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Abstract Vinasse, a recalcitrant waste of the ethanol indus-
try was employed for the production of polyhydroxyalka-
noate (PHA) by the extremely halophilic archaeon,
Haloarcula marismortui in shake flasks. The PHA was
recovered by osmotic lysis of the cells and subsequent
purification by sodium hypochlorite and organic solvents.
Through UV-vis spectroscopy, differential scanning calo-
rimetry, Fourier transform infrared, and nuclear magnetic
resonance spectroscopy, the PHA was found to have char-
acteristics very similar to that of the standard polyhydrox-
ybutyrate (PHB) from Sigma. Inhibitory effect of
polyphenols contained in vinasse was assessed by a quick
and reliable cup-plate agar-diffusion method. Raw vinasse
(10%) was utilized leading to accumulation of 23% PHA (of
cell dry weight) and following an efficacious pre-treatment
process through adsorption on activated carbon, 100% pre-
treated vinasse could be utilized leading to 30% accumulation
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of PHB by H. marismortui. Maximum specific growth rate,
specific production rate, and volumetric productivity attained
using 10% raw vinasse were comparable to that obtained
using a previously reported nutrient deficient medium
(NDM), while the values with 100% pre-treated vinasse were
higher than that determined using NDM medium. This is the
first report of polyhydroxybutyrate production by a halophilic
microorganism utilizing vinasse.

Introduction

Many microorganisms overproduce polyesters if they
have access to a surplus of carbon source. Polyhydrox-
yalkanoates (PHA) are linear polyesters produced by bacte-
rial fermentation from renewable natural sources such as
sugars and lipids and genetic modification of green plants
(Flieger et al. 2003). Halophilic microorganisms are an im-
portant source of biopolyesters and hold promise for provid-
ing an economically competitive industrial scale production
process (Quillaguaman et al. 2010). Haloarchaeal strains
employed as PHA producers have many advantages. As there
are very few microorganisms that are able to survive and
grow at high salinities, the risks of microbial contami-
nation can be reduced. Haloarchaea can be easily lysed
in distilled water; therefore, the use of large quantities
of organic solvents can be avoided and time for PHA prep-
aration can be saved. Cheap carbon sources can be used to
synthesize PHAs by haloarchaca and so the cost of PHA
production will be lowered (Han et al. 2007; 2010). In this
regard, renewable resources like extruded starch, extruded rice
bran, and hydrolyzed whey were utilized for poly(3-hydrox-
ybutyrate-co-3-hydroxyvalerate) (PHBV) production by Hal-
oferax mediterranei (Quillaguaman et al. 2010), while wheat
bran and potato waste were tested for poly-3-hydroxybutyrate
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(PHB) production by Halomonas boliviensis (Van-Thuoc et
al. 2008).

The alcohol industry uses molasses to produce ethanol
through yeast fermentation. The residue left after removal of
the ethanol from the fermentation broth is known as vinasse
that consists of water and non-volatile components from the
fermentation broth. Vinasse is produced at a rate 10 to 15
times greater than the ethanol itself, and its disposal is a
major environmental problem worldwide. There are several
biological methods (both aerobic and anaerobic) available
for the utilization of vinasse. Vinasse contains a number of
phenolic compounds (more than 10) and their polymers.
These compounds are known to be difficult to degrade
biologically and possess antimicrobial and phytotoxic prop-
erties. Prior removal of these compounds should accelerate
biological treatment of the waste (Garcia Garcia et al. 1997).
Literature reports that adsorption processes on activated car-
bons (ACs) or other adsorbent materials are good alternatives
for removing polyphenolic and dark-colored compounds from
vinasse (Caqueret et al. 2011). ACs possess perfect adsorption
ability for relatively low-molecular-mass organic compounds
such as phenols. They can be manufactured in such a way that
a highly fractal material is obtained. There are two most
common physical forms in which AC is used, i.e., powder-
like AC and granular (Dabrowski et al. 2005).

In the present work, we have attempted to utilize vinasse
for the production of PHA by the extremely halophilic
archacon, Haloarcula marismortui. Recently, the operon
required for PHA synthesis by this archaebacterium, in this
case PHB, was characterized and the expression profile of
the genes analyzed (Han et al. 2007). To the best of our
knowledge, PHA production in halophilic microorganisms
utilizing vinasse is being endeavored for the first time.

Materials and methods
Pre-treatment of vinasse

The vinasse (that produces ethanol from sugarcane mo-
lasses) used in this study was obtained from IFB Agro
Industries, Noorpur, India. In order to carry out all the
experiments with the same waste, appropriate amounts
of vinasse, distributed in 250 mL plastic bottles, were stored
at —18°C. Activated carbon (AC) supplied by Merck (India),
Mumbai in concentrations 1.0, 2.5, and 5.0 g were added to
100 mL of raw vinasse at different pH values (2.0, 4.0, 6.0,
and 8.0) to determine the optimal condition of the pre-
treatment process. The pH was adjusted to tested values by
addition of concentrated HCI/NaOH. AC (50 g) was mixed
with distilled water in a porcelain container and heated in a
muftle furnace at 500°C for 1 h. Required amounts (1.0, 2.5,
and 5.0 g) of this AC was added to the raw vinasse and was
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kept agitated (160 rpm) in rotary shaker for 1 h at 25°C. The
AC was then removed by centrifugation at 7,000 rpm for
15 min (Eppendorf model 5810R, rotor F-34-6-38). The su-
pernatant was filtered through Whatman No. 1 filter paper,
neutralized with NaOH/HCI as required, and the filtrate char-
acterized as mentioned in the sub-section “Analytical
methods”.

Microorganism and growth conditions

H. marismortui MTCC 1596 (obtained from MTCC,
Chandigarh, India) was used in this study. For PHA accu-
mulation, the archaebacterium was first cultivated in 50 mL
of the growth medium as suggested by MTCC, composed of
(grams per liter) NaCl 200.0; MgSO,4-7H,0 37.0; KC1 0.5;
CaCl,2H,0 0.7; MnCl,4H,0 0.5; yeast extract 5.0; pH to
7.0 in a 250-mL Erlenmeyer flask for 5 days at 37°C in a
rotary shaker. One millilitre of the culture was transferred
into a nutrient deficient medium (NDM, Han et al. 2007)
composed of (grams per liter) NaCl 200.0; MgSO,4-7H,0O
20.0; KCI 2.0; sodium glutamate 1.0; KH,PO, 0.0375;
FeSO47H,O 0.05; MnCl,-4H,0 0.00036, yeast extract
1.0, pH 7.2 supplemented with 2% glucose and incubated
at 37°C for 5 days in a rotary shaker. For cultivations with
vinasse, all components of the NDM (except glucose) hav-
ing the same concentration as described by Han et al. (2007)
were added to different concentrations (percent, v/v), 1% to
10%, 15%, 20%, 25%, 50%, 75%, and 100% of raw or pre-
treated vinasse. The pH was finally adjusted to 7.2. The
conductivity of the 10% raw vinasse containing medium and
100% pre-treated vinasse were determined by a conductivity
meter (Milwaukee Instruments, USA), and the values mul-
tiplied by 600 to obtain salinity as percentage.

Evaluation of inhibitory effect of vinasse

The inhibitory effect of raw vinasse and dilutions thereof as
well as pre-treated vinasse and dilutions therefrom were
evaluated by the cup-plate agar diffusion method. Petri
plates were prepared containing the growth medium and
swabbed with culture of H. marismortui containing
10* CFU/mL. The test samples (100 uL) were added to
the cups and the plates incubated for 5 days at 37°C,
following which, the diameter of the zones of inhibition
were recorded.

Determination of cell dry weight

One milliliter of the liquid culture obtained at the end of the
process was centrifuged at 5,000 rpm (Eppendorf model
5810R, rotor F-34-6-38) for 10 min. The salt-free cell dry
weight (CDW) of the pellet was determined by drying at
105°C to constant mass in an oven and subtracting the mass



Folia Microbiol (2012) 57:71-79

73

of the ash remaining after heating at 400°C for 4 h in a
muffle furnace (Garcia Lillo and Rodriguez-Valera 1990).

Detection of PHA

Aqueous solution of Nile Blue A (Sigma, 1%) was mildly
heated and filtered before use (Ostle and Holt 1982). Heat
fixed smear of bacterial cells were stained with Nile Blue A
solution at 55°C in a water bath for 10 min. After staining,
the slides were washed with 20% brine water followed by
8% aqueous acetic acid for 1 min, washed again, blotted dry,
and covered with a glass cover slip. The samples were
examined in a Leica DMLB fluorescence microscope fol-
lowing excitation at 460 nm. Escherichia coli MTCC 739
which is not known as a PHA producer was used as a
negative control. The test was performed at the end of the
cultivation where the cell concentration in the different
samples: NDM, 10% raw vinasse containing medium, and
100% pre-treated vinasse were within a maximum range of
30+2% as judged by the measurements of the cell dry
weights (Table 3).

Isolation and characterization of PHA

Broth containing H. marismortui cells was centrifuged at
5,000 rpm (Eppendorf model 5810R, rotor F-34-6-38) for
10 min. The pellet was suspended in distilled water for 48 h.
The lyzed suspension was centrifuged at 5,000 rpm for
10 min and the pellet washed 3 to 4 times with distilled
water. A white-colored substance was obtained that was
dried until constant mass. The white dust was dissolved in
25 mL sodium hypochlorite, and the mixture was incubated
at 30°C for 2 h. The mixture was centrifuged at 5,000 rpm
for 10 min, washed with distilled water, acetone, and meth-
anol. The pellet was dissolved in 10 mL of boiling chloro-
form, which was subsequently evaporated. The undissolved
material was removed by filtration (Fernandez-Castillo et al.
1986 and Tamboli et al. 2010). All organic solvents were
recovered by distillation and recycled in subsequent batches.

The thermal property of the PHA was examined by
differential scanning calorimetry (DSC) using a Mettler
Toledo DSC 1 instrument with Star® SW 9.20 software.
The calorimeter had one sample cell and one reference cell.
Samples were exposed to a temperature profile over 0°C to
350°C, at a heating rate of 10 K/min. KBr pellets were
prepared using PHA from H. marismortui and standard
PHB (Sigma). Fourier transform infra red (FTIR) spectra
were recorded in a PerkinElmer Spectrum BX spectrometer
in the spectral range 4,000-700 cm'. "H NMR spectrosco-
py was done in a Bruker DPx-300 (300 MHz) spectrometer.
Sample and standard PHB from Sigma (10 mg/mL) were
dissolved in 1 mL CDClj; by heating at 60°C. Tetramethyl-
silane was used as the internal standard.

Determination of PHB content

The PHB was assayed by the method of Law and Slepecky
(1961). The final product obtained as described in the pre-
vious sub-section was hydrolyzed and dehydrogenated with
concentrated sulfuric acid to obtain crotonic acid, which can
be quantified by its A,3s. The standard curve was obtained
by using PHB (Sigma). The UV—vis spectra of the treated
residue of standard PHB and our isolated product were
acquired with a PerkinElmer Lambda 25 spectrophotometer.

Analytical methods

The pH, BODs, COD, turbidity, phosphate, and total
Kjeldahl nitrogen content of vinasse were measured in ac-
cordance with the procedures given in Standard Methods for
the Examination of Water and Wastewater (American Public
Health Association 1998). The Folin—Ciocalteu method was
used to estimate the amount of total polyphenolic com-
pounds in the vinasse in terms of equivalent gallic acid
(Nawaz et al. 20006). Total carbohydrate was measured by
hydrolyzing the polysaccharides to simple sugars followed by
addition of anthrone reagent (Hedge and Hofreiter 1962),
while total organic carbon was determined following Walkley
and Black (1934).

Results and discussion
Pre-treatment of vinasse

A comparison of the efficacies of the vinasse pre-treatment
methods is provided in Table 1. Maximum reductions in
total polyphenol content as well as the other parameters
have been obtained following pre-treatment at pH 2.0 with
5.0 g activated carbon per 100 mL raw vinasse. The pH
value of the solution influences the mechanisms of adsorp-
tion and interactions between adsorbate and adsorbent. The
pH value modifies not only the nature of the acidic organic
functions of the molecules but also the protonation of the
activated carbon sites. Similar to the observations of
Caqueret et al. (2008), more efficient adsorption of poly-
phenolics in vinasse occurred at acidic pH. According to Qi
et al. (2004), the decrease in adsorption capacity in the basic
pH range can be due to a deprotonation of first, the activated
carbon acidic functional groups and second, of the carbox-
ylated molecules present in the solution, like phenolic acids.
At higher pH values, the electrostatic interactions are max-
imal and involve forces of repulsion between the dissociated
molecules and the activated carbon surface functional
groups. These repulsive forces may prevent the specific
interactions of the molecules with the active sites on the
carbon surface, especially the hydrogen bondings.
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Treatment pH 8.0

Treatment pH 6.0

Treatment pH 4.0

Treatment pH 2.0

Table 1 Pre-treatment of vinasse with activated carbon (* concentration g/100 mL raw vinasse)
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5.0%

2.5%

1.0*

5.0%

2.5%

1.0*

5.0%

2.5%

1.0*

5.0%

2.5%

1.0*

8.0+0.5
11,298+54
16,813+38
2,067+24
6,966+52
46,428+22

8.5+0.5
12,111£18
17,114+21

8.0+£0.5
12,163+17
17,116+37
2,245+63
7,235+£37
61,578+22

6.0+0.5
11,348+27
16,876+25
2,039+44
6,984+52
46,357+21

6.5+0.5
12,007+23

7.0+0.5
12,153+15
17,126+18

5.0+0.5
10,874+56
16,215+35
2,017+68
6,907+32
45,557+45

5.5+0.5
11,321+10

5.0+0.5
11,869+25
17,158+78

4.0£0.5
9,767+26
15,343:£45

3.5+0.5
10,346+20
16,218+12

3.0+0.5
10,783+15

pH

BODs (mg/L)
COD (mg/L)

Turb. (NTU)

TOC (mg/L)

TC (mg/L)

17,092+£32

17,009+62

16,758+62
2,136+66
6,189+15
53,678+27

2,187+48
7219439
57,654+26

2218438
7,189426
57,739+19

2,286+93
7,218+58
61,679+27

2,198+32
7,097£59
55,782428

2261452
7,159+35
61,219+19

1,988+38
5,869+22
34,637+55

2,006+44
6,123+75
44,630+75

327+39
1,402+54

427435
1,409+37

429+33

1,475+61

385483
1,399424

469446
1,417+44

448489
1495419

292410 279+13 439429 399486 347462
1,278+12 1475443 1396+73  1,359+54

1,309+12

327+17
1,325+18

TKN (mg/L)
Ph. (mg/L)

103+10 81+10 167+£22 119+18 10314 159412 127+£19 109+11 147+15 129+17 112+12

113+10

TPC (mg/L)

Parameters measured after pre-treatment are indicated in the extreme left hand column. Abbreviations: Turb turbidity, TOC total organic carbon, 7C total carbohydrate, TKN total Kjeldahl nitrogen,

Ph. Phosphate, TPC total polyphenolic compounds. The mean values of three determinations in duplicate sets are reported. The optimal treatment condition is indicated in bold

Characteristics of vinasse

Recently the composition of vinasses has been published by
Parnaudeau et al. (2008). Sugarcane vinasse contains signif-
icant amounts of sucrose as well as oxalate, lactate, acetate,
and malate, and pyruvate which are ready metabolites to be
fed to the tricarboxylic acid cycle. Although a substantial
fraction of its organic content is potentially biodegradable,
the presence of polyphenolic compounds can be toxic to
and/or inhibit the producer microorganism (Martin Santos et
al. 2003). Thus, pre-treatment for removal of polyphenolic
compounds was necessary. Caqueret et al. (2008) noted that
it was difficult to remove the polyphenolic compounds by
oxidation with classic biological treatments, and an adsorp-
tion process could be a good alternative to remove these
compounds from agro-industrial residues. This method is
also cheaper compared to other recent approaches such as
ozonation and hence was used in this study. We observed
concomitant reduction of organic carbon content with en-
hanced removal of polyphenolic compounds (Table 2). The
lower organic carbon concentration, that was half of the raw
value, brought about a decrease in the BODs value. Thus,
the pre-treatment process lowered the pollution potential of
the vinasse. Although decrease in the carbohydrate content
occurred by about twofold, the amount was still high
enough to support growth and PHA production by H.
marismortui.

Inhibitory effect of vinasse on H. marismortui

It is evident from Fig. la that 10% raw vinasse con-
centrations (percent raw content in water, v/v) has no
antagonistic effect on the growth of the producer ar-
chaebacterium. Higher concentrations of the raw vinasse
(percent raw content) 25, 50, 75, and 100 inhibit the
growth of H. marismortui in increasing extents
(Fig. 1b—e). However, the pre-treated vinasse allowed
the growth of the producer microorganism at the same
concentrations (percent pre-treated content, v/v) 25, 50,
75, and 100 that inhibited the growth in the raw (un-
treated) form (Fig. 1f-i). Growth of H. marismortui
apparently seemed to improve with the increase in
vinasse concentration. The enhanced color intensity of
the plates was due to the increasing concentrations of
melanoidins (which impart brown color to the vinasse)
diffusing out of the hole and not owing to the growth
of the bacterium. The brown color masked the charac-
teristic light pink color of H. marismortui. As the com-
position of vinasses differ from industry to industry, the
described agar diffusion cup-plate method can be ap-
plied as a quick and reliable method to judge the
vinasse strength that may be appropriate for the culti-
vation of H. marismortui. As observed by us, the
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Table 2 Characteristics of raw and pre-treated (at pH 2.0 with 5.0 g activated carbon/100 mL raw vinasse) vinasse

Parameter Raw vinasse Pre-treated vinasse
Before process Before process After process Before process After process
(100%) (10%) (10%) (100%) (100%)
pH 3.5+0.5 7.2+0.5 7.5£0.5 4.0+0.5 7.7£0.5
BODs (mg/L) 37,100+110 3,417+£22 27+05 9,767+26 7,500+37
COD (mg/L) 52,380+55 4,993+16 56+05 15,343+45 10,000+45
Turbidity (NTU) 5,100£100 467+£10 43+04 1,988+38 1,689+27
Total organic carbon (mg/L) 11,675+£50 1,285+19 13+02 5,869+22 3,621+29
Total carbohydrate (mg/L) 63,600+100 6,481+32 66+11 34,637+55 20,782+48
Total Kjeldahl nitrogen (mg/L) 368+10 44+04 7+02 279+13 163+17
Phosphate (mg/L) 1,905+20 187+07 23405 1,278+12 920+15
Total polyphenolic compounds 693£15 71403 34403 81+10 51408

(mg/L)

The mean values of three determinations in duplicate sets are reported

concentration of vinasse that did not inhibit growth of
the archaebacterium in the cup-plate method was exactly
the same concentration that allowed growth and PHA
accumulation by the producer organism in the shake
flask. Thus, the pre-treatment process proved to be
effective as 100% pre-treated vinasse could be utilized.
Rhodopseudomonas palustris, an anaerobic photosyn-
thetic bacterium, was cultivated in a medium containing
vinasse obtained from Brazilian distillery by Peres et al.
(1986). Authors observed no bacterial growth at COD
values higher than 10,000 mg/L. Nitrogen-fixing bacte-
rial strains Azospirillum brasiliense, Bacillus polymyxa,
and Azotobacter chroococcum could utilize 6%, 8%,
10%, and 15% vinasse obtained from an Egyptian dis-
tillery (Omar et al. 2002). Fungi such as Fusarium
oxysporum, Sclerotinia sclevotiorum, Pythium aphani-
dermatum, and Phytophthora parasitica were inhibited

by 15% vinasse obtained from Spanish breweries
(Santos et al. 2008).

Detection of PHA granules in H. marismortui cells grown
in vinasse

Fluorescence microscopy at excitation wavelength of
460 nm revealed numerous brightly fluorescent orange
granules within the cells grown on both raw vinasse (10%)
as well as pre-treated vinasse (100%) as evident in Fig. 2,
thus confirming the production of PHA.

Isolation and characterization of PHA
The white mass obtained from H. marismortui cells grown

in medium containing 10% raw vinasse as well as in 100%
pre-treated vinasse as described in the “Materials and

Fig. 1 Antagonistic activity of raw vinasse at various concentrations, a 10%, b 25%, ¢ 50%, d 75%, e 100% and antagonistic activity of pre-treated
vinasse at various concentrations f 25%, g 50%, h 75%, i 100% against Haloarcula marismortui. Determinations were made thrice in duplicate sets
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Fig. 2 Fluorescence microscopy
of Haloarcula marismortui
following staining with Nile Blue
A. Cultivations were done with a
nutrient deficient medium, b 10%
raw vinasse, ¢ 100% pre-treated
vinasse and d negative control,
bar 10 pm

methods” section was chemically characterized. As apparent
from Supplementary Fig. 1, the A, value of 235 nm cor-
responded to crotonic acid derived from hydrolysis and
dehydrogenation of polyhydroxybutyrate. The major ther-
mal phase transition observed for H. marismortui PHA was
at 257°C and that of standard PHB was at 276°C. This
difference may be attributed to the variation in molecular
packing of the samples (Supplementary Fig. 2a and 2b). The
FTIR spectrum of the PHA obtained from H. marismortui
was compared with that of standard PHB from Sigma (Sup-
plementary Fig. 3). FTIR analysis of the isolated polymer
revealed absorption bands at 1,724 cm ™', corresponding to
the ester carbonyl group (Shrivastav et al. 2010). "H NMR
spectrum of the sample was also compared with the standard
spectrum of PHB from Sigma (Supplementary Fig. 4a and
4b). Both spectra showed identical proton signals: the dou-
ble doublet of diastereotopic —CH, proton having the delta
value between 2.43 and 2.64 of the sample and 2.46 and
2.64 of the standard. Similarly, a multiplet of the chiral at C;
showed multiplet between 5.22 and 5.28 for the sample and
5.23 and 5.30 for the standard. The methyl protons gave
multiple signals between 1.25 and 1.32 for three protons of
the sample, while the signals appeared between 1.27 and
1.32 for the standard. The broad peak at 1.60 was assigned
to water and the peak close to 0.90 was not assigned to any
protons in the polymeric backbones. Based on the charac-
terization of the PHA produced by H. marismortui through
UV-vis spectroscopy, FTIR, DSC, and NMR analyses and
subsequent comparison with the standard PHB (Sigma), it
was deduced that the PHA obtained from H. marismortui by
utilizing vinasse had characteristics very similar to that of
the standard PHB (Sigma).

The major step of the separation process is the extraction
of PHA granules. The extraction step of the described pro-
cedure consumed no energy and chemicals compared to
other recovery methods such as solvent and supercritical
fluid extraction, digestion by surfactants, sodium hypochlo-
rite, and enzymes as well as mechanical disruption of cell
walls by high-pressure homogenization and ultrasonication
(Jacquel et al. 2008). Although spontaneous liberation of
PHA by osmotic lysis of haloarchaea is a simple and ap-
pealing alternative for extraction, our results showed that
subsequent purification steps were essential to obtain a high-
purity product.
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Production of PHB using raw and pre-treated vinasse

There was a significant lowering of all the measured waste-
water parameters of vinasse at the end of the process carried
out with 10% raw vinasse containing medium. Moderate to
low (15-40%) reduction of the measured wastewater char-
acteristics were noted at the end of the process performed
with 100% pre-treated vinasse (Table 2). Table 3 shows the
bioprocess parameters determined for growth and PHB pro-
duction by H. marismortui using raw and pre-treated
vinasse at the end of the process. The PHB content of H.
marismortui, when cultured in minimal medium with 2%
glucose as the excessive carbon source, reached its maxi-
mum at 21% (of CDW) after 180 h of fermentation and then
began to decrease slowly as reported by Han et al. (2007). In
this investigation, replacement of glucose in their medium
by raw or treated vinasse allowed production of PHB and an
improvement by 7% (of CDW) when 100% pre-treated
vinasse was used. Significant amounts of carbohydrates in
the vinasse used in our study provided the necessary carbon
source for the production of PHB.

The lag phases of growth, as seen in Table 3, were
prolonged. It is commonly known that lag depends on the
actual environmental conditions. Several authors report on
the reasonable effect of the pre-culturing conditions on the
subsequent lag duration. Lag is also affected by the magni-
tude and the rate of the change between the past and present
environment. Actively growing cells adjust more rapidly to
changes as compared to cells during the lag or the stationary
phase. The lag time is extended when the inoculum is severely
stressed by starvation and the inoculum size is very small.
This inoculum size effect can be explained by an increase in
the variability of the individual cells' lag time when cells are
damaged by stress. The inoculum size effect is more pro-
nounced near the growth/no growth interface, because not
all cells adapt to inimical conditions (Swinnen et al. 2004).

Generally, the lag phase in H. marismortui is 35 h in a
nutrient-rich medium as observed in two independent stud-
ies, the first on the construction of a H. marismortui strain
with two of its three chromosomal rRNA operons deleted
(Tu et al. 2005) and second, on the regulation of acetate and
acetyl-CoA converting enzymes during growth of H. mar-
ismortui on acetate and/or glucose (Brdsen and Schonheit
2004). In the present investigation, change from nutrient
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Table 3 Comparison of the bioprocess parameters during growth and PHB production by H. marismortui using nutrient deficient medium (NDM),

raw, and pre-treated vinasse at the end of the process

Cultivation Lag (h) End CDW  End PHA  Percent Hmax (1/h) qp (g/gx 107 Yps Vol. productivity
(g/L) (g/L) content PHA per h) (g/L per h)
NDM (Han et al. 96+12  11.5+0.25 2.6+0.1 22.5+0.5 0.105+0.001 1.18+0.01 0.23+0.01 0.014+0.001
2007)
10% raw vinasse 96+12  12.0+0.20 2.8+0.2 23£1.0 0.086+0.001 1.214+0.01 2.17+£0.03 0.015+0.001
100% pre-treated ~ 144+12  15.0+0.35 4.5+0.2 30+0.3 0.128+0.001 1.39+0.02 0.77+0.02 0.020+0.001

vinasse

Time of growth using NDM and 10% raw vinasse was 192 h, while that using 100% pre-treated (at pH 2.0 with 5.0 g activated carbon/100 mL raw
vinasse) vinasse was 216 h. Notations— iy, maximum specific growth rate, ¢, specific production rate of PHB, Yps yield coefficient of PHB
based on total organic carbon. Total organic carbon content of NDM was 11.7 g/L. The mean values of three determinations in duplicate sets are

reported

rich medium to nutrient deficient medium resulted in length-
ening of the lag phase (96 h) during cultivation in the NDM
and with 10% raw vinasse. The lag phase was even longer
(144 h) when H. marismortui was grown in 100% pre-
treated vinasse. This growth medium is not alike the natural
environment for this strain isolated from the hypersaline
water of the Dead Sea (Oren et al. 1990). It was possible
that some other component(s) present in excess (phosphate,
nitrogen, and carbohydrate) or non-optimal salinity created
unfavorable environmental conditions to which H. maris-
mortui needed to adapt. The optimal salinity for growth of
H. marismortui is 25% (Lopez-Lopez et al. 2007), while the
salinity of 100% pre-treated vinasse medium was 19.8+
0.5% (330408 mS/cm multiplied by 600). This phenome-
non is generally observed in this class of highly specialized
microorganisms and as a specific example, Haloferax vol-
canii, a moderate halophile required a lag period and syn-
thesis of specific, high-salt-related proteins to adapt to
hypersaline conditions (Franzetti et al. 2002). Again, Tu et
al. (2005) noted that there was a lot of variability in both the
doubling time and the lag time of H. marismortui cultures
grown under apparently identical conditions. Lengthening of
the lag phase due to simultaneous removal of growth factors
through the adsorption process could also be a possible ex-
planation. Therefore, it is difficult to give an explanation for
the extended lag phase in the present study which could be
speculated due to a number of reasons.

Han et al. (2007) noted that there was a minimal lag
phase when H. marismortui was cultivated in a bioreactor.
Bioreactors allow the creation and manipulation of growth
conditions more suited to the microorganism being cultured.
Due to the low solubility of oxygen in salt-saturated brines,
oxygen may easily become a limiting factor for develop-
ment of members of the Halobacteriaceae (Oren 2002). In
the study of Han et al. (2007), it could be possible that the
aeration allowed high dissolved oxygen concentration in the
medium, and consequently, the cells entered the exponential
phase without delay.

The initial organic carbon concentration of 10% raw
vinasse was 1,285+19 mg/L while that of 100% pre-
treated vinasse was 5,869+22 mg/L (Table 2). Although
nearly all of the organic carbon was utilized in the cultiva-
tions with 10% raw vinasse, 3,621+£29 mg/L of organic
carbon remained unutilized in cultures with 100% pre-
treated vinasse. This may be due to some limiting factors.
Non-optimal salinity may be limiting to the growth of H.
marismortui. The optimal salinity for growth of H. maris-
mortui is 25% (Lopez-Lopez et al. 2007); while the salinity
of 100% pre-treated vinasse medium was 19.8+0.5%. The
salinities of NDM and 10% raw vinasse containing medium
were 23.5+0.5%.

The maximum values of cell dry mass, PHB content,
specific growth rates, specific production rates, as well as
volumetric productivity were higher in cultures with pre-
treated vinasse in contrast to other two conditions. The yield
coefficient values varied according to the initial organic
carbon contents. Overall process performance using 10%
raw vinasse was comparable using NDM medium (Han et
al. 2007), while performance with 100% pre-treated vinasse
was better than using the NDM medium.

Although the family Halobacteriaceae includes 30
genera, currently, only a few haloarchaeal strains belonging
to the genera Haloferax, Haloarcula, Haloquadratum, Hal-
oterrigena, Halorhabdus, Halobiforma, and Halopiger are
found to accumulate short-chain-length PHAs, such as PHB
and PHBV (Han et al. 2010). H. mediterranei is so far the
best PHA producer of the family Halobacteriaceae (Quilla-
guaman et al. 2010). In this study, raw vinasse (10%) was
utilized leading to accumulation of 23% PHB (of cell dry
weight) and following pre-treatment through adsorption on
activated carbon, 100% pre-treated vinasse could be utilized
leading to 30% accumulation of PHB by H. marismortui.
Although the values may seem to be low compared to H.
mediterranei, we believe there is much scope of improvement
through optimization techniques. Optimization can be carried
out by varying the concentrations of the components of the
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NDM (except glucose) added to the 10% raw or 100% pre-
treated vinasse. Further improvement may be done by inves-
tigating fed-batch, semi-batch, and continuous processes.
Therefore, given the limited number of halophilic microorgan-
isms producing PHAs, this study should open up the possibil-
ity of exploring other halophilic archaebacteria for utilization
of vinasse for the production of PHAs.

Conclusions

The economic feasibility of PHB fermentation is compara-
ble with petrochemical processes when cheap or waste sub-
strates are used and unconventional microorganisms applied
(Flieger et al. 2003). This study demonstrated the successful
utilization of a recalcitrant waste for PHB production by a
halophilic microorganism at the shake-flask level. The pro-
duction of PHB from vinasse may be profitable in terms of
the economic efficiency of the entire process as the produc-
tion can be easily integrated into an ethanol manufacturing
unit. There would be costs saving related to purchase and
transportation of raw material, purchase and operation of
equipment, as well as financial requirements for personnel
in addition to the advantages of a no energy and chemical
requiring initial PHB recovery method and utilization of a
waste carbon source. The product obtained was of the same
quality as that produced by Sigma.

It is true that the process cost will be enhanced by the
long lag phase of H. marismortui, but there is a definite
opportunity of reducing the lag period in the future by
providing enhanced aeration, application of a concentrated
inoculum and using inoculum cells from the exponential
phase to start the process. Regarding the second limitation,
the unutilized residual organic carbon in the process with
100% pre-treated vinasse can be recycled in the next batch
or a continuous process may be prospected. Further culti-
vations will be carried out in bioreactors where these two
problems will be addressed.
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