7, 18953–18961 | 18955
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Fig. 2 Profiles of the CDW, and EPS and PHA production along with the process of substrate consumption under all C/N ratios. (a) C/N ¼ 65, (b)
C/N ¼ 35, (c) C/N ¼ 15, (d) C/N ¼ 5.

Fig. 3 Calibration between the measured value and modeled value. (a) COD, (b) CDW, (c) EPS, (d) PHA.

18956 | RSC Adv., 2017, 7, 18953–18961 This journal is © The Royal Society of Chemistry 2017

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 1

0:
33

:0
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra02131c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 1

0:
33

:0
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
biomass, proving that the reuse processes of PHAs and EPSs
occurred alongside their synthesis.
3.2 Effect of the C/N ratio on biological processes

3.2.1 The growth of H. mediterranei. Fig. 4a shows the
maximum CDW of the batch experiments at all the C/N condi-
tions, which were 1430 mg L�1, 2070 mg L�1, 8240 mg L�1 and
15 800 mg L�1 at C/N ratios of 65, 35, 15 and 5, respectively.
Results of the batch experiments indicated that growth of H.
mediterranei was signicantly affected by nitrogen availability
when carbon sources remained the same. Patterns at a C/N ratio
of 15 represented the expected normal growth of H. medi-
terranei. In comparison with the other ratios, it indicates that
the CDW is negatively correlated with the C/N ratio regardless of
the shortage and excess of nitrogen. The observed increase of
the CDW in the control experiment (C/N ¼ 65) was due to the
remaining nitrogen which came from the medium of the
inoculating phase where the total residual nitrogen concentra-
tion was 143.5 mg L�1, and the recycled nitrogen came from
other polymers, including PHAs and EPSs. When the nitrogen
content was excessive (C/N ¼ 5), the CDW reached a higher
value than that under the normal conditions (C/N¼ 15) because
the carbon source became a limiting factor. This means that the
COD consumption was maximized and produced the most
number of cells. This is in agreement with a previous study
showing that cell growth is highly dependent on nitrogen
concentration, and a higher nitrogen concentration could lead
to higher growth.23 Deciency in nitrogen supply could lead to
decreased activity of cells, because nitrogen is necessary for
protein synthesis.24 However, oxidative phosphorylation, which
is the main pathway for ATP production under aerated condi-
tions,25 was also limited under this condition. The decrease of
ATP can inhibit active transportation and accelerate endoge-
nous respiration, which encourages cell lysis as a consequence.
Therefore, these could lead to a lower CDW under nitrogen-
limited conditions.

Patterns of the biomass specic growth rate (m) are shown in
Fig. 4b. We observed that the maximum m values were 0.06 h�1,
0.09 h�1, 0.09 h�1 and 0.12 h�1 at C/N ratios of 65, 35, 15 and 5
respectively. Overall, the general tendency of the maximum m

value was consistent with the CDW, indicating that nitrogen
availability in the substrate inuenced the growth rate essen-
tially. The deciency of extracellular nitrogen created a starva-
tion event, stimulating H. mediterranei to use intracellular
nitrogen. When nitrogen was not the limiting factor, no
circumstantial factors initially facilitated biomass synthesis but
Table 1 Kinetics parameters of all C/N ratios

C/N KS, mg L�1 qmax, h
�1 mmax, h

�1 kX, h
�1 qPHA, h

�1 kPHA, h
�1

5 127.4 0.36 0.12 0.002 0.0018 0.0001
15 127.4 0.40 0.095 0.001 0.0013 0.0001
35 127.4 0.14 0.099 0.002 0.0170 0.0002
65 127.4 0.05 0.067 0.003 0.0019 0.0003

This journal is © The Royal Society of Chemistry 2017
cellular anabolism became faster with time due to the need for
growth.

3.2.2 PHA accumulation. Fig. 5 illustrates the PHA
production at all C/N ratios. The volumetric productivity of
PHAs increased with the increase of nitrogen concentration
while the PHA cell content was different, with the maximum
value of 47.22% mg PHA per mg CDW observed at a C/N ratio of
35. The relatively lower maximum PHA production is caused by
a low concentration of glucose as the sole carbon source, short
fermentation time and non-feed batch fermentation process
(without any extra substrates added). The volume yield of PHAs
is relative to both the biomass and the PHA content in the
biomass. A high nitrogen concentration (i.e. the C/N ratio is
lower than 15) accelerated the biomass growth while the PHA
cell content remained stable, which explained the high PHA
productivity. Under nitrogen limited conditions (C/N ¼ 35), the
maximum PHA content was harvested, which was 34% more
than the condition of C/N ¼ 5 and even two times higher than
the conditions with no extra nitrogen added (C/N ¼ 65) (Fig. 5a
and b). The maximal PHA cell content occurred in the situation
of nitrogen limitation. Previous studies have shown that PHA
accumulation occurs especially during a shortage of nitrogen,
further suggesting that PHA accumulation is related to unbal-
anced growth conditions.26 Results of the batch experiment
were consistent with this theory. In comparison to the PHA cell
content, the PHA productivity at C/N ¼ 35 is only one third of
that at C/N ¼ 5, demonstrating that a high nitrogen concen-
tration provides a signicant boost to PHA productivity. A
similar result was reported by Shi et al.,23 supporting the fact
that excessive nitrogen gave a high PHA yield. The lowest PHA
cell content and PHA productivity occurred under the condition
of no extra inorganic nitrogen added (C/N ¼ 65). The available
nitrogen is mainly organic nitrogen which comes from the
medium of the inoculating phase which has not been used up,
and other parts may come from other polymers, like EPS.
Compared with inorganic ammonium, it is more difficult for
organic nitrogen to be used by H. mediterranei.27 A lack of
available nitrogen inhibited cell growth, which may explain the
low PHA production at a C/N ratio of 65. Fig. 5c reveals the
composition of PHB and PHV in cells under all C/N conditions.
Regardless of nitrogen concentration, the PHV percentage in
the PHAs remained relatively stable in the range of 8.76% to
12.5%. The results implied that nitrogen availability did not
alert the pathway of H. mediterranei synthesizing PHAs. Fig. 5d
describes the dynamics of the PHA specic synthesis rate (qPHA)
in the fermentation cycles. The maximum PHA specic
synthesis rates (qPHA,max) of those four conditions were 0.0019
h�1, 0.0170 h�1, 0.0013 h�1 and 0.0018 h�1, with a decreasing C/
qEPS, h
�1 kEPS, h

�1 YPHA/S, mg L�1 mg�1 L YEPS/S, mg L�1 mg�1 L

0.025 0.0002 0.861 0.096
0.015 0.0002 0.743 0.089
0.014 0.0002 0.313 0.059
0.013 0.0003 0.232 0.22

RSC Adv., 2017, 7, 18953–18961 | 18957
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Fig. 4 Profiles of the maximum CDW value (a) and the specific growth rate changing tendency (b) under all C/N ratios.
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N ratio. The qPHA,max value at C/N ratios of 65, 15 and 5 did not
differ signicantly, and the main difference was the length of
time of PHA synthesis. The highest qPHA,max value was observed
at a C/N ratio of 35, which was nearly coupled with other
conditions, showing the strongest PHA accumulating capacity
although the biomass amount was low.

3.2.3 EPS biosynthesis. The synthesis of EPSs at different
C/N ratios is shown in Fig. 6a. We observed a linear relationship
between the EPS productivity and the C/N ratios, and it is
Fig. 5 PHA changing tendency during the experiment under all C/N
productivity, (d) PHA specific synthesis rate.

18958 | RSC Adv., 2017, 7, 18953–18961
a negative relationship. Since the biomass growth also showed
a negative linear relation with the C/N ratios, the EPS produc-
tivity and biomass growth presented a positive relation. Ni et al.
also found that there is a linear relationship between EPS
production and biomass growth rates.28 Fig. 6b shows the
effects of the C/N ratio on EPS components such as poly-
saccharides, proteins and DNA. Compared to the regular
condition (C/N¼ 15), more polysaccharides (361.1 mg L�1) were
synthesized under the excess nitrogen condition (C/N ¼ 5).
ratios. (a) PHA productivity, (b) PHA cell content, (c) PHB and PHV

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 EPS production under all C/N ratios. (a) EPS productivity, (b) EPS compositions, and (c) specific EPS synthesis rates.
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When C/N increased to 65 (nitrogen was limited), poly-
saccharide production actually decreased to 55.49%. The
results demonstrated that nitrogen availability was related to
the production of polysaccharides. We observed that proteins
(87.2 mg L�1) and polysaccharides (111.2 mg L�1) were still
synthesized although only 143.5 mg N L�1 was present under
a C/N ratio of 65. The most probable reason for this would be
that the lysis of the cells during extremely disadvantaged
conditions led to the release of intracellular proteins. Results of
DNA analysis support this possibility, since the DNA percentage
in all EPSs has increased from 0.59% at C/N ¼ 35 to 1.01% at C/
N ¼ 65. Whereas, at C/N ¼ 5, 15 and 35, the proportions of DNA
decreased with a decreasing C/N ratio. Fig. 6c also shows the
dynamic qEPS values in the fermentation cycles under all C/N
ratios. The increase in synthesis rate was observed at the
beginning of fermentation until a maximum was reached.
Then, the qEPS values deceased until the end of fermentation.
The dynamics of qEPS indicated that the EPS synthesis occurred
under the feast substrate period and that the produced EPSs
could be utilized until the substrate was limited or depleted.
3.3 Relationship between PHAs and EPSs

Fig. 7 shows the productivity of PHAs and EPSs during the feast
phase. In comparison to the C/N ratio for normal growth, the
results under limited and excess nitrogen conditions differed
signicantly. PHA production rose stably when the C/N ratio
This journal is © The Royal Society of Chemistry 2017
decreased, which meant that a decreased C/N ratio promoted
the volume yield of PHAs. This result was triggered by the fast
growth of H. mediterranei under low C/N conditions. On the
other hand, this result also indicated that H. mediterranei
preferred to synthesize PHAs compared to EPSs because the
proportion of PHA production under the four C/N ratios was
more than 60%. Compared with Fig. 5d and 6c, it was observed
that the rate of PHA synthesis was lower than that of EPS
synthesis. EPS synthesis occurred at the onset of fermentation
with a fast rate, when the feast substrate was supplied. PHA
synthesis continued aer EPS synthesis stopped. Aer EPS
synthesis ceased, the PHA content continued to increase up to
the maximum value when all excess carbon was depleted, which
suggests that PHA synthesis occurred aer EPS synthesis during
the feast period. Based on the results, we could conclude thatH.
mediterranei synthesized EPSs with a higher priority than PHAs.
This means that EPSs were possibly the primary energy and
food source forH. mediterranei, which are secreted and wrapped
in the cell surface.

Fig. 8 presents the percentage of the PHA yield coefficient out
of the sum of the PHA and EPS yield coefficients at all C/N ratios.
The PHA and EPS yield coefficients represent the carbon ow of
substrates into polymers. The percentages of the PHA yield
coefficients were 51.32%, 77.59%, 92.8% and 91.7% with
increasing C/N ratios. These results supported that H. medi-
terranei was mainly synthesizing PHAs using extracellular carbon
other than EPSs as the main reserve of energy. The highest
RSC Adv., 2017, 7, 18953–18961 | 18959
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Fig. 7 PHA and EPS productivity during the feast phase. (a) PHA productivity, (b) EPS productivity.

Fig. 8 Comparison of the PHA yield coefficient with the sum of the
PHA and EPS yield coefficients at all C/N ratios. YPHA and YEPS represent
the PHA and EPS yields in glucose consumption, respectively.
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percentage of 92.8% was observed at a C/N ratio of 35, showing
that the carbon was mainly used to synthesize PHAs. Our results
illustrate that changing the C/N ratio can possibly affect the
metabolism of glucose-6-P by also affecting enzyme synthesis.
According to Fig. 1, under the condition of nitrogen deciency,
more glucose-6-P was used to synthesize acetyl-CoA, leading to
more PHBV production. Accompanying the addition of nitrogen,
fructose-6-P becomes the dominant intermediate product, which
inhibits acetyl-CoA synthesis. Differences in the availability of
nitrogen may cause a change in enzyme synthesis in the cell,
which in turn affects the distribution of glucose-6-P and nally
results in the different PHA and EPS production levels.
4. Conclusion

This study presents the inuence of C/N ratios during feeding on
the synthesis of EPSs and PHAs by Haloferax mediterranei with
glucose as the sole carbon source. Continuous cultures showed
that the concentration of nitrogen also affected the use of carbon
and its distribution in biomass, EPS and PHA production. The
18960 | RSC Adv., 2017, 7, 18953–18961
maximal PHA cell content of 47.22% and the highest PHA volu-
metric productivity was found at C/N ratios of 35 and 5 respec-
tively. Based on analysis of the developed model, we can infer
that Haloferax mediterranei utilizes carbon to produce greater
amounts of PHAs than EPSs, although EPS synthesis has a faster
rate. It is possible to achieve the highest PHA production with the
least inuence of EPS at a C/N ratio of 35. In order to explore
more effective control solutions to adjust the competition
between PHA synthesis and EPS synthesis over excess carbon,
more exploration is needed to investigate the effects of the single
fermentation condition or composed fermentation conditions on
PHA and EPS production by Haloferax mediterranei.

Nomenclature
SS
 Substrate, mg L�1
X
 Biomass concentration, mg L�1
XPHA
 PHA concentration, mg L�1
XEPS
 EPS concentration, mg L�1
mmax
 Biomass specic growth rate, h�1
qS
 Substrate specic utilization rate, h�1
qPHA
 PHA specic synthesis rate, h�1
qEPS
 EPS specic synthesis rate, h�1
kX
 Biomass specic decay rate, h�1
kPHA
 PHA specic decay rate, h�1
kEPS
 EPS specic decay rate, h�1
YPHA/S
 PHA yield based on substrate

YEPS/S
 EPS yield based on substrate
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