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Abstract

This study demonstrates the use of a mannitol rich ensiled grass press juice (EGPJ)
as a renewable carbon substrate for polyhydroxyalkanoates (PHA) production in shaking
flask experiments and fed-batch stirred tank reactor cultivations. Fed-batch cultivations of
B. sacchari IPT101 using EGPJ as sole carbon source produced 44.5 g/LL CDW containing
33% polyhydroxybutyrate (PHB) in 36 h, while P. chlororaphis IMD555 produced a CDW
of 37 g/L containing 10% of medium chain length (mcl-PHA) in 34 h. PHB and mcl-PHA
extracted from B. sacchari IPT101 and P. chlororaphis IMDS55, grown on EGPJ, had a
molecular weight of 548 kg/mol and 115.4 kg/mol respectively. While mcl-PHA can be
produced from EGPJ, PHB production is more interesting as there is a 4 fold higher

volumetric productivity compared to mcl-PHA.
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1. Introduction

Various bio-based materials such as polyhydroxyalkanoate (PHA), polylactic acid
(PLA), and polybutylene succinate (PBS) have been recommended as alternative solutions
to petrochemical plastics (Chen and Patel, 2012). Among them, PHA is the only polymer
which can be completely synthesized and degraded by bacteria (Lageveen et al.; 1988) and
has similar properties to conventional plastics (Chen and Patel, 2012). PHA is accumulated
within the cytoplasm of bacteria as a carbon and energy storage granule, in the presence of
excess carbon (Lageveen et al., 1988). In order to be competitive with petrochemical
plastics market, PHA production has to rely on cheap or zero cost resources. Finding cheap
ways to take advantage of most of the fermentable carbohydrates that are present in a
renewable biomass is one of the challenges of a biorefining approach (McEniry and
O’Kiely, 2014). Grass is a worldwide resource that roughly covers 30 million Km? of the
earth (Panunzi et al., 2008), and grassland pasture is extensively available in Europe
primarily for grazing of ruminant and equine. Several countries are advancing in the green
biorefinery concept of utilizing the whole biomass to generate various valuable products or
precursors for value added products. In a green biorefinery setting the preservation of grass
as silage and its subsequent fractionation into press-juice and press-cake fractions represent
the two major process steps in the utilization of grass biomass (Wachendorf et al., 2009).
Grass has water soluble carbohydrates (WSC) in solution and insoluble carbohydrates in
the form of cellulose and hemicellulose. Depending on the climate and environmental
stress different carbohydrate proportions can be present in the grass (Stoop et al., 1996).

Press juice from ensiled grass contains most of the WSC and carbohydrates released from



the hemicellulose fibers (due to the acidic fermentation during the ensiling) and is an
available substrate (Mandl, 2010) for bacterial fermentation. The press cake portion can be
used as a feedstock for ruminants (McEniry and O'Kiely, 2014), as an insulating material
in the building sector (McEniry and O'Kiely, 2014) or it can be further treated (Cerrone et
al., 2014a) and digested to yield fermentable sugars for biorefining (Davis et al., 2013).
Press juice has been demonstrated as a good substrate for biogas and bioethanol production
(Wachendorf et al., 2009), as a source of lactic acid (McEniry and O’Kiely, 2014) or as a
nutrient supplement for microbial growth (Koller et al., 2005). However, there are no
reports on the use of press juice from ensiled grass as a sole carbon source for production of

PHA.

Press juice from the ensiled grass can have different carbohydrate composition
depending on the bacterial and yeast fermentation taking place during the ensilation
process. This study focused on mannitol rich ensiled grass press juice (EGPJ) as a growth
and PHA production substrate. Mannitol has been isolated from perennial ryegrass
(Harwood, 1954) and is produced by the plants to prevent the stress effect of drought
(Stoop et al.,.1996) or the oxidative effect of free radicals (Rasmussen et al., 2008), and it
can also be produced as a result of the free glucose and fructose conversion by hetero
fermentative facultative anaerobic lactic acid bacteria (LAB) (Saha and Racine, 2011) and

yeast (Onishi and Suzuki, 1968) during the ensiling process.

This study developed a bioprocess for fed-batch cultivation of selected bacterial
strains using EGPJ as sole carbon and energy source with the aim of achieving both high

cell density and PHB/PHA volumetric productivities.



2. Materials and Methods

2.1 Bacterial Strains

A total of 17 bacterial strains [five different strains of P. putida (ATCC 47054,
NCIMB 41538, NCIMB 14927, NCIMB 41162, NC010501), four different strains of P.
fluorescens (IMD472, IMDS512, IMD9035, IMD332) one strain of P. jesseni (IMD491),
one strain of P. chlororaphis (IMDS555), two Pseudomonas sp. (IMD495 and IMDA498),
three Cupriavidus necator (NRRL 14690, NRRL 4385, ATCC 17699) and Burkholderia
sacchari IPT101 (DSM17165)] were used in this study. These strains were maintained in
Luria Bertani broth (LB) with 50% glycerol at -80 °C. In preparation for the PHA
production experiments the strains were streaked on to minimal salt medium (MSM) agar
with glucose and incubated at 30 °C for 24 h except that 0.5 g/L of yeast extract was used

as a supplement for B. sacchari IPT101.

2.2. Ensiled grass press juice (EGPJ) production

Perennial ryegrass, grown at the Teagasc Grange Animal & Grassland Research and
Innovation Centre (Dunsany, Co. Meath, Ireland), was cut with a precision-chop harvester
(Pottinger, Mex VI) with a target chop-length of 19 mm. Approximately 1.5 tonnes of
fresh grass were ensiled for a total of 7 weeks. Batches of ensiled ryegrass were subjected
to primary processing at AFBI (Plant Health & Environmental Protection Branch,
Newforge Lane, Belfast, Northern Ireland) using a pilot-scale Model PP-7RL-S screw press
(Ponndorf Maschinenfabrik, Germany), as described by Sharma et al. (2012). The un-

pressed, ensiled grass had high moisture content (~79-80%; i.e. a dry matter content of



20.5%) as the ensiled grass was not pre-wilted prior to ensiling. Due to the relatively high
moisture content of the ensiled grass, the screw press was adjusted during pressing to give a
target dry matter content of approximately 30%. The extruded pressed cake and juice
fractions were separated and collected in plastic bags and the press juice and washings were
combined to give the final press juice sample and stored at -20 °C in 200 L plastic drums
until use. Centrifugation (9000 RPM for 20 min) was carried out to remove any suspended

h ™ Laborota 20 model) to

solids, followed by rotary evaporation (with a Heidolp
concentrate the press juice supernatant (up to 300 g/L of total sugar). EGPJ was steam

sterilised and pH was adjusted to neutral when necessary.
2.3 Characterization of EGPJ.

The press juice from the ensiled grass was analyzed for its total carbohydrate
content by phenol sulphuric acid (PSA) method (Dubois et al., 1956) and sugar
(monosaccharides and mannitol) composition by HPLC (Davis et al., 2013). Total protein
was estimated by Bicinchoninic acid method and available phosphorus was estimated by
ammonium molybdate method (USEPA 1983). The concentration of ammonia was
measured using the method previously described by Cerrone et al. (2014a). (D)-Lactic and
(L)-lactic acid were detected by Megazyme® specific kit for lactic acid detection by
colorimetric method with a SpectraMax 340 Molecular Devices® microplate reader. Three

different analyses were performed for each parameter.



2.4 PHA/PHB biosynthesis using analytical grade sugars as carbon source

Shaking flasks experiments were conducted using 17 strains of bacteria in 250 mL
shaking flasks containing 50 mL of nitrogen limited (0.25 g/L. NH4Cl) MSM with 7.2 g/L.
of different analytical grade sugars (glucose, xylose, arabinose, galactose, mannose, and
mannitol) at 30 °C and 200 RPM for 48 h. The bacterial strains which had the ability to
utilize more than 2 individual sugars (both for growth and PHA production) were further
tested for their ability to utilize a mixture of simple sugars (final concentration of 7.2 g/L)
equivalent to that of EGPJ. Three independent experiments were carried out using each

sugar and each bacterial strain.

2.5 PHA/PHB biosynthesis using EGPJ as sole carbon and energy source

Shaking flasks experiments were conducted using three selected strains of bacteria
(B. sacchari IPT101, P. putida W619 and P. chlororaphis IMDS555) using buffered EGPJ
(pH-7) as sole carbon and energy source (7.2 g/L final sugar concentration). These
experiments were conducted in 250 mL flasks containing 50 mL of MSM without any
added nitrogen. Flasks were inoculated with 1% overnight inoculum and incubated at 30
°C and 200 RPM for 24-48 h. Decanoic acid (2 mM) was added as a mcl-PHA precursor at
24 h to improve mcl-PHA production when needed. Three independent experiments were

carried out using each bacterial strain.

2.6 Conditions for fed-batch cultivation of bacteria using EGPJ as carbon source.

A Sartorius® 5L stirred tank reactor was used for fed-batch cultivation of bacteria

with a starting volume of 3L. The fermentor was equipped with an oxyferm FDA 325



oxygen sensor (Hamilton, Switzerland), a ring sparger, and a 6-blade disk (Rushton
turbine) impeller. The media used for the fed-batch cultivation contained the following
components per liter: 9g Na,HPO4- 12H,0, 1.5g of KH,POj4, 0.8g MgSO4 and trace
elements as defined by Sun et al. (2007). Initial sugar and (NH4)>SO4 concentrations were
20.0 and 4.0 g/L, respectively. DO was maintained at 40% oxygen saturation with a
constant flow of compressed air (2 vvm) and with increasing the agitation speed as a
cascade control (initial agitation was set at 500 RPM). The pH was controlled
automatically at 6.9 +/- 0.1 by the addition of 15% v/v H,SO4 (Sigma, Ireland) and NH,OH
(20% v/v) which was also used to provide nitrogen source. Whenever nitrogen limitation
was needed the pH was controlled by the addition of 6M NaOH. Foaming was controlled
by manual addition of antifoam (polypropylene glycol P2000, Sigma) when required. The
temperature was maintained at 30 °C using a thermostat controlled double-jacketed system.
The data were recorded into BioPAT® MFCS SCADA fermentation software (Sartorius
AG, Germany). An inoculum of 400 mL of overnight culture was used for a 3 L initial
working volume. Pulse feeds of EGPJ or simulated EGPJ (total sugars of 20 g/L) were

added manually when needed, based on the increase in DO value.
2.7 HPLC analysis

Monosaccharides and sugar alcohol composition of the EGPJ and culture broth
were determined by anion exchange chromatography using an ICS-300 system (Dionex)
equipped with an Amperometric detector and a gold electrode. The column was a
CarboPac SA10 (4 x 250 mm) equipped with a security guard cartridge. The samples were

eluted with 1 mM KOH under isocratic condition at 1 mL/min and 25 °C. Quantification



was achieved by reference to appropriate monosaccharide (glucose, xylose, arabinose,
fucose, galactose, and mannose) and sugar alcohol (mannitol) standards. Appropriate
dilutions of the substrates or culture supernatant were prepared and a 0.5 mL of each
sample was filtered using Whatman Mini- UniPrep™™ syringeless filters (0.45 uM

Whatman Inc. NJ, USA) and a sample volume of 10 uLL was used for all injections.
2.8 Cell dry weight and polymer analyses.

The bacterial cells were harvested from a known volume (50 mL from shaking
flasks and 4 mL from fermentor) of the culture broth by centrifugation and the pellet was
washed with deionized water and lyophilized. The weight of the lyophilized cells was
determined and the CDW was expressed in g/L.. The polymer content and the monomer
composition of the polymer were determined by Gas chromatography (GC) and confirmed
by GC-Mass Spectroscopy (GC-MS). Approximately 5-10 mg of lyophilized cells were
subjected to acidic methanolysis, as described by Lageveen et al. (1988) and the resultant 3-
hydroxyalkanoic acid methyl esters were assayed using an Agilent 6890N chromatography
equipped with a HP-INNOWAX capillary column (30 m by 0.25 mm with 0.5 mm of film
thickness) and a flame-ionization detector (FID). A temperature program of 110 °C for 5
min; temperature ramp of 3 °C per min up to 130 °C followed by 5 °C per min, up to 250
°C was applied for mcl-PHA. The temperature program for PHB was set as follows: 120
°C for 4 min; a first temperature ramp of 10 °C per min up to 170 °C, a second temperature
ramp of 40 °C per min up to 230 °C. PHA was extracted from 5-8 g of dried cells by
soxhlet extraction using chloroform as the solvent and the extracted PHA was concentrated

by rotary evaporator (Rotavapour® Buchi) and precipitated with 10 times volume of ice
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cold ethanol (Koller et al., 2005). Molecular weight distribution and thermal properties
such as melting temperature (Tm), glass transition temperature (Tg), thermal degradation
onset point (TGA), and enthalpy of fusion (AH) of the extracted mcl-PHA and PHB were
carried out using the methods (Differential Scanning Calorimetry and Gel Permeation
Chromatography) described by Cerrone et al. (2014b). Nuclear Magnetic Resonance
(NMR) (in particular: '"H-NMR and ?C-NMR) technique was utilized to-identify the
polymers (PHAs) synthesized by the strains. A Bruker Avance AM=400 Ultrashield"™ with
4 nucleus (Inova model) spectrometer in the pulse-Fourier transform mode at a frequency

of 250 MHz using glass tubes with CDCls solution was employed.
3. Results and Discussion.
3.1 Composition of ensiled grass press juice (EGPJ)

Compositional analysis indicated that press juice obtained from ensiled perennial
ryegrass contained 54 g/L of total sugars (based on PSA method), 20 g/L of proteins, 15
g/L of (L)-lactic acid, 5.4 g/L of (D)-lactic acid, 0.5 g/L soluble phosphorous and 0.2 g/L of
NH,4. Based on HPLC analysis, the major sugars present were mannitol (42%), glucose
(35%), xylose (11%), arabinose (6%) and traces of other sugars such as mannose, rhamnose
and galactose. The HPLC method was specifically for monosaccharides and sugar alcohol
but there is a possibility that oligosaccharides contribute to the total sugars content. Koller
et al. (2005) and Sieker et al. (2011) reported high content of fructose in press juice
obtained from ensiled grass in contrast to negligible amount of fructose in EGPJ used in the

present study. The lactic acid content of EGPJ was 60% lower than that reported by Sieker
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et al. (2011). The monomeric sugars present in the EGPJ might be released from
hemicellulose and cellulose fractions due to the activity of plant hemicellulases: these can
be active, particularly in the earlier stages of ensilage (Dewar et al., 1963). Pentoses
(arabinose and xylose) are the main products of hydrolysis and the ratio of the products
differ from the ratio in the grass (i.e. they may preferentially split some pentoses from the
xylan molecular chains). Another possible reason for the monomeric sugar release is the
acidic hydrolysis of grass fibers during the ensiling; the reduction in herbage pH from 6.0
to 4.0 results from the accumulation of fermentation acids (particularly lactic acid) (Dewar
et al., 1963). Presence of high levels of mannitol in EGPJ is most likely due to the
reduction of fructose to mannitol by hetero fermentative lactic acid bacteria and yeast
during the ensiling process (Saha and Racine, 2011; Onishi and Suzuki, 1968). Grass
contains a large indigenous epiphytic microflora. Typically grass in Ireland contains 10* to
10° lactic acid bacteria and 10" to 10° yeasts per 1 g of grass (McEniry et al., 2010). In
other countries, due to the UV-sterilising effect of sunlight (intensity or daily duration) or
the desiccation effect of lower relative humidity in the grass crop they have much lower

counts of epiphytic microorganisms.

3.2 Growth and PHA production using analytical grade sugars in shaking flask

experiment

In order to achieve complete utilization of all the sugars present in the EGPJ, 17
bacteria were screened for their ability to grow and produce PHA from mannitol, glucose,
xylose, arabinose, and mannose. Three strains (B. sacchari IPT101, P. putida W619, and

P. chlororaphis IMDS555) which produced highest amount of PHA from mannitol, glucose
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and xylose were selected for further experiments using EGPJ. B. sacchari IPT101 and P.
putida W619 were known for their ability to use mannitol for growth (Bramer et al., 2001;
Taghavi et al., 2009) however, there are no reports on PHA production by these strains
from mannitol. Growth and PHA accumulation by P. chlororaphis IMDS555 with mannitol
is reported for the first time in this study. There is limited literature available on PHB
production using commercial mannitol as carbon source by other strains of bacteria, such as
Rhizobium elti and Pseudomonas stutzeri (Belal et al., 2013).

Using a mixture of analytical grade sugars (total of 7.2 g/L) mimicking the sugar
composition of EGPJ (simulated EGPJ), B. sacchari IPT101 produced 3.1 g/L. of CDW
with 34.5% of PHB (Table 1) under nitrogen limiting conditions. Monosaccharides and
sugar alcohol analysis from the culture media at different time points by HPLC indicated
that the sugars were consumed sequentially; glucose was consumed first, followed by
xylose and finally mannitol. Whilst glucose usually diffuse at high concentration into the
cytoplasmic space with a porin (OprB)/ABC uptake mediated system, regulated by the
osmolarity of the environment (del Castillo et al., 2007); it has been reported that uptake of
mannitol works through a fructose homologous mannitol-specific PTS transporter, with a
multiple interconnected genic regulation in many gram negatives bacteria (Tan et al.,
2009). P. putida W619 and P. chlororaphis IMD555 achieved a CDW of 1.2 and 1.1 g/L,
respectively using 7.2 g/L of simulated EGPJ. P. putida W619 accumulated 31% of the
CDW as PHA under N-limiting growth conditions in 48 h whereas P. chlororaphis
IMDS555 accumulated 38% of CDW as PHA. The PHA accumulated by both Pseudomonas

strains had the same 3-hydroxyalkanoic acid monomers, in a slightly different proportion
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(Table 1). Pseudomonas strains showed similar trend of sugar utilization as that of B.

sacchari IPT101.

3.3. Growth and PHA production using EGPJ as sole carbon source in shaking flask

experiments

All the three tested strains were able to grow and produce PHA utilizing EGPJ as
the sole carbon (7.2 g/L of total sugars) and energy source (Table 1). B. sacchari IPT101
achieved CDW of 2.3 g/L and accumulated 23% of the CDW as PHB. CDW and PHB
content on EGPJ were lower than that compared to analytical grade sugars. The reduction
in CDW is probably due to the presence of some inhibitory compounds present in the grass
press juice which include organic acids and phenolics such as p-coumaric acid and ferulic
acid and these compounds are known to inhibit microbial growth and accumulation of
bioproducts (Sieker et al., 2011)..Similar effects have been earlier reported by Keenan et
al. (2006) where Burkholderia grew better on commercial grade xylose and levulinic acid
compared to real hydrolyzate. Keenan et al. (2006) have shown that the use of liming and
activated charcoal as a suitable pretreatment for the removal of phenolics, similar approach
towards EGPJ could increase the volumetric productivities of CDW and PHB.
Burkholderia sp. is known to utilize different sugars and accumulate PHB from different
types of hydrolyzate derived from biomass (Bramer et al., 2001; Cesario et al., 2014). Even
though, Burkholderia can accumulate high levels of PHB under inorganic nutrient
limitation (Cesario et al., 2014), PHB production data (Table 1) indicated that strict
limitation of inorganic nutrients is not a prerequisite for PHB accumulation by this strain,

making it interesting for a biotechnological bioprocess using a complex substrate such as
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EGPJ. P. putida W619 and P. chlororaphis IMDS555 achieved a CDW of 0.5 and 0.7 g/L,
respectively, using EGPJ which is lower compared to the CDW achieved using simulated
EGPJ; a similar trend shown by B. sacchari IPT101, probably due to inhibitors present in
the EGPJ. P. putida W619 and P. chlororaphis IMDS555 accumulated 6 and 7% of CDW
as mcl-PHA, respectively using EGPJ as the sole carbon and energy source. Generally
Pseudomonas produces mcl-PHA from sugars under strict nutrient limitation (such as
nitrogen or phosphorous) (Lageveen et al., 1988). EGPJ naturally contains nitrogen and
phosphorous, hence imposing a strict nitrogen or phosphorous limitation was not possible.
This would possibly be a reason for reduced mcl-PHA accumulation by Pseudomonas
strains using EGPJ compared to simulated EGPJ (where strict nitrogen limitation was
imposed). To improve the mcl-PHA accumulation in Pseudomonas strains, low
concentrations of fatty acid precursor (2mM of decanoic acid) were added to the culture
medium. This resulted in a two fold increase (17-19% of CDW) of PHA content in P.
putida W619 and P. chlororaphis IMDS55. A two stage strategy (composed by growth
phase on a less expensive substrate and PHA accumulation phase on fatty acids precursors)
has already been shown to decrease the cost of PHA production and increase PHA
productivity (Sun et al., 2007; Cerrone et al., 2014b; Davis et al., 2015).

Monosaccharide and sugar alcohol analysis from the culture supernatant at different
time intervals indicated that the tested strains showed a similar pattern of sugar utilization
as that of simulated EGPJ. In a previous study, green grass juice and silage juice were used
as nutrient supplement for PHA producing bacteria using analytical grade sugars as carbon

source (Koller et al., 2005). This is the first report on EGPJ as a sole carbon and energy
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substrate for PHA accumulation. EGPJ is an interesting substrate because of its ease of

production, without the need for chemical pre-treatment, hydrolysis and purification.

3.4. Fed-batch cultivation of B. sacchari IPT101 using pulse feed of EGPJ.

If mixed sugars are present in a substrate, accumulation of a less preferred sugar in
the fermentation medium is expected due to carbon catabolite repression (CCR) (Del
Castillo et al., 2007). This accumulation can be prevented by pulse feed cultivation, as
reported by Cesario et al. (2014). A pulse feed cultivation was carried out in order to
achieve high cell density of B. sacchari IPT101 using both EGPJ as carbon source. A
maximum CDW of 44.5 g/L after 36 h of growth, with a PHB content of 35% of CDW
(Fig. 1) was obtained when EGPJ was used as carbon substrate. The PHB content
remained constant (~30% of CDW) from 20 h, though the cell dry weight linearly increased
throughout the cultivation. PHB accumulation plateaued from hour 20 of the cultivation
probably due to the presence of organic nitrogen in every pulse of EGPJ. The final PHB
content was 13.8 g/L and the CDW yield was 0.47 g/g of sugar. The PHB and CDW
volumetric productivity were 0.38 g/L/h and 1.23 g/L/h, respectively. Complete exhaustion
of the sugars was ensured after each pulse to avoid the accumulation of a less preferred
sugar due to CCR. While pulse feeding decreases the volumetric productivity compared to
a continuous feed, this is necessary in order to balance the preferential utilization of sugars
with the need to ensure all sugars are completely consumed (Cesario et al., 2014). In order
to investigate if there were any inhibition on both bacterial growth and PHB accumulation,
due to the use of EGPJ, a similar pulse feed strategy was carried out using simulated EGPJ.

A maximum of 64 g/l CDW was achieved after 48 h of cultivation (total 160 g of
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sugars/L) using simulated EGPJ (Fig. 2). PHB content was 19.8 g/L. and the final CDW
yield was 0.4 g/g of substrate. PHB contributed to 10% of the CDW of B. sacchari IPT101
prior to the onset of nitrogen limitation. PHB increased to 31% of CDW at the end of the
nitrogen limited phase (Fig. 2). Pulse feed strategy using simulated EGPJ resulted in a
PHB and CDW volumetric productivity of 0.41 g/L/h and 1.33 g/L/h, respectively which
were comparable to the productivity values achieved with EGPJ. Maximum specific growth
rates (Umax ) for B. sacchari IPT101 using either EGPJ or simulated EGPJ were same (0.03
h™).

There are few reports on the use of other renewable sugar rich substrates such as
wheat straw hydrolyzate, rice straw hydrolyzate, and wood hydrolyzate (Koller et al., 2010)
for PHB production. However, these substrates require physico-chemical pretreatment and
hydrolysis to release the sugar from the biomass. On the other hand EGPJ does not require
any chemical pretreatment or enzyme hydrolysis. While ensiling is a slow biological
process it is a useful storage/preparation method for grass so that a biorefinery can produce
a product that can be used throughout the year. Ensiling involves microbial activities
which lead to acidification of the grass biomass and this causes the WSC to be released
from the free fraction and from the hemicellulosic fibers. EGPJ only requires minimal
processing such as rotary evaporation to avoid dilution effect in the pulse feed process.
There is limited literature available on the use of untreated or minimally treated substrates
for PHB production. Those include oil palm trunk sap (Lokesh et al., 2012) oil palm frond
juice (Zahari et al., 2012) and Mahua flower extract (Anil Kumar et al., 2007) which are
rich in sucrose (60% or more). CDW and PHB yields of B. sacchari IPT101 grown on

EGPJ were similar to Bacillus megaterium grown on oil palm trunk sap (Lokesh et al.,
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2012), and both yields were slightly lower than Cupriavidus necator CCUG 52238 grown
on oil palm frond juice (0.44 vs 0.53 g CDW/g of sugars and 0.12 vs 0.17 g PHB/g of
sugars) (Zahari et al., 2012), CDW yield for B. sacchari IPT101 was two-fold higher than
that reported for Bacillus sp. on Mahua flower extract, while PHB yield was similar (Anil
Kumar et al., 2007). None of these studies conducted fed-batch fermentations to achieve
high cell densities. Higher volumetric productivities of biomass and PHB are necessary for
an industrial bioprocess outcome. This study achieved high volumetric productivities for
both CDW and PHB using a chemically or enzymatically untreated substrate as a sole
carbon source.

EGP]J is a by-product of the ensiling process and it has been previously used for
bioethanol (Sieker et al., 2011) and biogas production (Wachendorf et al., 2009), however
there is no report on the use of EGPJ as sole carbon source for PHA production. Koller et
al. (2005) used green grass juice and silage juice as nutrient supplements to enhance PHB
production by 6% using Wautersia eutropha (presently known as C. necator). PHB
production using EGPJ as a carbon substrate avoids the competition with food as grass is a
non-food renewable resource and can also be integrated into the animal feed sector
(McEniry and O’Kiely, 2014). Approximately, 50% of PHA production cost accounts to
the cost of carbon substrate. Under current grassland management and production practices
there is an estimated average of 33% excess grass available in addition to the livestock
requirements (Koller et al., 2005; McEniry and O’Kiely, 2014). Considering that one
hectare yields 12-14 tonne of silage/year; each tonne of silage will yield 400 L of EGPJ,
therefore one hectare would produce 5-6 tonne of EGPJ/year. EGPJ, a zero cost carbon

resource which can yield 0.164 g of PHB/g of sugars that results in 8.8 kg of PHB/tonne of
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EGPJ. Based on the current market price of minimal media components one can produce
PHB at USS$ 6.13/kg. Increasing the yield of sugar conversion into PHB will ultimately
lead to a cost-effective fermentation bioprocess. Compared to the industrial PHB
production using commercial sugars the yield of the current study is 4 fold lower but the
price is in the same range (US$ 4/kg). Furthermore the conversion of an effluent into value
added bioproducts has additional benefits through integration with animal food production
(silage), and reduction in the cost of cellulosic pretreatment by avoiding the use of purified

crude enzyme preparations.

3.5. Fed-batch cultivation of P. chlororaphis IMD555 using EGPJ and simulated

EGP]J as carbon source.

Pulse feed strategy of EGPJ combined with nitrogen limitation resulted in a
maximum CDW of 37.5 g/LL and accumulation of 10% mcl-PHA by P. chlororaphis
IMDS555 at 34 h (Fig. 3). This corresponds to a maximum mcl-PHA content of 3.75 g/L.
Biomass and mcl-PHA volumetric productivities were 1.1 g/L/h and 0.1 g/L/h,
respectively. While pulse feed of EGPJ to P. chlororaphis IMDS5S5 resulted in an increase
in CDW, mcl-PHA accumulation reached a plateau of 10% at 24 h. Pulse feed strategy of
simulated EGPJ resulted in a maximum CDW of 57.5 g/L. and accumulation of 2.2% mcl-
PHA by P. chlororaphis IMDS555 at 31 h (Fig. 4). This corresponds to a maximum mcl-
PHA content of 1.26 g/L.. CDW and mcl-PHA volumetric productivities were 2.07 g/L/h
and 0.04 g/L/h, respectively. Onset of nitrogen limitation (from 29 h) resulted in the
accumulation of mannitol along with xylose, caused foaming and microbial cell lysis, this

resulted in limited accumulation of mcl-PHA. (Fig. 4). Pulse-feed strategy is especially
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useful when mixed sugars are used in order to prevent substrate accumulation. As P.
chlororaphis IMDS555 cannot use xylose, it is expected that, with high cell densities
fermentations, build-up of xylose will occur at the end of the pulse-feeding strategy.
Another possible reason for low mcl-PHA accumulation on simulated EGPJ can be due to a
higher [,y compared to EGPJ (0.13 h' vs 0.08 h''). Koller et al. (2010) reported that there
is a strict connection between reduced mcl-PHA accumulation and higher growth rate.
EGP]J addition is able to guarantee a reduced pmax, While simulated EGPJ increase the
growth rate of P. chlororaphis IMDS555 by 61%, therefore EGPJ guarantees better
conditions for mcl-PHA accumulation rather than simulated EGPJ

This is the first report of using a minimally treated (mechanically) grass derived
renewable substrate for mcl-PHA production; though a previous study (Davis et al., 2013)
used chemically and enzymatically treated grass hydrolyzate for the growth and mcl-PHA
accumulation by Pseudomonas strains, in flasks experiments. Though Pseudomonas
species grown on unrelated substrates (sugars, glycerol and VFAs) can achieve high cell
densities they require strict inorganic nutrient limitation or addition of fatty acids precursors
for mcl-PHA production (Cerrone et al., 2014b; Davis et al., 2015). Follonier et al. (2014)
also achieved low levels of mcl-PHA using an enzymatically treated sugar rich substrate
(apple pomace) for P. putida during the growth phase. Therefore a two-phase system
where lignocellulose derived mixed sugars (or unrelated substrates) used for bacterial
biomass production and fatty acids precursors used during the mcl-PHA accumulation
phase should considerably reduce the overall cost of PHA production. Using a biphasic
system (fruit pomace and waste frying oil) Follonier et al. (2014) achieved a CDW of 10.2

g/L and mcl-PHA of 1.4 g/L, in 45 h (CDW and mcl-PHA volumetric productivity of 0.24
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g/L/h and 0.05 g/L/h, respectively). The mcl-PHA and biomass productivity from EGPJ is
three and five fold higher respectively, compared to fruit pomace (Follonier et al., 2014).
The ensiling of grass can reduce costs as one can avoid the addition of enzymes for pre-
treatment of grass and the pressed cake byproduct arising from pressing can be used for

other applications (McEniry and O’Kiely, 2014).

3.6. Physico-chemical properties of PHB and mcl-PHA.

NMR and GC data indicated that PHB was composed of 100% (R)-3-
hydroxybutyrate, while mcl-PHA was composed of 49 (x 4) % (R)-3- hydroxydecanoate
(3-HD), 39 (= 4) % (R)-3-hydroxydodecanoate (3-HDD) and 10 (£ 1) % (R)-3-
hydroxyoctanoate (3-HO). PHB extracted from B. sacchari grown on EGPJ had a
polydispersity of 2.3, molecular weight (Mw) of 548 kg/mol and molecular number (Mn) of
238 kg/mol, respectively. DSC showed that Tg and Tm of PHB were 2.44 and 172.6 °C,
respectively and these parameters were comparable to the PHB produced with simulated
EGPJ. TGA (288 °C) and AH (-16 J/g) of PHB produced using EGPJ were slightly lower
than that produced using simulated EGPJ (AH:-12 J/g and TGA: 303 °C). Polymer
extracted from P. chlororaphis IMDS555 grown on EGPJ has a PDI of 2.3, Mw and Mn of
115.4 and 48.8 kg/mol, respectively. Tg, Tm, and TGA of the extracted mcl-PHA were -
42.1,38.2 and 284 (°C), respectively. Molecular weight distributions and thermal
properties of mcl-PHA produced by P. chlororaphis IMDS555 on EGPJ were very similar to
mcl-PHA produced by commercially available sugars (Ashby et al., 2001; Davis et al.,

2013).
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4. Conclusions

A process for biopolymer production using an effluent from grass silage process
(EGPJ) has been demonstrated. The mannitol rich ensiled grass press juice (EGPJ), a cheap
and renewable substrate, without any chemical or enzymatic pre-treatments was useful for
achieving high CDW for both mcl-PHA and PHB accumulating bacterial strain but high

PHB productivity (13.4 g PHB/L) compared to mcl-PHA (3.75 g'mcl-PHA/L).

Acknowledgments

The authors are grateful to Jaco Vangronsveld for the donation of the strain P.
putida W619. The authors are also grateful to John O’Brien and Manuel Ruether for
conducting NMR analysis on the polymers. This work was supported by the Technology
Center for Biorefining and Bioenergy (project No. CC20090004) with the financial support

of Enterprise Ireland and the Irish Industrial Development Agency (IDA).

References

1. Anil Kumar, P.K., Shamala, T.R., Kshama, L., Prakash, M.H., Joshi, G.J.,
Chandrashekar, A., Latha Kumari, K.S., Divyashree, M.S., 2007. Bacterial synthesis of
poly(hydroxybutyrate- co-hydroxyvalerate) using carbohydrate-rich mahua (Madhuca sp.)

flowers. J. Appl. Microbiol. 103, 204-209.



22

2. Belal, E.B., 2013. Production of poly-B-hydroxybutyric acid (PHB) by Rhizobium
elti and Pseudomonas stutzeri. Curr. Res. J. Biol. Sci. 5, 274-284.

3. Bramer, C.O., Vandamme, P., da Silva, L.F., Gomez, J.G., Steinbiichel, A., 2001.
Polyhydroxyalkanoate-accumulating bacterium isolated from soil of a sugar-cane plantation
in Brazil. Int. J. Syst. Evol. Micro. 51, 1709-1713.

4. Cerrone, F., Choudhari, S.K., Davis, R.,Cysneiros, D., O’Flaherty, V., Duane, G.,
Casey, E., Guzik, M.W., Kenny, S.T., Babu, R., O’Connor K.E., 2014a. Medium chain
length polyhydroxyalkanoate (mcl-PHA) production from volatile fatty acids derived from
the anaerobic digestion of grass. Appl. Microb. Biotech. 98, 611-620.

5. Cerrone, F., Duane, G., Casey, E., Davis, R.; Belton, 1., Kenny, S.T., Guzik, M.W.,
Woods, T., Babu, R., O’Connor K.E., 2014b. Fed-batch strategies using butyrate for high
cell density cultivation of Pseudomonas putida and its use as a biocatalyst. Appl. Microb.
Biotechnol. 98, 9217-9228.

6. Cesario, M.T., Raposo, R:S., de Almeida, M.C.M.D., van Keulen, F., Ferreira, B.S.,
Da Fonseca, M.M.R.; 2014. Enhanced bioproduction of poly-3-hydroxybutyrate from
wheat straw lignocellulosic hydrolysates. N. Biotechnol. 31, 104-113.

7. Chen, G.Q., Patel, M.K., 2012. Plastics derived from biological sources: present and
future: A technical and environmental review. Chem. Rev. 112, 2082-2099.

8. Davis, R., Kataria, R., Cerrone, F., Woods, T., Kenny, S., O’Donovan, A., Guzik,
M., Shaikh, H., Duane, G., Gupta, V., Tuohy, M., Babu, R., Casey E., O’Connor K.E.,
2013. Conversion of grass biomass into fermentable sugars and its utilization for medium
chain length polyhydroxyalkanoate (mcl-PHA) production by Pseudomonas strains. Biores.

Technol. 150, 202-209.



23

9. Davis, R., Duane, G., Kenny, S.T., Cerrone, F., Guzik, M.W., Babu, R., Casey, E.,
O’Connor K.E., 2015. High cell density cultivation of Pseudomonas putida KT2440 using
glucose without the need for oxygen enriched air supply. Biotechnol. Bioeng. 112, 725-
733.

10. Dewar, W.A., MacDonald, P., Whittenbury, R., 1963. The hydrolysis of grass
hemicelluloses during ensilage. J. Sci. Food Agr. 14, 411-417.

11. Del Castillo, T., Ramos, J.L., Rodriguez-Herva, J.J., Fuhrer, T., Sauer, U., Duque,
E., 2007. Convergent peripheral pathways catalyze initial glucose catabolism in
Pseudomonas putida: genomic and flux analysis. J. Bacteriol. 189, 5142-5152.

12. Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P. A., Smith, F., 1956.
Colorimetric method for determination of sugars and related substances. Anal. Chem. 28,
350-356.

13. Follonier, S., Goyder, M.S., Silvestri, A.C., Crelier, S., Kalman, F., Riesen, R.,
Zinn, M., 2014. Fruit pomace and waste frying oil as sustainable resources for the
bioproduction of medium-chain-length polyhydroxyalkanoates. Int. J. Biol. Macromol. 71,
42-52.

14. Harwood, V.D., 1954. Analytical studies on the carbohydrates of grasses and
clover. VII. The isolation of D-mannitol from perennial ryegrass (Lolium perenne). J. Sci.
Food. Agric. 5, 453-455.

15. Keenan, T.M., Nakas, J.P., Tanenbaum, S.W., 2006. Polyhydroxyalkanoate
copolymer from forest biomass. J. Ind. Microbiol. Biotechnol. 33, 616-626.

16. Koller, M., Bona, R., Hermann, C., Horvat, P., Martinz, J., Neto, J., Varila, P.,

Braunegg, G., 2005. Biotechnological production of poly (3-hydroxybutyrate) with



24

Wautersia eutropha by application of green grass juice and silage juice as additional
complex substrates. Biocatal. Biotransform. 23, 329-337.

17. Koller, M, Aitlic, A., Dias, M., Reiterer, A., Braunegg, G., 2010. Microbial PHA
production from waste raw materials in: Chen, G.-Q. (Ed.), Steinbuchel, A. (Series Ed.),
Plastics from Bacteria:. Natural Functions and Applications (Microbiology Monographs
Vol. 14), Springer, Berlin, Heidelberg, pp. 85-119.

18. Lageveen, R., Huisman, G., Preusting, H., Witholt, B., 1988. Formation of
polyesters by Pseudomonas oleovorans: effect of substrates on formation and composition
of poly-(R)-3-hydroxyalkanoates and poly-(R)-3-hydroxyalkenoates. Appl. Environ.
Microbiol. 54, 2924-2932,

19. Lokesh, E.B., Hamid, Z.A.A., Arai, T., Kosugi, A., Murata, Y., Hashim, R.,
Sulaiman, O., Mori, Y., Sudesh, K., 2012. Potential of oil palm trunk sap as a novel
inexpensive renewable carbon feedstock for Polyhydroxyalkanoate biosynthesis and as a
bacterial growth medium. Clean 40, 310-317.

20. Mandl, M., 2010. Status of green biorefinery in Europe. Biofuels Bioprod. Biorefin.
4,268-274.

21. McEniry, J., O’Kiely, P., Clipson, N.J.W., Forristal, P.D., Doyle, E.M., 2010.
Assessing the impact of various ensilage factors on the fermentation of grass silage using
conventional culture and bacterial community analysis techniques. J. Appl. Microbiol. 108,
1584-1593.

22. McEniry, J., O’Kiely, P. 2014. Developments in grass-/forage-based biorefineries,
In: Waldron, K., (Eds.) Advances in Biorefineries: Biomass and Waste Supply Chain

Exploitation. Elsevier Ltd., Amsterdam, pp 335-363.



25

23. Onishi, H., Suzuki, T., 1968. Production of D-mannitol and glycerol by yeasts.
Appl. Microbiol. 16, 1847-1842.

24. Panunzi, E., 2008. Are grasslands under threat? Brief analysis of FAO statistical
data on pasture and fodder crops.
http://www.fao.org/ag/agp/agpc/doc/grass_stats/grassstats.htm.

25. Rasmussen, S., Parson, A.J., Fraser, K., Xue, H., Newman, J.A., 2008. Metabolic
profiles of Lolium perenne are differentially affected by nitrogen supply, carbohydrate
content, and fungal endophyte infection. Plant. Physiol. 1146, 1440-1453.

26. Saha, B.C, Racine, M., 2011. Biotechnological production of mannitol and its
application. Appl. Microbiol. Biotechnol. 89, 879-891.

217. Sharma, H.S.S., Carmichael, E., Muhamad, M., McCall, D., Andrews, F., Lyons,
G., McRoberts, W.C., Hornsby, P.R., 2012. Biorefining of perennial ryegrass for the
production of nanofibrillated cellulose. RSC Advances 2, 6424-6437.

28. Sieker, T., Neuner, A., Dimitrova, D., Tippkoétter, N., Muffler, K., Bart, H., Heinzle,
E., Ulber, R., 2011. Ethanol production from grass silage by simultaneous pretreatment,
saccharification and fermentation: First steps in the process development Eng. Life Sci. 11,
436-442.

29. Stoop, J.M.H, Williamson, J.D., Mason, P.D., 1996. Mannitol metabolism in plants:
a method for coping with stress. Trends Plant. Sci. 1, 139-144.

30. Sun, Z., Ramsay, J.A., Guay, M., Ramsay B., 2007. Increasing the yield of MCL-
PHA from nonanoic acid by co-feeding glucose during the PHA accumulation stage in two-
stage fed-batch fermentations of Pseudomonas putida KT2440. J. Biotechnol. 132, 280-

282.



26

31. Taghavi, S., Garafola, C., Monchy, S., Newman, L., Hoffman, A., Weyens, N.,
Barac, T., Vangronsveld, J., van der Lelie, D., 2009. Genome survey and characterization
of endophytic bacteria exhibiting a beneficial effect on growth and development of poplar.
Appl. Environ. Microb. 75, 748-757.

32. Tan, K., Clancy, S., Borovilos, M., Zhou, M., Horer, S., Moy, S., Volkart, L.L.,
Sassoon, J., Baumann, U., Joachimiak, A., 2009. The mannitol operon repressor MtIR
belongs to a new class of transcription regulators in bacteria. J. Biol. Chem. 284, 36670-
36679.

33. USEPA. 1983. Methods for chemical analysis of water and wastes. 2" ed. Method
365.2. U.S. Environmental Protection Agency, Washington, DC.

34. Wachendorf, M., Richter, F., Fricke, T., GraB3, R., Neff, R., 2009. Utilization of
semi-natural grassland through integrated generation of solid fuel and biogas from biomass.
I. Effects of hydrothermal conditioning and mechanical dehydration on mass flows of
organic and mineral plant compounds, and nutrient balances. Grass Forage Sci. 64, 132-
143.

35. Zahari, M.A.K.M, Zakaria, M.R., Ariffin, H., Mokhtar, M.N., Salihon, J., Shirai, Y.,
Hassan M.A., 2012. Renewable sugars from oil palm frond juice as an alternative novel

fermentation feedstock for value-added products. Biores. Technol. 110, 566-571.



27

Figure captions
Figure 1 Fed-batch cultivation of B. sacchari IPT101 with pulse feed of ensiled grass press juice
as carbon source. (A) cell dry weight (g/L), (o) impeller speed (RPM), (@) NHy4 (g/L) and (1))

PHB (%) were tracked over time.

Figure 2 Fed-batch cultivation of B. sacchari IPT101 with pulse feed of simulated ensiled grass
press juice as carbon source. (A) cell dry weight (g/L), (o) impeller speed (RPM), (@) NH,

(g/L) and (U]) PHB (%) were tracked over time.

Figure 3 Fed-batch cultivation of P. chlororaphis IMDS555 with pulse feed of ensiled grass press
juice as carbon source. (A) cell dry weight (g/L), (o) impeller speed (RPM), (@) NH4 (g/L) and

(") mcl-PHA (%) were tracked over time.

Figure 4 Fed-batch cultivation of P. chlororaphis IMDS555 with pulse feed of simulated ensiled
grass press juice as carbon source. (A ) cell dry weight (g/L), (o) impeller speed (RPM), (@)
NH,4 (g/L), (IJ) mcl-PHA (%), (A) reducing sugars (g/L) and (X) mannitol (g/L) were tracked

over time.
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Table 1 Biosynthesis of polyhydroxyalkanoates (PHA) in shaking flask experiments using EGPJ and simulated EGPJ.

Strains used Substrates CDW PHA Monomer composition (mol %)
(g/L) (%) 3-HB 3-HH 3-HO - 3-HD  3-HDD

P. putida W619 EGPJ 0.5 6.8 0 6 19 68 5

P. chlororaphis IMDS555 0.7 9 0 0 15 56 28
B. sacchari IPT101 2.3 23.3 100 0 0 0 0
P. putida W619 Simulated 1.04 31 0 1 14 63 21

P. chlororaphis IMDS555 EGPJ 1.05 38 0 5 10 54 32
B. sacchari IPT101 4.3 34.5 100 0 0 0 0

Experiments were conducted i 250 mL shaking flasks with MSM containing 7.2 g/L (total sugars) of EGPJ and simulated EGPJ (mimicking sugars composition of EGPJ) as carbon source. Flasks were
inoculated with 1% of overnight inoculum and incubated for 48 h at 30 °C and 200 RPM (shaking table incubator).

EGPJ: Ensiled grass press juice

CDW: Cell dry weight was estimated gravimetrically after freeze-drying of washed cell pellet from 45 mL of culture (g dry biomass/volume mL)*1000

PHA: polyhydroxyalkanoates content (% w/w) was estimated by GC with FID detector after methanolysis of the freeze dried cells.

Monomer composition: % distribution of each (R)-3-hydroxyalkanoic acid on the total polyhydroxyalkanoate content after methanolysis [3-HH: (R)-3-hydroxyhexanoic acid, 3-HO: (R)-3-

hydroxyoctanoic acid, 3-HD: (R)-3-hydroxydecanoic acid, 3-HDD: (R)-3-hydroxydodecanoic acid]
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Highlights

1. First report on the use of a mannitol rich renewable carbon source for PHA production
2. Achieved PHB and mcl-PHA production using EGPJ as sole carbon source.
3. EGPJ is a suitable substrate to achieve high cell density and high PHB productivity.

4. PHB productivity on EGPJ was comparable to that on commercial sugars.
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