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Abstract
The production of sago starch from cassava at an industrial scale in Salem, Tamil Nadu, India results in discharge of starch/
carbon-rich fibrous waste and effluents, contributing to a major environmental problem. The present study aimed at explor-
ing the potential of an extremely halophilic archaeon, Halogeometricum borinquense strain E3 to utilize starch and cassava 
waste (CW) as carbon substrate and synthesis of polyhydroxyalkanoates (PHAs). The culture E3 was able to grow and utilize 
both starch and CW with maximum PHA concentration of 4.6 g L−1 and 1.52 g L−1, respectively. When grown in starch, 
the cells of the strain E3 appeared bright orange due to produced carotenoids, whereas, when grown in CW the culture 
cells appeared light brown due to masking of the pigment by the impurities from CW hydrolysate. The polymer obtained 
from starch and CW hydrolysate was characterized using UV–Visible spectrophotometry, differential scanning calorimetry, 
fourier transform infrared spectroscopy, nuclear magnetic resonance spectroscopy, and was reported to be a co-polymer of 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)] comprising of 13.11% and 19.65% 3HV units, respectively. 
The present investigation is supportive of our previous studies which indicated Hgm. borinquense strain E3 as an attractive 
candidate for production of co-polymer of P(3HB-co-3HV) when fed with commercial substrate such as glucose and agro-
industrial waste such as sugarcane bagasse.
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Abbreviations
PHA  Polyhydroxyalkanoates
P(3HB)  Poly-3-hydroxybutyrate
P(3HB-co-3HV)  Poly(3-hydroxybutyrate-co-3-hydroxy-

valerate)
CW  Cassava waste
Hgm  Halogeometricum
Har  Haloarcula

Nnm  Natrinema
Hfx  Haloferax
TS  Total solids
VS  Volatile solids
COD  Chemical oxygen demand
CDM  Cell dry mass
rpm  Revolutions per minute

Introduction

Cassava or tapioca (Manihot esculenta) is a tuber crop cul-
tivated in tropical and subtropical countries world-wide 
and is known for thriving in low-nutrient, low rainfall, high 
temperature and in various soil types. Cassava is a high-
starch producer with the dry roots containing starch con-
tent of 90%, making it a cheap source of starch for the low-
income countries of Asia, Africa and South America [1]. 
Apart from being used as a staple food product, cassava is 
also used in the animal feed and other food and non-food 
applications such as in textile industry and adhesive industry 

 * Bhakti B. Salgaonkar 
 salgaonkarbhakti@gmail.com

 Kabilan Mani 
 kabilan1987@gmail.com

 Judith M. Bragança 
 Judith@goa.bits-pilani.ac.in

1 Department of Biological Sciences, Birla Institute 
of Technology and Science (BITS) Pilani, K K Birla, Goa 
Campus, NH-17B, Zuarinagar, Goa 403 726, India

2 Department of Biotechnology, P.S.G. College of Technology, 
Coimbatore, Tamil Nadu 641004, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-018-1346-9&domain=pdf


300 Journal of Polymers and the Environment (2019) 27:299–308

1 3

[2]. The wide application of cassava along with its ability 
to grow in demanding conditions makes it as a favorite crop 
among the small-scale farmers.

The main objective of cassava processing is the release 
of the starch granules from the tubers and this is initiated 
by washing and peeling the outer skin and the rind of the 
cassava tubers. Following this, the tubers are subjected to 
rasping, a process during which the tubers are crushed and 
starch entrapped within the cellular constituents is released. 
Screening is carried out for the separation of the starch gran-
ules from the pulp obtained after rasping and is achieved by 
mixing the grated tubers with water resulting in slurry. This 
slurry is subjected to sieve of various pore sizes resulting 
in the separation of crude pulp and starch milk. The pulp 
is dried and used as fodder and the starch milk is allowed 
to standstill for the sedimentation of starch and insoluble 
pulp/impurities/suspended solid waste. The sedimented 
starch cake is (a) crumbled into small clumps, granulated, 
partially gelatinized and dried for 24–120 h, to obtain sago, 
or (b) dried and pulverized, to obtain starch. Majority of 
sago produced is for human consumption whereas the starch 
produced has a profound role in the industries [3]. Though 
the production of starch and sago appears lucrative espe-
cially for a small-scale industry, the waste that is being gen-
erated in the process are enormous and hazardous [4]. The 
runoff water during rasping and sedimentation along with 
unprocessed pulp pose a serious environmental issue. In the 
world, India is the 5th largest producer of cassava, with an 
annual production of 7.2 million tons (MT) in 305 thousand 
hectares of cultivation [5].

In India, southern state of Tamil Nadu alone has 109 
thousand hectares of area under cassava cultivation and a 
production capacity of 4.2 MT which represents 60% of total 
production in the country. Though, cassava forms an impor-
tant culinary item, almost entire cassava produced in the 
state is utilized for sago production. Salem district in Tamil 
Nadu state of India, has 650 units which constitutes 89% of 
country’s sago production. In Salem alone, 150 thousand 
farmers are involved in cassava cultivation which is 25 ton/
hectare as compared to worldwide cultivation of 10 ton/hec-
tare, thereby making Salem the supreme cassava production 
area in the world [6, 7]. Apart from the farmers, thousands 
of other people are involved directly or indirectly in sago 
production. The average cassava processed by these plants 
is 5 tons per day while generating 0.45 ton of processed 
pulp as a waste. Further on daily average water required for 
processing the pulp amounts to 150–200 × 103 m3 with entire 
water being pumped out of the cassava processing plants. 
The runoff water further contains hydrogen cyanide, a res-
piratory inhibitor apart from rich nutrients which acts as an 
excellent media for the microorganisms to generate further 
foul odor producing metabolites. The waste generated from 
these sago processing units has rendered about 1000 ha of 

agricultural land in the Salem region uncultivable apart from 
posing a health hazard for the residents located surround-
ing the sago processing plants [8]. This has threatened the 
very existence of the cassava processing units in the Salem 
district with tussles between the local populations and the 
processing units. Therefore, development of sustainable pro-
cesses for the bioconversion of this crude cassava waste into 
value added products remains a challenge to be pursued.

Polyhydroxyalkanoates (PHAs) are a group of natural 
polyesters which are intracellularly accumulated by a range 
of microorganisms in presence of excess of carbon and a 
limited supply of a growth-essential nutrient. The major pol-
lutants originating from sago starch industries are the fibrous 
material (cassava peels), wet solid waste (cassava bagasse) 
and the effluent from the setting tanks (liquid waste/cassava 
pulp), which are carbon-rich materials and therefore could 
be an attractive and economical source for PHA produc-
tion. Poomipuk et al. isolated Cupriavidus sp. KKU38 a 
Gram-negative bacteria, from cassava starch wastewater and 
reported it to synthesize poly(3-hydroxybutyrate) which is 
a homopolymer of HB, by using cassava starch hydrolysate 
as substrate [9]. Another study by Silva et al., reported the 
potential of Pseudomonas oleovorans ATCC29347 to syn-
thesize co-polymers of polyhydroxyalkanoate (PHAs), when 
cultivated on cassava extracts (sugary) with andiroba oil sup-
plements [10]. Though the strain ATCC29347 was an attrac-
tive candidate for PHA production, conditions of high stress 
was reported to favor the intracellular depolymerization of 
the polymer.

Halophilic archaea are polyextremophilic organisms 
thriving in hypersaline regions, experiencing myriad of 
stresses such as UV radiation, fluctuating salinity, pH and 
temperatures. These organisms offer a huge number of 
potential application in various fields of microbial technol-
ogy and are known to produce novel biomolecules [11]. 
Recent reports on halophilic archaea have proven their 
potential in bioconversion of highly polluting industrial 
waste to biodegradable plastic, i.e., PHAs. To the best of our 
knowledge, till date, Haloferax and Haloarcula are the only 
two genera among 48 genera of the family Halobacteriaceae 
in the domain Archaea [12], reported to synthesize substen-
tial amount of PHAs from industrial waste materials. Studies 
on bioconversion of waste/byproducts from various indus-
tries such as dairy (whey), ethanol (stillage and vinasse), 
biodiesel (petrochemical wastewater and crude glycerol 
phase), agriculture (cornstarch/ rice bran) to PHAs by halo-
archaea have been documented [13–18]. We have recently 
reported the potential of Halogeometricum borinquense 
strain E3 to synthesize PHAs from sugarcane bagasse [19].

Though various alternate approaches for managing cas-
sava bagasse such as generation of biogas, use as an animal 
fodder has been proposed, so far nothing has materialized. 
Hence, in the present study, a process for the conversion of 
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this cassava waste to PHAs by halophilic archaeon, Hgm. 
borinquense strain E3 is proposed. Till date, and to the best 
of our knowledge, there has been no study on the biocon-
version of cassava waste to PHAs by members of the class 
Halobacteria, domain Archaea. This approach may provide 
a value added product from a challanging agro-industrial 
waste, simultaneously managing the wastes generated. 
Employing halophilic archaea for PHA synthesis is advan-
tageous because of the less cost involved in downstream pro-
cessing of the polymer produced. The intracellular polymer 
synthesized was extracted and characterized using various 
analytical techniques.

Materials and Methods

Chemicals, Microorganism and Culture Conditions

All chemicals and solvents used were of analytical grade. 
The standard Poly[(R)-3-hydroxybutyric acid], natural ori-
gin (CAS Number 29435-48-1) and Poly(3-hydroxybutyric 
acid-co-3-hydroxyvaleric acid) natural origin, with 12 mol% 
PHV content (CAS Number 80181-31-3) were purchased 
from Sigma-Aldrich, India.

Halogeometricum borinquense strain E3 was isolated 
from the solar salterns of Marakkanam in Tamil Nadu, India. 
The culture was maintained on high salts containing nutri-
ent-rich complex, Extremely Halophilic Medium (EHM). 
The starter culture was prepared by inoculating loopful of 
the culture from EHM agar plate into 25 mL EHM broth 
contained in 100 mL Erlenmeyer flask [20]. The seed cul-
ture was prepared by inoculating 2 mL of the starter cul-
ture into 100 mL of Norberg and Hofstein (NH) medium 
comprising of (g L−1) NaCl 200.0,  MgSO4·6H2O 10.0, KCl 
5.0,  CaCl2·2H2O 0.2, Yeast Extract 1.0, and supplemented 
with starch 2 g L−1 as substrate, with pH adjusted to 7.0–7.2 
using NaOH [21]. The starter and seed culture flasks were 
maintained on a rotary shaker at 37 °C, 110 rpm (Skylab 
Instruments, India).

Characterization of the Cassava Waste

Cassava waste (CW) was collected from sago industry 
discharge in Salem, Tamil Nadu, India. CW was dried for 
5–7 days under sunlight for complete removal of moisture 
and with the help of blender, the CW clumps were pulver-
ized. Physico-chemical characterization of the CW powder 
was done as follows: (i) the American Public Health Asso-
ciation (APHA) protocols were used to estimate Total sol-
ids (TS) and volatile solids (VS) [22]; (ii) CHNS Analyzer 
(Elementar, Germany) was used to determine the carbon 
(C), hydrogen (H), nitrogen (N), and sulfur (S) contents; 

(iii) protocol from Raposo et al. was used to determine the 
chemical oxygen demand (COD) [23].

Cassava waste hydrolysate was obtained by subjecting 
CW powder to dilute acid hydrolysis using sulfuric acid 
(0.75% v/v) and neutralized to pH 7.0–7.4 using NaOH [19, 
24]. Phenol sulphuric acid method was used to estimate the 
total carbohydrate content of the CW hydrolysate [25]. Total 
Kjeldahl nitrogen (TKN) was estimated as per the protocol 
by Labconco [26]. All the analysis was done in triplicate to 
determine mean and standard deviations.

Growth and Screening for PHA Production using 
Starch and Cassava Waste

Halogeometricum borinquense strain E3 was screened for 
PHA production by colony staining method using Nile 
Red dye. Colony staining was done by incorporating Nile 
Red dye (50 µL) [Nile red stock, 0.01% (w/v) in DMSO] 
in 100 mL minimal (NH) medium containing 0.5% (w/v) 
soluble starch and/or CW as substrates [27]. The culture 
was streaked and the plates were incubated at 37 °C for 
3–10 days. PHA accumulation by strain E3 was confirmed 
by fluorescence (bright orange) after irradiation of the cul-
ture with ultraviolet (UV) light using gel documentation 
system (BIO-RAD Laboratories, USA).The growth of the 
halophilic archaeon in medium containing dye permitted 
the detection of PHA in viable culture during various time 
intervals of the growth.

PHA Production by Batch Culture

Batch culture studies for PHA production by strain E3 was 
done in NH medium containing commercial starch (solu-
ble) and CW hydrolysate, separately. Two percent of the 
seed culture was inoculated in each of the two 500 mL NH 
medium containing 2% (w/v) soluble starch and 10% (v/v) 
CW hydrolysate, respectively and contained in 1000 mL 
Erlenmeyer flask. The volume of the medium was adjusted 
such that after adding 10% CW hydrolysate, the final vol-
ume remained 500 mL. The flasks were incubated at 37 °C, 
110 rpm for 10 days on a rotary shaker (Skylab Instruments, 
India).

Determination of Cell Dry Mass (CDM)

The growth of the culture was measured by determining the 
biomass as CDM gravimetrically in units of g L−1. Briefly, 
5 mL of the culture broth was centrifuged at 10,000 rpm 
for 15 min, the pellet of the biomass was washed with d/w 
(distilled water), recentrifuged at 12,000 rpm for 20 min, and 
dried until a constant weight at 60 °C using oven. Five mL of 
plain medium (without culture) was processed in similar way 
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and subtracted from the biomass (CDM) to avoid medium 
error.

Determination of PHA

The intracellular PHA was extracted using sodium hypochlo-
rite (NaOCl) and then quantified gravimetrically (in units of 
g L−1) [28]. Briefly, 20 mL of the culture broth was cen-
trifuged at 10,000 rpm for 15 min, the pellet of biomass 
was washed with d/w (distilled water), and recentrifuged at 
12,000 rpm for 20 min. The biomass pellet was suspended 
in 40 mL of NaOCl containing 4% active chlorine and incu-
bated at 37 °C for 30 min on shaker. After incubation, the 
NaOCl-cell suspension was centrifuged at 12,000 rpm for 
20 min, the supernatant was discarded. The pellet containing 
PHAs was washed with diethyl ether and dried using oven, 
until constant weight.

Extraction and Characterization of PHA

Strain E3 was grown in NH medium containing starch and 
CW as substrate. The cell biomass was harvested by cen-
trifugation, dried (60 °C for 12 h) in an oven, and PHAs 
extracted using chloroform in a soxhlet extractor for 6 h at 
60 °C as described by Sánchez et al. and Salgaonkar and 
Bragança [19, 29]. Using rotary evaporator (Rotavapor 
R-210, Switzerland) major part of chloroform was recovered 
and the concentrated polymer in chloroform was casted into 
clean glass Petri dish to obtain polymer film.

Polymer obtained using starch and CW as substrates was 
characterized using (i) UV–Visible spectrophotometry (UV-
2450, Shimadzu, Japan) after converting the PHA to crotonic 
acid, on hydrolysis with concentrated sulphuric acid  (H2SO4) 
[30], (ii) differential scanning calorimeter (DSC) analysis 
using model DSC-60 (Shimadzu, Japan) which determined 
the melting temperature (Tm) and degradation temperature 
(Td), (iii) Fourier transform infrared (FT-IR) spectroscopy 
using single bounce Attenuated Total Reflectance (ATR) 
accessory which determined the functional groups and (iv) 
proton nuclear magnetic resonance (1H-NMR) spectroscopy 
using a model Bruker Avance III, 400 MHz which deter-
mined the monomeric units of the polymer. The analysis was 
done as described by Salgaonkar and Bragança [20] and the 
spectrum obtained were compared with standard P(3HB) 
and P(3HB-co-3HV) which were analyzed in similar way.

Results and Discussion

Processing of Cassava and Analysis of Cassava Waste

Cassava/cassava tubers (Manihot esculenta) is a high-starch 
producer with the dry roots containing 90% starch content, 

thereby making cassava based industry as one of the major 
employment provider for a large proportion of population 
in the developing and under developed countries. However, 
generation of huge amount of tough-to-degrade wastes is 
threatening the existence of the industry while all other alter-
nate approaches for waste management so far has proved 
difficult to implement for the small-scale cassava industries 
[6, 7].

The process of extracting starch and sago from cas-
sava tubers is represented in Fig. 1. The entire process of 
extraction of starch from the cassava tubers requires tons 
of water and generated huge amount of waste in form of 
fibrous material (cassava peels), wet solid waste (cassava 
bagasse) and liquid waste/ cassava pulp [3]. This waste from 
sago processing units is dumped on landfills and has created 
environmental havoc. The cassava waste used in the present 
study was in the form of brown, semi sticky with bad stinky/ 
foul odor, it was transformed into granular form upon dry-
ing under sunlight. It had total solids (TS), volatile solids 
(VS) and chemical oxygen demand (COD) of 92.3 ± 0.21%, 
78.8 ± 0.14% and 1.33 ± 0.32 g/Kg, respectively. The CHNS 
content was found to be carbon (C) = 35.775 ± 0.4%, hydro-
gen (H) = 6.12 ± 0.08%, nitrogen (N) = 0.755 ± 0.007%, and 
sulfur (S) = 0.158 ± 0.008%. The dilute sulfuric acid hydroly-
sis of CW yielded total carbohydrates and total Kjeldahl 
nitrogen (TKN) of 24.78 ± 1.7 g L−1 and 0.56 g L−1 with the 
C/N ratio (%) of 44.25.

Cassava waste (CW) is a high organic content waste rich 
in polysaccharide starch. Starch comprises of amylose and 
amylopectin which are made up of homopolymer of glucose 
units. Therefore, starch hydrolysis results in readily avail-
able reducing sugar, glucose. Woiciechowski et al., investi-
gated acid and enzymatic hydrolysis methods for recovering, 
reducing sugars from cassava waste/bagasse and observed 
that the acid hydrolysis was much economical and efficient 
as compared to enzymatic hydrolysis which was time exten-
sive and costly [24].

Screening for PHA Production using Starch 
and Cassava Waste

Halogeometricum borinquense strain E3 grew well on NH 
plates supplemented with starch and CW as substrate. Upon 
exposure of the culture to UV light, the strain E3 exhibited 
bright orange fluorescence due to the uptake and binding 
of Nile Red dye present in the medium to PHA granules 
inside the cells. The screening confirmed PHA synthesis 
by the culture Hgm. borinquense strain E3 using starch and 
CW as substrates. The growth and fluorescence intensity 
exhibited by the culture E3 was equivalent when grown in 
starch as well as CW. Our previous studies have proved, 
halophilic archaeon Hgm. borinquense strain E3 as potential 
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accumulator of PHA in a minimal medium supplemented 
with glucose as well as sugarcane bagasse [19].

Nile red stain for polyhydroxyalkanoates (PHAs) is a sen-
sitive and rapid method effectively distinguishes non-PHA 
producing microbial biomass from PHA-positive cultures 
[27]. Though the method was extensively employed for swift 
identification of PHA-positive bacteria, Legat et al. proved 
the compatibility of the method for halophilic archaeal 
strains grown in media containing high salt concentration 
[31]. This was further confirmed by our previous studies 
which supported the efficiency of Nile Red stability and 
uptake by halophilic archaea grown in salt saturated media 
supplemented with commercial substrate as well as agro-
industrial waste such as glucose and sugarcane bagasse [19]. 
PHA-positive bacteria are reported from almost all possi-
ble ecological niches. Till date there is a constant search 
for novel PHA-positive wild type organisms. Among halo-
philic archaea, to date, Haloferax mediterranei is the highly 

explored representative and is considered as the best PHA 
accumulator. However, for the past decade, research has 
focused on exploring the potential of new genera of halo-
philic archaea to synthesize PHA [32] with Halogeometri-
cum being one of the potential genus.

PHA Production by Strain E3 using Starch and CW

Raw materials for PHA biosynthesis play a crucial role in 
determining the overall cost of the final product. Cost of 
commonly used substrates, such as pure sugars, fatty acids, 
or noble oils, is known to account for about 50% of the total 
production cost of PHAs [32]. Researchers are constantly 
working on exploring inexpensive substrates to reduce the 
production cost and thereby making PHA more economi-
cal. Keeping this in mind, a variety of potential carbon-rich 
substrates, such as agro-industrial byproducts and waste 
effluents, has been investigated. Starch could be used as 

Fig. 1  The flowsheet represent-
ing the waste generated (A, B, 
C) during the process of starch 
extraction and production of 
sago from cassava tubers
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an ideal substrate/carbon source due to its abundance in 
nature, origin from renewable resources and low cost [33]. 
To the best of authors knowledge, till date, there are only 
four reports on PHA production by halophilic archaea using 
starch as substrates. However, there are no reports of synthe-
sis of PHA using cassava waste by halophilic archaea. In the 
present study, we investigated and compared the potential of 
halophilic archaeon, Hgm. borinquense strain E3 to utilize 
starch and CW as carbon-rich substrates for the synthesis of 
PHAs. It was observed that the culture E3 was able to grow 
and utilize both starch and CW and reached maximum PHA 
concentration of 4.6 g L−1 and 1.52 g L−1, with PHA of 
74.19% and 44.7% (wt/wt) of CDM, respectively (Table 1).

Lillo and Rodriguez-Valera, reported maximum con-
centration of 6 g L−1 of poly(3-hydroxybutyrate) with 60% 
(wt/wt) P(3HB) of the CDM, by Hfx. mediterranei ATCC 
33500 by utilizing 2 g L−1 starch as carbon source [33]. A 
recent study by Danis and coworkers reported, corn starch 
to positively influence PHA production in various halophilic 
archaeal isolates, with 53.14% (wt/wt) PHA of the CDM 
was accumulated by Natrineam pallidum 1KYS1 and was 
reported as the highest PHA-producing strain [34]. Maxi-
mum PHA concentration of 1.74 g L−1 with 24.88% (wt/
wt) PHA of the CDM was obtained for wild type halophilic 
archaeal isolate, Hfx. mediterranei when grown in minimal 
medium (MST) supplemented with 1% starch as substrate 
[35]. Interestingly, Huang et al. employed substrate from 
renewable resources such as starch and extruded cornstarch 
(ECS) which are economically advantageous at industrial 
level and yielded Maximum PHA of 24.2 g L−1 by Hfx. 
mediterranei ATCC 33500 with PHA of 38.7% (wt/wt) of 
the CDM [18] (Table 1).

The polymer from the biomass of Hgm. borinquense 
strain E3 cultivated in NH medium containing starch and 
CW as substrates was isolated using Soxhlet extraction. The 
polymer film obtained from starch as substrate appeared 
orange due to the co-extracted carotenoids and was treated 
with acetone for 10 min to remove the carotenoids from the 

polymer. This phenomenon is supportive of our previous 
studies which indicated production of carotenoids by strain 
E3 when fed with glucose and sugarcane bagasse as sub-
strates [19]. However, in presence of CW the culture cells 
appeared light brown which might be due to masking of the 
carotenoid pigment by the impurities from CW hydrolysate 
and therefore, the polymer film obtained appeared light 
brown (Fig. 2).

Characterization of PHA

The polymers were characterized using a UV–Visible spec-
trophotometry, differential scanning calorimetry (DSC), 
fourier transform infrared spectroscopy (FTIR) and nuclear 
magnetic resonance (NMR) spectroscopy, analysis.

Spectrophotometric Analysis

The UV–Visible spectra of the polymers hydrolyzed by con-
centrated  H2SO4 gave characteristic absorption maxima at 

Table 1  Comparison of the cell 
dry mass (CDM), maximum 
PHA concentrations and 
PHA fraction in CDM of the 
halophilic archaeal isolates 
obtained using starch or starch 
waste as substrate

CDM cell dry mass, PHA polyhydroxyalkanoates, Hgm halogeometricum, Nnm natrinema, Hfx halofe-
rax, NH Norberg and Hofstein, BMM basal minimal medium, BSM basal synthetic medium, MM mineral 
medium, CW cassava waste, CSNB corn starch nutrient broth, ECS extruded cornstarch

Isolate Medium Substrate CDM
(g L−1)

Max. PHA
(g L−1)

PHA 
fraction in 
CDM
(% wt/wt)

References

Hgm. borinquense strain E3 NH Starch 6.2 4.6 74.19 Present study
CW 3.4 1.52 44.7

Nnm. pallidum 1KYS1 BMM CSNB 0.174 0.075 53.15 [34]
Hfx. mediterranei MST Starch 7.01 1.74 24.88 [35]
Hfx. mediterranei ATCC 33500 MM ECS 62.6 24.2 38.7 [18]
Hfx. mediterranei ATCC 33500 BSM Starch 10.0 6.0 60.0 [33]

Fig. 2  A Granules of the cassava waste, B powder of cassava waste 
after pulverization, C polymer film produced by Hgm. borinquense 
strain E3 grown in NH containing CW
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235 nm corresponding to crotonic acid [30]. The crotonic 
acid spectrum resembled well with the standard P(3HB)/ 
P(3HB-co-3HV) (Sigma-Aldrich, USA) and also with the 
copolymer of P(3HB-co-3HV) synthesized by halophilic 
archaeon Natrinema sp. 1KYS1, using corn starch as a sub-
strate [34].

Differential Scanning Calorimetry (DSC) Analysis

Figure  3 represents comparison of the thermograms 
derived from DSC analysis, for the PHAs obtained using 
starch, CW, standard P(3HB) and P(3HB-co-3HV). The 
PHAs obtained from starch and CW exhibited two melt-
ing endotherms, first one at  Tm1 = 149.8/140 °C and sec-
ond one at  Tm2 = 160/151.1 °C, respectively and matched 
well with results obtained for the standard copolymer of 
P(3HB-co-3HV)with  Tm1 = 146.6 °C and  Tm2 = 158.4 °C 
(Fig. 3C). The standard homopolymer of P(3HB) exhibited 
only one melting endotherm at  Tm = 169.3 °C (Fig. 3D). The 

degradation temperature  (Td) endotherms for the starch, CW, 
standard P(3HB) and P(3HB-co-3HV) were at 270.5 °C, 
272 °C, 273.9 °C and 280 °C, respectively (Table 1). Halo-
philic archaea are known to synthesize PHAs with myriad 
monomer units such as hydroxybutyrate (HB) and hydroxy-
valerate (HV), and PHAs with different monomeric units 
exhibit multiple melting endotherms [17]. Chen et  al. 
reported the copolymer P(3HB-co-3HV) synthesized by 
H. mediterranei ATCC 33500 from extruded cornstarch, 
to exhibit two melting endotherms at  Tm1 = 129.1 °C and 
 Tm2 = 144.0 °C [36].

Fourier Transform Infrared (FT‑IR) Analysis

The functional groups of the polymer obtained from 
starch, CW hydrolysate and standard P(3HB) were deter-
mined using FTIR analysis and IR spectra of polymer 
is represented in Fig. 4. All the polymers exhibited one 
intense absorption band at 1724 cm−1, distinctive of ester 

Fig. 3  Comparison of DSC curves of polymer produced by Hgm. borinquense strain E3 grown in NH containing A starch and B cassava waste 
hydrolysate with the standard C P(3HB-co-3HV) and D P(3HB)
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carbonyl group (C=O) stretching [37]. Another band 
between region 1281–1284 cm−1 and 3100–2800 cm−1 
represents C–O–C and C–H stretching, respectively. Poly-
mer obtained from starch exhibited one prominent band at 
1628 cm−1 which could be of the cellular protein amide 
(–CO–N) from the microbial biomass [38]. Other major 
bands observed could be as a result of the hydroxyl and 
carbonyl group interactions of the PHA, which results 
in a shift of the stretching. The IR spectra of the poly-
mers obtained from starch and CW matched well with 
the standard P(3HB).

Nuclear Magnetic Resonance (1H‑NMR) Analysis

The proton NMR scans of the polymers obtained from 
strain E3 using starch and CW are represented in Fig. 5. 
The monomeric composition of the PHA was determined 
by 1H NMR spectrum, and the signal intensity ratios were 
used to quantize the monomeric units in the PHA. Signals 
between 0.85–0.91 ppm and 1.26–1.28 ppm are character-
istic of methyl  (CH3) from 3-hydroxyvalerate (3HV) and 
3-hydroxybutyrate (3HB) units, respectively. 1H NMR spec-
trum of homopolymer of HB [P(3HB)] exhibits single major 
peak of  CH3 group at 1.25 ppm. The 1H-NMR spectrum sig-
nals matched well with the results obtained for those of co-
polymer of [P(3HB-co-3HV)] synthesized by Hfx. mediter-
ranei strain ATCC 33500 by utilization of cornstarch [36]. 
Hence, the PHAs obtained using starch and CW hydrolysate 
was confirmed to be a co-polymer of [P(3HB-co-3HV)]. The 
copolymer composition, i.e., monomeric units (mol%) of 
HV in the polymer of P(3HB-co-3HV) was estimated as 
the ratio of peak areas, due to the  CH3 group resonance of 
HV and the sum of the  CH3 group resonances of HB and 
HV, as described by Salgaonkar and Bragança [20] and is 
represented in Table 2.

Studies on members of halophilic archaea, such as Hfx. 
mediterranei, Natrinema sp. 1KYS1, Har. hispanica, have 
proved their potential to synthesize copolymer of P(HB-co-
HV), without addition of propionic and/valeric acid as 
the substrates precursors. Lu et al. reported accumulation 
of P(3HB-co-3HV) by Hfx. mediterranei comprising of 
13.37 mol% 3HV fraction when grown in nutrient-limited 
MST medium with starch substrate [35]. In the present 
study, the polymer produced by Hgm. borinquense strain 
E3 using soluble starch and CW, comprised of 13.11% and 
19.65% 3HV units, respectively, and matched well with the 
results by Lu et al. [35]. This is also in correlation with 

Fig. 4  Comparison of the FT-IR spectra of the polymers produced by 
Hgm. borinquense strain E3 grown in NH containing C starch and B 
cassava waste with the A standard P(3HB)

Fig. 5  The 1H NMR spectra of the polymers produced by Hgm. borinquense strain E3 grown in NH containing B starch and A cassava waste
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our previous studies on production of P(3HB-co-3HV) by 
Hgm. borinquense strain E3, with 21.47% and 13.29% of 
3HV units when fed with glucose and sugarcane bagasse, 
respectively [19, 20]. The utilization of crude and myriad 
type of agro-industrial waste by Hgm. borinquense strain 
E3 makes it an attractive candidate with promising potential 
for PHA production.

Conclusion

The sago industry at Salem, a district in Tamil Nadu, India 
constitutes 89% of entire country’s production. As any other 
industry, the production of sago starch from cassava results 
in waste products such as fibrous material and the effluent 
from the setting tanks, causing major environmental haz-
ard. For this reason, treatment of this waste has become 
a major issue and needs immediate attention. The present 
study aimed at exploring the potential of the extremely halo-
philic archaeon, Hgm. borinquense strain E3 to utilize cas-
sava waste as carbon substrate in comparison with starch. 
The culture E3 was able to grow and utilize both starch 
and CW with maximum PHA concentration of 4.6 g L−1 
and 1.52 g L−1, with PHA of 74.19% and 44.7% (wt/wt) of 
CDM, respectively. When grown in CW the culture appeared 
brown in colour due to masking of the bacterioruberin pig-
ment by the impurities from CW hydrolysate while the PHA 
polymer appeared light brown. The polymer obtained from 
both starch and CW was characterized as a co-polymer 
of P(3HB-co-3HV) with 13.11% and 19.65% 3HV units, 
respectively. The present investigation is supportive of our 
previous studies which indicated Hgm. borinquense strain 
E3 as an attractive candidates for production of co-polymer 
of P(3HB-co-3HV) when fed with commercial substrate 
such as glucose and agro-industrial waste such as sugar-
cane bagasse. Hgm. borinquense strain E3 has the potential 

to utilize CW for the production of PHAs thus helping 
with both recalcitrant waste management and reducing the 
substrate expense. Our present focus is to increase the bio-
mass of strain E3 and the corresponding increase in poly-
mer accumulation. For achieving this, we are optimizing the 
PHA production media, cultivation parameters, inoculum 
size and certain steps to detoxicify the waste hydrolysate.
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