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Abstract The influence of nutrient limitation on poly-
hydroxyalkanoate (PHA) accumulation was studied using a
novel PHA-producing strain of Enterobacter sp. The effect
of N/C ratio on growth and accumulation of PHA was
studied by varying the ratio from 0.02 to 0.1. Biomass
concentration, dry cell weight, protein content and the
amount of PHA accumulated were estimated for each N/C
ratio. It was found that the increase in N/C ratio resulted in
increase in culture concentration up to 3.25 g/l of dry cell
weight. Polyhydroxyalkanoate concentration was found to
be maximum at N/C ratio of 0.04 (67.8 pg/ml), and further
increase in N/C ratio resulted in lesser amount of PHA.
Analytical procedures such as FTIR and NMR were done
to validate the obtained PHA biopolymer.

Keywords PHA - Novel strain - Enterobacter sp. -
Nutrient limitation - N/C ratio - FTIR - NMR

Introduction

About 180 million tons of plastics are known to be pro-
duced annually worldwide and are accumulated in landfills
causing lethal damage to our ecosystem (Thompson et al.
2009). The current research is focused on natural eco-
friendly  biopolymers and bioplastic  production.
Biodegradable polymers such as polyhydroxyalkanoate
(PHA) (Heimersson et al. 2014), polylactates (PLA)
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possess physical and mechanical properties similar to that
of synthetic plastics (Poirier et al. 1995; Laycock et al.
2014) and are widely used in various fields such as agri-
culture, medicine and polymer blend manufacturing (Philip
et al. 2007). They find specific applications such as blended
packaging materials, sutures, cardiovascular stents and
scaffold (Scholz and Gross 2000). PHAs are polyesters
accumulated as intracellular products by microorganisms
under nutrient-limiting condition of nitrogen, phosphorous
or potassium when excess carbon is available (Ostle and
Holt 1982). It was found that Ralstonia eutropha, a fac-
ultative autotroph, accumulated about 80 % of its dry cell
weight as PHA from simple carbon sources such as glu-
cose, fructose and acetic acid and was widely exploited for
large-scale production (Anderson and Dawes 1990). Var-
ious other genera including Acinetobacter, Sphingobac-
terium, Yokenella, Brochotrix, Lactobacillus,
Streptococcus and Lactococcus (Dalal et al. 2010 and
Yuksekdag et al. 2003) have also been reported for PHA
production. The large-scale production of PHA is limited
because of its high raw material cost and low productivity
(Ojumu et al. 2004). Hence, the current research work is
focused on exploring new strains and using low-cost re-
newable substrates for the production process (Albu-
querque et al. 2007; Reddy et al. 2013). As stated by Ostle
and Holt (1982), PHA accumulates under limitation of an
essential nutrient in the medium. The influence of different
degrees of carbon and nitrogen limitation on acetate-fed
medium was studied in a sequencing batch reactor (SBR),
and higher PHA content was found at nitrogen-limited
conditions. Kinetics of biopolymer accumulation in Al-
caligenes eutrophus was studied by Raje and Srivasta
(1998) under various C/N ratios. Maximum production was
found at 0.09 C/N ratio, resulting in a mathematical model
providing a new feed strategy for production process. The
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present study deals with the behavior of PHA accumulation
in a novel strain of Enterobacter sp., under varying nutrient
feeding strategies.

Materials and methods
Culture and media composition

A novel strain for PHA production was isolated from soil
(KCT campus, Coimbatore, India) and was identified by
16S rRNA gene sequencing. The culture was preserved in
20 % glycerol stock and was revived in nutrient medium
and further used. Medium composition was as follows:
glucose (10 g/l), sodium chloride (5 g/1), dipotassium hy-
drogen phosphate (5 g/l), magnesium sulfate (1 g/I) and
ammonium chloride (0.2—-1 g/1).

Experimental procedure

The work was carried out in shake flask conditions by
varying N/C ratio with glucose as a carbon source and
ammonium chloride as nitrogen source. The culture was
grown for 48 h at room temperature in minimal media (pH

of the media was initially adjusted to 7.5) containing
varying N/C ratios from 0.02 to 0.1 and was checked for
biomass concentration, dry cell weight, protein content,
glucose content and PHA concentration for every 2 h.

Biomass concentration and dry cell weight estimation

Biomass estimation was done by measuring OD at 660 nm
using visible spectrophotometer. Later, the culture was
centrifuged and the obtained cell pellet was dried in a pre-
weighed aluminum foil for dry cell weight estimation.

Glucose and protein concentration

The amounts of residual glucose and protein in media were
estimated by 3, S5-dinitrosalicylic acid and Lowry’s
method, respectively. The concentrations were found from
the respective standard curves by measuring absorbance at
540 and 600 nm using visible spectrophotometer.

Quantification of PHA

PHA concentration was determined using spectropho-
tometer by converting it into crotonic acid by heating with

@ Cedecea davisae isolate PSB5 168 ribosomal RNA gene, partial sequence

9 Enterobacter sp. SPSA1 16S ribosomal RNA gene, partial sequence

2 Enterobacter ludwigii strain PRFR10 16S ribosomal RNA gene, partial sequence

|u_...,~ |

Proteobacterium symbiont of Nilaparvata lugens clone TM58 16S ribosomal RNA gene, partial sequence

Fig. 1 Phylogenetic tree for novel strain of Enterobacter sp.
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sulfuric acid according to the procedure of Law and Sle-
pecky (1969).

Characterization of PHA
FTIR

The obtained PHA granule was processed into KBr pellets,
and infrared spectroscopy was recorded in the spectrum
range 400—4000 cm™'. The spectrum obtained was com-
pared to standard PHB.

NMR

Nuclear magnetic resonance can be used for structure de-
termination of PHA. The samples were dissolved in
deuterated chloroform and operated at 400 MHz for H'.
The chemical shifts were represented in ppm with respect
to the signal in the spectrum and used for prediction of
monomer composition of PHA (Sanchez et al. 2003).

Molecular identification

The bacterial isolate was identified using 16S rRNA gene
sequence-based molecular technique. Single colony from
freshly streaked agar plate was inoculated into nutrient
broth. DNA was isolated and checked on agarose gel for
purity and quantity. 16s rRNA gene primers 27F (5'-
AGAGTTTGATC(A/C)TGGCTCAG-3’) and 1492R (5
ACGG(C/T)TACCTTGTTACGACTT-3) were used to
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amplify ~1.4 Kb gene from the isolated genomic DNA
(Giovanoni 1991). The amplified polymerase chain reac-
tion (PCR) product thus obtained was gel purified, quan-
tified, and sequenced using an ABI PRISM 3100 Genetic
Analyzer (Applied Biosystem). Sequence data obtained
were analyzed, and consensus sequence was generated
from forward and reverse sequences using “Aligner”
software. These sequences were subjected to Basic Local
Alignment Search Tool (BLAST) with National Center for
Biotechnology Information (NCBI) GenBank database
(Altschul et al. 1997). Based on maximum identity scores,
the first ten identities were considered and the cultures
were identified.

Results and discussion
Culture identification

Sequencing of the 16S ribosomal RNA gene and analyzing
the generated sequences using BLAST revealed that the
isolate belonged to the genus Enterobacter. Hundred per-
cent of homology to previously deposited sequences of
Enterobacter strains was observed. The phylogenetic tree
is presented in Fig. 1. The sequence has also been sub-
mitted to NCBI GenBank and has been allotted Accession
Number KF420155.

PHA accumulation was verified using Nile blue staining
technique, and the presence of orange fluorescence when
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Fig. 2 a and b Biomass and dry cell weight obtained at various time intervals with different N/C ratios
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Fig. 3 a and b Glucose concentration and protein concentration in the culture medium at various time intervals for different N/C ratios
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Fig. 4 PHA concentration at various time intervals for different N/C
ratios

viewed under UV transilluminator at 460 nm confirmed the
presence of PHA (Ostle and Holt 1982).

Biomass concentration and dry cell weight

The biomass concentration and dry cell weight obtained are
shown in Fig. 2a, b, respectively. The maximum amount of
biomass and dry cell weight of 3.25 g/l was observed with
N/C ratio of 0.1. PHA is produced by bacteria under nu-
trient-limiting conditions, especially when there is nitro-
gen-limiting stress, where the excessive carbon is
converted to PHA (Sandhya et al. 2013). Understanding the
optimum N/C ratio may help bringing down the substrate
cost, thereby minimizing the medium wastage.

w @ Springer

Glucose and protein concentration

Figure 3a, b represents the residual glucose and protein
concentrations in the culture broth, after growth of Enter-
obacter sp., for different N/C ratios. It was found that
glucose concentration decreased with increase in biomass
concentration and the protein content was also found to
increase with respect to corresponding increase in biomass.
PHA-producing bacterial species is known to consume and
store excessive carbon source as an energy reserve in the
form of PHA under nutrient-limiting conditions (Reddy
and Mohan 2012).

Quantification of PHA

From the kinetic profile data (Fig. 4), it was found that
maximum amount of PHA was accumulated at 28 h at N/C
ratio of 0.04. The glucose was utilized by Enterobacter for
biomass production rather than PHA accumulation as
stated by Raje and Srivasta (1998). In the earlier work
reported (Sandhya et al. 2013) using Ralstonia eutropha
MTCC1472 as a reference stain, maximal PHA production
was obtained at 36 h.

Chemical characterization of PHA

Chemical characterization and structure determination of
PHA were carried out by two analytical techniques: FTIR
and NMR.
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Fig. 5 a FTIR spectrum
obtained for standard PHA.

b FTIR spectrum of PHA
obtained from Enterobacter sp.
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Fig. 6 a H' spectra of standard
PHA. b H' spectra of PHA
obtained from Enterobacter sp.
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FTIR analysis

An FTIR spectrum was recorded in the range from 400 to
4000 cm™'. Figure 5a shows the spectrum of standard
PHA molecule with a strong signal at 1728 cem™! repre-
senting the characteristic peak of PHA. The intense bands
at 2980-2850 cm ™' correspond to the aliphatic C-H group;

medium signals at 1000-1500 cm ™' represent the bending
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due to CH, and CH; and 1280-1050 cm ™' represent the
bending due to valence symmetric and asymmetric stretch
vibration of C-O-C.

FTIR spectra of PHA extracted from Enterobacter sp. is
shown in Fig. 5b. The absorption bands at
3600-3100 cm ™' represent the OH stretch and aliphatic
C—H group at 2954 and 2854 cm™' (Sanchez et al. 2003),
similar to standard PHA. The presence of weak symmetric
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Table 1 Characteristic peaks and the respective chemical groups of
NMR spectra

ppm Chemical compound Reference

1.29 CHj; resonance of PHB Reddy and Mohan (2012)
1.57 Methylene protons next to methine Sato et al. (2012)
in side and main chain
2.54 CH, of C, carbon (doublet in
figure)

Reddy and Mohan (2012)

peaks near 1447-1380 cm™' suggests the presence of
carboxyl group (C=0) in the polymer representing alkanoic
acids in the sample (Nogabi et al. 2007). Intense peaks at
1500-1000 cm ™" represent the alkene and alkane bendings
of C-O stretch.

NMR analysis

Nuclear magnetic resonance spectrum was obtained for H'
proton at 400 MHz by dissolving in deuterated chloroform.
The obtained spectrum was compared to the standard PHA
for structure determination.

Figure 6a, b represents the spectrum obtained for stan-
dard and sample PHA polymer (Table 1). The sample
spectra showed characteristic peak of PHA at 1.2 ppm and
peaks similar to standard PHA (Wang and Liu 2014).

Conclusion

An optimization of the nutrient feeding strategy for higher
PHA accumulation in the novel strain of Enterobacter sp
was attempted. Nutrient feeding strategy under favorable
N/C ratio positively impacted PHA accumulation and
biomass quality. Higher PHA accumulation was found at
N/C ratio of 0.04 at 28 h. This study emphasizes the role of
nitrogen under nutrient-limiting condition, impacting PHA
biopolymer accumulation and biomass production. Un-
derstanding the optimum N/C ratio can enhance the effi-
ciency of overall PHA production with added advantage of
minimizing the nutrient wastage.
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