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Microbial enzymes have been used in numerous industries for several 

centuries and with the dawn of biotechnology, interest in and demand for 

enzymes with unique properties is fast escalating.  Marine 

microorganisms, by virtue of a number of distinctive characteristics, hold 

massive potential for the production of various enzymes.  The microbial 

enzymes widely used in various industries are largely sourced from 

terrestrial microorganisms such as bacteria and/or fungi (Chandrasekaran 

and Kumar, 2010) but despite the extensive work carried out on these 

sources, the tireless search for newer and better sources continues.  One 

microbial community which had hardly been explored systematically for 

enzyme production in terms of nature, purification and applications are the 

marine protists, the thraustochytrids.   

 

1.1 THRAUSTOCHYTRIDS 

Thraustochytrids are marine, osmo-heterotrophic Straminopilan protists 

with about 40 identified species (Honda et al., 1999; Raghukumar, 2002; 

Liu et al., 2014).  They occur in marine and estuarine waters (Kimura et 

al., 1999; Naganuma et al., 2006) and also in association with plant detritus 

(such as mangrove leaves and brown algae) and fecal pellets of 

zooplankton (Sathe-Pathak et al., 1993; Bremer and Talbot, 1995; 

Raghukumar et al., 1995).  They have been demonstrated to be actively 

involved in the breakdown, scavenging and mineralization of highly 

refractory organic matter by producing a variety of extracellular enzymes 

(Bongiorni et al., 2005).  Thraustochytrids form ectoplasmic nets around 

the cell, which harbour hydrolytic enzymes that are either surface bound 
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or secreted into the surroundings, thus helping them to degrade organic 

matter (Coleman and Vestal, 1987; Raghukumar, 2002) and raising the 

likelihood of their being an important component of the microbial food 

web of marine ecosystems (Raghukumar and Raghukumar, 1999; 

Raghukumar et al., 1994).   

 

Thraustochytrids, a once obscure group of protists, are now increasingly 

coming into the limelight by virtue of the diverse industrial potential of 

their cell products which include polyunsaturated fatty acids (PUFAs) and 

hydrolytic enzymes.  In fact studies on thraustochytrids have been largely 

focused on their high accumulation of polyunsaturated fatty acids, chiefly 

docosahexaenoic acid (DHA) (Raghukumar, 2008; Shirodkar et al., 2017).  

Thraustochytrids were first reported by Sparrow (1936).  They are 

unicellular protists with monocentric thalli that possess a multi-layered 

scaled wall composed largely of L-galactose (Darley et al., 1973), an 

organelle termed sagenogenetosome or bothrosome from which the 

ectoplasmic net arises (Perkins, 1973) and biflagellate heterokont 

zoospores in many of the described genera (Moss, 1991).  

 

Thraustochytrids are ubiquitously distributed in coastal and mangrove 

habitats.  They are found on algal surfaces (Booth and Miller, 1968; 

Haythorn et al., 1980; Miller and Jones, 1983), in estuarine habitats 

(Ulken, 1981), seawater (Goldstein and Belsky, 1964; Bahnweg and 

Sparrow, 1972; Gaertner, 1981) and saline soils (Booth, 1971 a, b).  Most 

early studies on thraustochytrids were undertaken in temperate, sub-
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Antarctic and Antarctic regions.  Reports from tropical and subtropical 

regions are comparatively few, although investigations are increasing 

(Raghukumar, 1987) especially in mangrove areas (Raghukumar, 1988; 

Honda et al., 1998; Fan et al., 2002; Kanchana et al., 2011; Devasia and 

Muraleedharan, 2012; Shirodkar et al., 2017).   

 

Thraustochytrids have been found in/on a variety of substrates such as 

faecal pellets of salps and marine snow (Raghukumar and Raghukumar, 

1999; Raghukumar et al., 2001).  They reproduce by means of heterokont, 

biflagellate zoospores that tend to rapidly swim towards a substrate and 

colonize it.  At the decaying stages of a phytoplankton bloom, many 

species, primarily the diatoms, secrete mucus in large amounts which form 

visible aggregates in the water column.  Such marine aggregates or marine 

snow contribute enormously towards pelagic detritus and are thought to 

be responsible for a large-scale flux of organic material to the deep sea.  

They seem to be an important niche for thraustochytrids.  According to 

Naganuma et al. (1998), Kimura et al. (1999) and Raghukumar et al. 

(2001) thraustochytrids can attain a substantial biomass in the water 

column, often rivalling that of the bacteria.  It is expected that 

thraustochytrids existing in these marine aggregates get transported to the 

deep-sea along with their substrates.  Interestingly, thraustochytrids also 

occur as the major contaminants of invertebrate primary cell cultures from 

sponges, crustaceans, tunicates, molluscs, echinoderms and cnidarians 

(Rabinowitz et al., 2006). 
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Raghukumar et al. (1992) reported several thraustochytrids isolated from 

surface-sterilized green algae Ulva fasciata and Valoniopsis pachynema, 

red algae Centroceras clavulatum and Gelidium pusillum and brown algae 

Sargassum cinereum and Padina tetrastomatica.  Marine sponges, the 

natural biofermentors of microorganisms sheltering a variety of 

microorganisms such as bacteria and fungi (Namikoshi et al., 2002), also 

harbour thraustochytrids (Rinkevich, 1999).  Six thraustochytrid isolates 

(Schizochytrium sp. KF-1, Thraustochytrium striatum KF-9, 

Schizochytrium mangrovei KF-2, KF-7, KF-12 and Ulkenia KF-13) were 

sourced from fallen, senescent (black and brown) leaves of the mangrove 

tree Kandelia candel collected from the floors of three mangrove 

ecosystems in Hong Kong, viz., Mai Po, Three Fathoms Cove and Ting 

Kok  (Fan et al., 2002).  S. mangrovei was first isolated from decaying 

mangrove leaves by Raghukumar (1988) from mangroves of Goa, India.  

Thraustochytrium gaertnerium sp. was also first identified from these 

mangroves, derived its species name in honour of Dr Alwin Gaertner, a 

pioneer in the studies of taxonomy and ecology of thraustochytrids.  

Different strains of thraustochytrids have been isolated from the Indian 

Ocean water columns, decaying mangrove leaves from Dona Paula bay, 

Goa (Damare and Raghukumar, 2008) and faecal pellets of zooplankton 

in the Arabian Sea (Raghukumar and Raghukumar, 1999), suggesting an 

abundance of thraustochytrids along the Indian coastline. 

  

Thraustochytrids had been documented by Gaertner (1968) as the most 

abundant of fungi in the marine biota and described as isolated by the pine 
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pollen baiting method using Pinus radiata pollen grains.  He held that 

these organisms could be identified only if observed under standardized 

conditions such as when pollen-baited sea water is used.  According to 

these reports, identification of thraustochytrids on agar plates might not be 

possible as abnormal development was commonly detected.  Nevertheless, 

direct detection and biomass estimations of these organisms have become 

easier with the use of the fluorescent dye acriflavine direct detection 

(AfDD) method (Raghukumar and Schaumann, 1993), wherein cell walls 

get stained with orange-to-red fluorescence and nuclei with yellow-green 

fluorescence. 

 

1.1.1 Taxonomy 

Thraustochytrids have been grouped under class Labryinthula of kingdom 

Chromista or Straminipila (Raghukumar, 2002; Burja et al., 2006).  Their 

current classification is, however, controversial due to the combination of 

their fungoid (Burja et al., 2006) and algal features.  The original 

classification was based on their morphological characteristics (Huang et 

al., 2003) and they were brought under the class Oomycetes due to the 

presence of biflagellated zoospores (Raghukumar, 2002; Bongiorni et al., 

2005b).  Later, by observations on other morphological features such as 

ectoplasmic net elements and thallus formation (Jakobsen, 2008), 

thraustochytrids and the closely related Labyrinthulids were recognised as 

belonging to a separate cluster distinct from fungi or protozoa 

(Raghukumar, 2002).  Mo et al. (2002) held that thraustochytrids should 

be classified under the family Thraustochytridae and together with 
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Labyrinthulidae, placed in a single order Labyrinthulida, and a single class 

Labyrinthulia of the phylum Labyrinthulomycota.  Classical taxonomy 

based on physical characteristics separated the kingdom Straminipila from 

that of plant and animal kingdoms, although physical characteristics used 

in thraustochytrid classification were unreliable to be useful (Lewis, 

2001).  On the basis of their cell morphology and life cycle stages 

thraustochytrids were previously classified into six genera in the family 

Thraustochytriaceae (Yokoyama and Honda, 2007; Yokoyama et al., 

2007).  The morphological development during the life cycle of these 

protists was observed in a continuous flow chamber described by 

Raghukumar (1987) and the six genera he reported were 

Thraustochytrium, Japonochytrium, Schizochytrium, Althornia, Ulkenia 

and Aplanochytrium. 

 

Rearrangement of the classification was supported by the reports of 

Yokoyama and Honda (2007) by introducing three new genera 

(Sicyoidochytrium, Botryochytrium and Perietichytrium) from the genus 

Ulkenia.  Two more genera viz., Aurantiochytrium and Oblongichytrium 

from the genus Schizochytrium were also introduced by Yokoyama et al. 

(2007).  Although these newly introduced genera were supported by 

combining their morphology, 18S rDNA taxonomy, PUFA and carotenoid 

profiles, the authors have stressed on the necessity for further clarification. 

 

Further, Huang et al. (2003) proposed that their PUFA profiles would 

divide thraustochytrids into distinctive groups.  Using isolates from the 
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Fiji islands and Japan, five groups or profiles were recognised, depending 

upon the PUFAs in the biomass of each isolate (Table 1.1).  They 

established that PUFA profiling was as effective as phylogenetic typing 

and claimed that isolates with identical PUFA profiles shared the same 

monophyletic cluster.   

 

Based on 18S rRNA analysis also (Cavelier-Smith et al., 1994) 

thraustochytrids were placed in the family Thraustochytridae and together 

with the family Labyrinthulidae, segregated into the class Labyrinthulea.  

They were then ranked under Sub-phylum Labyrinthista and into Phylum 

Heterokonta of the Kingdom Chromista (Straminipila).  However, the 

morphological taxonomy and the molecular phylogenetic analysis could 

not be correlated, hence the correct classification for thraustochytrids and 

their close relatives became further problematic (Jakobsen, 2008).  

Further, Adl et al. (2005) devised a new hierarchical system without the 

formal groups such as classes and orders.  According to this taxonomy, 

thraustochytrids were grouped under Thraustochytriaceae encompassing 

the genera Althornia, Aplanochytrium, Elnia, Japonochytrium, 

Schizochytrium, Thraustochytrium and Ulkenia.  The Labyrinthulids were 

recognised as Labyrinthulaceae with a single genus, Labyrinthula.  These 

two groups of Thraustochytrids and Labyrinthulids were ranked under 

Labyrinthulomycetes and Straminopiles (Adl et al. 2005).  A naming 

discrepancy hence existed within this group as to whether they should be 

classed under Kingdom Straminipila or grouped as Straminopiles.   
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Table 1.1: Thraustochytrid groups classified based on their PUFA 

profiles (Huang et al., 2003). 

Group/profile PUFA* 

A DHA, DPA 

B DHA, DPA, EPA 

C DHA, EPA 

D DHA, DPA, EPA, AA 

E DHA, DPA, EPA, AA, DTA 

*DHA:    docosahaexenoic acid (22:6 n-3);  

  DPA:     docosapentaenoic acid (22:5 n-6);  

  EPA:     eicosapentaenoic acid (20:5 n-3);  

   AA:      arachidonic acid (20:4 n-6) and  

  DTA:    docosatetraenoic acid (22:4 n-6) 
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As the classical kingdoms were dropped, a super group called 

Chromalveolata was developed comprising Straminopiles and all the 

super groups collected representing the Kingdom Protista (Adl et al., 2005; 

Blackwell, 2009).  More schemes of classification available were 

included, such as 5S rRNA analysis (MacKay and Doolittle, 1982), 18S 

rDNA sequence analysis (Mo et al., 2002) and Randomly Amplified 

Polymorphic DNA - Polymerase Chain Reaction (RAPD-PCR) analysis 

(Oclarit and Hepowit, 2007).  

 

Recent phylogenetic studies projected by Adl et al. (2012) have positioned 

thraustochytrids under the super group Straminopiles, Alveolates, 

Rhizaria (SAR).   According to the best of our knowledge and thorough 

literature survey, barring isolated controversial reports, there currently 

exist a total of 40 species and 10 genera of thraustochytrids: Althornia 

(Jones and Alderman, 1972), Aurantiochytrium (Yokoyama and Honda, 

2007), Botryochytrium (Yokoyama et al., 2007), Elina (Artemczuk, 1972), 

Japonochytrium (Kobayashi and Ôkubo, 1953), Parietichytrium 

(Yokoyama et al., 2007), Oblongichytrium (Yokoyama and Honda, 2007), 

Schizochytrium (Goldstein and Belsky, 1964), Sicyoidochytrium 

(Yokoyama et al., 2007), Thraustochytrium (Johnson and Sparrow, 1961) 

and Ulkenia (Gaertner, 1977). 

 

1.1.2 Ecological significance 

Thraustochytrids are copious in marine sediments, tropical and sub-

tropical mangrove organic detritus, decomposing plant matter (Burja et al., 
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2006; Perveen et al., 2006) and also as pathogens of edible marine 

invertebrates (Mo and Rinkevich, 2001; Scharer et al., 2007).  It is 

understood that these protists, with their osmo-heterotrophic mode of 

nutrition, are able to remineralise particulate and organic matter (Damare 

and Raghukumar, 2008) and therefore participate in carbon cycling and 

PUFA production in mangrove sediments (Fan et al., 2007b).  

Raghukumar and Raghukumar (1999) have shown that thraustochytrids in 

salp faecal pellets are able to withstand the high hydrostatic pressure and 

low temperature which are characteristic of the deep-sea, thus projecting 

their role in deep-sea detrital utilization also. 

 

Thraustochytrids are associated with marine plants such as epibionts, exist 

as non-parasitic associates in marine invertebrates, as saprobes on marine 

animal material and as parasites in a number of molluscs, thereby 

contributing to the ecological balance.  Also, with the production of 

PUFAs rich in DHA and EPA, they have been recognized all the more as 

important members of marine food webs.  Thraustochytrids were reported 

as the primary (first) colonisers on inorganic surfaces of glass, plastics, 

aluminium and fibreglass submerged in seawater (Sparrow, 1969; 

Raghukumar et al., 2000).  It was also observed that certain mollusc larvae 

such as those of the barnacle Balanus amphitrite associate better with 

thraustochytrid-settled marine surfaces (Raghukumar et al., 2000). 

The extent of the role of these osmoheterotrophic protists as decomposers 

is still not well defined, despite the strong hints to their contribution in the 

process.  Indeed, their capacity to produce a wide spectrum of hydrolytic 
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enzymes and specifically their ability to decompose substrates such as 

starch and agar by producing hydrolases would specifically suggest a 

substantial role in refractory marine organic substrate degradation.  

 

1.1.3 Biotechnological potential 

Thraustochytrids are now established candidates for the commercial 

production of the omega-3 polyunsaturated fatty acid DHA, which plays 

a vital role in human health and aquaculture.  Extensive screening of 

cultures from diverse habitats has yielded strains that produce lipids as 

50% of their biomass and DHA comprising at least 25% of the total fatty 

acids.  Most of the lipids are triacylglycerols while phospholipids also 

occur in a lesser amount.  Several studies have been carried out on 

optimization of DHA production.  Schizochytrium DHA is now available 

commercially as a nutritional supplement for human adults and as feeds to 

augment DHA levels in larvae of aquaculture animals (Raghukumar, 

2008).  Martek Biosciences now dominate the market for production of 

DHA from Schizochytrium, besides the commercial production of DHA-

rich oil for the food, beverage and supplement industries under the trade 

name Life’s DHATM  (of the Netherlands-based company DSM) from 

Schizochytrium, which accumulates about 40–45% DHA and 2% EPA of 

total lipids (Byreddy, 2016).  Thraustochytrids are also emerging as a 

potential source of other PUFAs such as the useful oil arachidonic acid.  

 

Australian and Indian thraustochytrid strains have been recently screened 

for their biomass and lipid production, omega-3 fatty acid content and fatty 
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acid for biodiesel (FAB) content for application in biodiesel synthesis and 

DHA production (Gupta et al., 2016).  Upon comparative analysis of the 

fatty acid profiles of these strains, Indian thraustochytrids, in view of their 

higher FAB content, have been identified with more potential for biodiesel 

production while the Australian strains were reported more suitable for 

DHA production.  Byreddy et al. (2015) have carried out lipid extraction 

by several techniques in order to facilitate release of fatty acids from these 

algal cells and thereby favour their utilization as a potential source of 

biodiesel. 

 

Research has shown that thraustochytrids, due to their adaptability to the 

coastal sediments, are used in detecting fish farm impact on certain marine 

ecosystems such as sea grass beds (Bongiorni et al., 2005b; Siboni et al., 

2010; Hong et al., 2012; Bockelmann et al., 2012).  Marine finfish and 

crustacean larvae require DHA and other PUFAs (Lewis et al., 2000), they 

being essential cell membrane constituents.  Schizochytrium has been used 

in aquaculture for significantly enriching DHA levels of rotifers and 

Artemia larvae before they are fed to larval fish and shrimp (Barclay and 

Zeller, 1996).  The formulations are marketed as ‘Docosa Gold’ of Sanders 

Brine Shrimp Company, USA and ‘Algamac’ products of Aquafauna Bio-

Marine Inc., USA.  These enriched feeds increase the survival rate and 

reduce pseudoalbinism in juvenile turbot fish (Song et al., 2007).  

Thraustochytrids enriched in B12 vitamins prior to feeding rotifers 

significantly improved their growth rate (Hayashi et al., 2007).  Diverse 

aquaculture species have particular PUFA requirements and 
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thraustochytrids with different PUFA profiles could be used to meet 

specific aquaculture demands (Lewis et al., 2000).  Also, food processing 

waste, such as fermented bread crusts might possibly have the potential to 

be used as feeds in aquaculture and poultry farms by upgrading with DHA 

addition (Fan et al., 2000). 

 

Thraustochytrids are reported to be a potential source of carotenoids 

including β-carotene and oxygenated carotenoids such as the 

xanthophylls, astaxanthin and canthaxanthin (Aki et al., 2003).  These 

antioxidants play a crucial role in human health by scavenging harmful 

free oxygen radicals (Fan and Chen, 2007a).  Burja et al. (2006) had 

suggested that production of carotenoids by thraustochytrids is probably 

to protect storage fats against oxidation.  Astaxanthin, β-carotene, 

zeaxanthin, canthaxanthin, phoenicoxanthin and echinenone production 

have been reported in thraustochytrids (Burja et al., 2006; Armenta et al., 

2006). 

 

Jain et al. (2005) have recorded the presence of sulfated extracellular 

polysaccharides from four strains of thraustochytrids.  The apparent 

absence of resting cells in Labyrinthulomycetes suggests alternative 

modes for their long-term survival, such as production of extracellular 

polysaccharides (EPS).  These EPS are known to have varied properties 

such as antiviral, antitumor, anticoagulant and also numerous applications 

in food and cosmetics industries (Sutherland, 1998).  Raghukumar et al. 

(2014) have also filed a patent on EPS with broad-spectrum antiviral 
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activities from labyrinthulomycetes.  Their invention discloses a process 

of production of antiviral polysaccharides derived from extracellular 

culture filtrate of thraustochytrids.  The antiviral polysaccharide was 

active against viruses such as the retrovirus, enterovirus, cytomegalovirus 

and adenovirus.   

 

The presence of hitherto unknown viruses in these protists have great 

potential in biotechnology (Raghukumar, 2008).  While Kazama and 

Schornstein (1972) reported herpes-type virus-like particles in 

Thraustochytrium sp., Takao et al. (2007) reported a novel single-stranded 

RNA virus and a squashed-ball like ds-DNA virus in a Schizochytrium sp. 

isolate.  

 

Thraustochytrids may also serve as model organisms for a variety of 

biochemical and molecular studies.  The remarkably rapid generation of 

membranes in the form of the ectoplasmic net elements in these organisms 

might help in understanding plasma membrane biosynthesis.  If the 

inherent property of DHA production in Labyrinthulomycetes is related to 

their membrane structure under low temperatures and high pressure 

conditions, these properties would be worth investigating in detail 

(Raghukumar, 2008).  A thraustochytrid isolate exhibited heavy metal 

tolerance to iron and manganese at 15 and 70 μM and lead at 40 nm 

concentrations (Colaco et al., 2006), prompting researchers to pursue on 

the mechanisms of tolerance to such metals in thraustochytrids.  

Hydrocarbon degradation has been demonstrated by thraustochytrids in 
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studies conducted by Raikar et al. (2001).  Up to 71% of tarballs added to 

sediments were degraded in a month and 30% added to a nutrient medium 

in a week, suggesting their potential in bioremediation. 

 

Jakobsen et al. (2007) reported that endogenously synthesized (−)-proto-

quercitol and glycine betaine were the principal compatible solutes of a 

Schizochytrium strain and three new osmotolerant isolates of 

thraustochytrids.  Thraustochytrids are thus also emerging heterotrophic 

protists holding great potential in nutraceutical industries as an excellent 

microbial factory to produce terpenes as a complement to traditional 

producers such as yeast and microalgae.  As of date, information on the 

molecular mechanisms explaining terpene productivity of thraustochytrids 

continues to be juvenile (Xie et al., 2017). 

 

Prospective studies on the basic biology of thraustochytrids comprising 

biodiversity, genome research and environmental adaptations are likely to 

open up new avenues in biotechnology.  The potential areas for 

exploration include polysaccharides, secondary metabolites and enzymes. 

Commensalistic and symbiotic microbes from marine invertebrates are a 

central target for sourcing novel secondary metabolites.  Thraustochytrids 

associated with such animals are yet to form part of the campaign in the 

discovery of novel drugs (Raghukumar, 2008).  With increasing 

discoveries on thraustochytrids pouring in, they are likely to have a more 

significant impact on marine biotechnology. 
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1.1.4 Current status on enzyme research  

Most of the earlier studies had proposed abundant protease production as 

the common characteristic of thraustochytrids (Bahnweg, 1979a; Sharma 

et al., 1994; Bongiorni et al., 2005a) and worth detailed studies.  Bongiorni 

et al. (2005) reported leucine and valine arylamidases to be common 

proteases in several thraustochytrids.  In addition, they also found lipase, 

esterase, esterase lipase as well as alkaline and acid phosphatases 

predominant in these organisms.  Thraustochytrids from mangrove areas 

were found to be capable of producing cellulases and xylanases 

(Raghukumar et al., 1994; Bremer and Talbot, 1995).  Schizochytrium 

aggregatum strain was shown to produce the extracellular cellulase 

enzyme, β-1,4-glucanase (Bremer and Talbot, 1995).  The role of 

thraustochytrids in degradation and mineralization of leaf litter was 

supported by the cellulase production by the isolate Schizochytrium 

mangrovei derived from mangrove leaves (Raghukumar et al., 1994).  

Fourteen strains of Aplanochytrium isolated from zooplankton were found 

to exhibit only protease activity, proposing their involvement in 

degradation of the complex proteinaceous component of zooplankton 

cadavers (Damare and Raghukumar, 2006).  

 

Investigations by Taoka et al. (2009) on five to eight kinds of extracellular 

enzymes produced by six strains of the thraustochytrids Schizochytrium, 

Thraustochytrium and Aurantiochytrium have been reported, wherein only 

the genus Thraustochytrium produced amylase.  No cellulase activity was 

detected from these six thraustochytrid strains but this result was attributed 
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to the use of different cellulose substrates for plate assay, rather than 

carboxymethyl cellulose (CMC).  Qualitative analysis of 14 

thraustochytrid strains belonging to the genera Aplanochytrium, 

Botryochytrium, Oblongichytrium, Parietichytrium, Schizochytrium, 

Sicyoidochytrium, Thraustochytrium and Ulkenia presented cellulolytic 

activity (Nagano et al., 2011).  Of these the only strain which displayed 

negative results for cellulolytic enzymes belonged to the genus 

Aurantiochytrium.  A total of 60 thraustochytrid strains isolated from 

marine coastal habitats and belonging to three genera, viz., 

Schizochytrium, Aurantiochytrium and Thraustochytrium, showed 

considerable cellulolytic and lipolytic activities (Liu et al., 2014).  In a 

more recent study by Gupta et al. (2016), qualitative analyses on 13 

Australian and 10 Indian thraustochytrid strains demonstrated the 

presence of a wide spectrum of enzyme activities.  The Australian strains 

were overall found to exhibit higher levels of enzyme activity.  The 

variation observed in enzymatic activities in these studies emphasises the 

significance of the role of individual thraustochytrid strains as associated 

with diverse geographical habitats. 

 

Given the prevalence of thraustochytrids as saprobes in the marine 

environment, it is not surprising if they harbour distinctive degradative 

enzymes, regardless of competition with bacteria.  There are several 

reports on extracellular production of enzymes but comprehensive studies 

on such enzymes from thraustochytrids are numbered.  Optimization of 

cultivation conditions for the production of alkaline lipases by 
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thraustochytrids was first reported from our own laboratory (Kanchana et 

al., 2011), closely followed by a study on extracellularly produced 

cellulase, xylanase and pectinase enzymes (Devasia and Muraleedharan, 

2012) and most recently on amylases (Shirodkar et al., 2017).  Overall, 

however, definitive information on the types of enzymes produced by each 

strain of thraustochytrids is deficient.  From physiological as well as 

industrial viewpoints it would thus seem significant to conduct research 

on enzymes from thraustochytrids.  In the present study, extracellular 

polysaccharide-degrading enzymes and in particular, amylases produced 

by various strains of thraustochytrids have been investigated. 

 

1.2 AMYLASES 

Amylases are hydrolytic enzymes capable of digesting starch into diverse 

products including dextrins and progressively smaller polymers composed 

of glucose units (Windish and Mhatre, 1965).  They are produced by a 

variety of living organisms but the enzymes vary in activity, specificity 

and requirements from species to species and even from tissue to tissue in 

the same organism.  Raw-starch digesting amylases are derived from 

various sources, ranging from microorganisms including fungi, yeast and 

bacteria to plants and humans (El-Fallal et al., 2012).  Amylases are 

currently among the most important enzymes in biotechnology due to their 

wide area of potential application in industrial processes such as in the 

food, fermentation, textile and paper industries, besides the 

pharmaceutical and fine-chemicals sectors (Pandey et al., 2000). 
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The history of amylase reports dates back to 1811 when Kirchhoff 

discovered the first starch-degrading enzyme (Gupta et al., 2003).  Alpha-

amylases are one of the most important and widely used enzymes. Their 

commercialization is the oldest among enzymes, with the first production 

in 1894 by Dr J. Takamine from a fungal source Aspergillus oryzae and 

use as additives in pharmaceutical digestive formulations (Crueger and 

Crueger, 1989; Sivaramakrishnan et al., 2006).  This was then followed by 

several reports on digestive and malt amylases.  In 1930, Ohlsson then 

suggested the classification of starch-degrading enzymes in malt as α- and 

β-amylases, according to the anomeric type of sugars produced by the 

enzyme reaction (Gupta et al., 2003).   

 

1.2.1 Current global status of microbial amylase research 

The biotech industry is anticipated to experience substantial growth amidst 

favourable business conditions.  By FY25 India’s biotech industry, worth 

$7 billion in FY15 and currently valued at $11 billion, is estimated to grow 

to $100 billion (Source: https://www.ibef.org/).  The industrial enzyme 

companies produce enzymes for a wide variety of applications.  The global 

market for industrial enzymes touched $4.6 billion and $4.9 billion in 2014 

and 2015, respectively.  This market is expected to increase from the 

projected $5.0 billion in 2016 to $6.3 billion in 2021 at a compound annual 

growth rate (CAGR) of 4.7% for the period 2016-2021 (Source: 

www.bccresearch.com).  The market stated here comprises of industrial 

application of enzymes such as in biofuel production, food and beverages, 

animal feed, cleaning products and other markets, besides speciality 
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applications enzymes such as in biotechnology and research, diagnostics 

and biocatalysts (Source: World Enzymes - Industry Market Research, 

2016).  The food industrial enzyme market is expected to grow from the 

nearly $1.5 billion in 2016 to $1.9 billion in 2021 at a CAGR of 4.7% from 

2016 through 2021 (Fig 1.1).  The animal feed industrial enzyme market 

is expected to grow from $1.2 billion in 2016 to nearly $1.6 billion at a 

CAGR of 5.2% from 2016 through 2021 (Source: www.bccresearch.com). 

 

Amylases are the second most broadly used industrial enzymes after 

proteases and they represent approximately 25-33% of the world enzyme 

production (Fossi et al., 2011).  Approximately half of the industrial 

enzymes are produced by filamentous fungi (Lubertozzi and Keasling, 

2009).  Moreover, at least 75 % of the industrial enzyme market was 

occupied by hydrolytic enzymes such as protease, lipase and amylase 

(Sakthi et al., 2012).  Amongst them, the starch-degrading enzyme has 

gained significance in the starch processing industry to yield simpler sugar 

constituents by polysaccharides hydrolysis (Vardhini et al., 2013), out of 

which the maximum market share in terms of enzyme sales is held by 

amylase (Deb et al., 2013). 

 

1.2.2 Microbial sources of amylases 

Alpha amylases are ubiquitous enzymes produced by plants, animals and 

microbes where they play a principal role in carbohydrate metabolism.  

Amylases derived from plant and microbial sources have been used for 

centuries as food additives, such as barley amylases in the brewing 
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Fig 1.1: Global industrial enzyme market, 2014-2021 ($, million) 
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industry and fungal amylases in oriental foods preparations 

(Sivaramakrishnan et al., 2006).  Although amylases have been widely 

distributed in nature, in terms of industrial production potential, extensive 

research has largely been focussed on their microbial sources, particularly 

fungal and bacterial, due to the various advantages that these offer (Roy, 

2013).  The increasing interest in using microbial amylases is primarily 

due to the rapid growth of microorganisms which in turn speeds up 

enzyme production.  They also offer ease of handling, require lesser space 

and hence serve as cost effective sources.  Another advantage lies in their 

ease of manipulation to obtain enzymes with desired characteristics using 

genetic engineering (de Souza and Magalhães, 2010; Gurung et al., 2013) 

by subjecting to strain improvement, mutations or other means to optimize 

the enzyme production.  Microorganisms tailored to cater to the needs of 

growing industries can offer enzymes with characteristics such as 

thermostability which are advantageous as they minimize contamination 

risk and reduce reaction time, resulting in considerable energy saving.  

Besides, hydrolysis at higher temperatures would also minimize the 

polymerization of D-glucose to iso-maltose (Kunamneni et al., 2005; 

Vengadaramana, 2013). 

 

A number of amylase-producing bacteria, fungi, other microrganisms and 

also genetically modified species of microbes have been isolated and 

characterized over many decades.  Bacteria and fungi usually secrete 

amylases outside the cells to carry out extracellular digestion (El-Fallal et 

al., 2012). 
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Bacillus sp. are the most widely used bacterial source of particular 

significance to various industries, of which B. amyloliquefaciens and B. 

licheniformis dominate in commercial production of amylases.  Other 

species explored for amylase production include B. cereus and B. subtilis. 

α-Amylases produced from B. licheniformis, B. stearothermophilus and B. 

amyloliquefaciens show promising potential in many industrial 

applications in processes such as food, fermentation, textile and paper 

industries (Coronado et al., 2000; Konsoula and Liakopoulou-Kyriakides, 

2007).  A large diversity of extracellular amylases are produced from B. 

cereus (Rhodes et al., 1987), B. circulans (Siggens, 1987), B. subtilis (El-

Banna et al., 2007), B. licheniformis (El-Banna et al., 2008) and 

Clostridium thermosulfurogenes (Hyun and Zeikus, 1985a).  

 

Thermostability is an important property to be sought in the enzyme 

researched for, as enzymatic liquefaction and starch saccharification are 

performed at high temperatures (100–110°C).  Industrial processes of 

starch degradation and production of valuable products such as crystalline 

dextrose, dextrose syrup, malto-dextrins, glucose and maltose are thus 

aided by the use of thermostable amylolytic enzymes.  The use of amylases 

produced by thermophiles partakes the reduced risk of contamination by 

mesophiles (Sundarram and Murthy, 2014).  Thermostable β-amylases 

have also been isolated from Bacillus sp. (Shinke et al., 1974; Takasaki, 

1976).  For the commercial production of thermostable α-amylase, 

bacteria belonging mainly to the genus Bacillus have been widely used 
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(Tonkova, 2006), B. subtilis, B. stearothermophilus, B. licheniformis and 

B. amyloliquefaciens being amongst the good producers.   

 

The genomes of many hyperthermophilic microorganisms possess starch-

hydrolyzing enzymes even though they live in environments where starch 

is rare (Sambrook et al., 1989).  In Thermotoga maritime, there are two α-

amylases amongst the polysaccharide-degrading enzymes described, one 

being an extracellular putative lipoprotein (AmyA) (Liebl et al., 1997) 

while the other is located in the cytoplasm (AmyB) (Lim et al., 2003).  

Geobacillus thermoleovorans has been found to produce 

hyperthermostable, high maltose-forming and Ca2+-independent α- 

amylase (Malhotra et al., 2000; Narang and Satyanarayana, 2001).  Several 

hyperthermophilic Archaea, particularly deep-sea Thermococcale and 

Sulfolobus species have been reported to produce α-amylases (Leuschner 

and Antranikian, 1995; Sunna et al., 1997).   

 

Several species of Streptomyces also secrete α-amylases, eg., S. albus 

(Andrews and Ward, 1987), S. griseus IMRU3570 (Vigal et al., 1991) and 

S. thermocyaneoviolaceus (Hang et al., 1996).  Extracellular α-amylase 

encoding gene has been cloned from many Streptomyces species (Virolle 

et al., 1988; Bahri and Ward, 1990).  α-Amylase activity of 

Thermoactinomyces species was first reported by Kuo and Hartman 

(1966).  Subsequently, several α-amylases with different characteristics 

were found through other studies (Shimizu et al., 1978; Obi and Odibo, 

1984; Uguru et al., 1997; Omar et al., 2011).  Available reports on β-



 

26 

 

amylase production amongst actinomycetes are scanty and refer mainly to 

non-thermostable enzymes (Shinke et al., 1974).  

 

Most of the liquefying amylases from Bacillus, such as those from B. 

amyloliquefaciens and B. stearothermophilus have pH optima between 5 

and 7.5 (Yamamoto, 1988).  Numerous alkaline amylases have been 

isolated from cultures of Bacillus sp. (Hayashi et al., 1988; Kim et al., 

1995).  Amylases from halophilic microorganisms remain stable at high 

salinities and hence find application in many harsh industrial processes 

involving concentrated salt solutions (de Souza and Magalhães, 2010; 

Sundarram and Murthy, 2014).  In addition, most of the enzymes from 

halobacteria tolerate substantially high temperatures and display high 

stability at room temperature for long periods (de Souza and Magalhães, 

2010).  Halophilic amylases have been characterized from halophilic 

bacteria such as Chromohalobacter sp., Halobacillus sp., Haloarcula 

hispanica, Halomonas meridiana and B. dipsosauri (Sundarram and 

Murthy, 2014).  

 

Copious extracellular α-amylase production was observed in 

Lactobacillus plantarum strain A6 (Giraud et al., 1991).  A variety of 

ruminal bacteria utilize starch as a growth substrate and are in sufficient 

numbers to be of quantitative significance in the fermentation of this 

substrate. These include Ruminobacter amylophilus, Bacteroides 

ruminicola, Butyrivibrio fibrisolvens, Selenomonas ruminantium and 

Streptococcus bovis (Russell, 1984). 
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For centuries filamentous fungi have been widely used for amylase 

production.  Commercial fungal α-amylase production is limited to a few 

species of mesophilic fungi although they are the most preferred source 

over other microbial sources because of their GRAS (Generally 

Recognized as Safe) status (Gupta et al., 2003; Anto et al., 2006; Gurung 

et al., 2013).  While fungal sources of α-amylase are confined to isolates 

of terrestrial origin, primarily to Aspergillus species and only a few species 

of Penicillium (Kathiresan and Manivannan, 2006; Gurung et al., 2013), 

those predominantly used for commercial production are the strains of 

Aspergillus sp.  Among several others, A. oryzae, A. niger and A. awamori 

are the most commonly used species (Erdal, 2010).  Amylase production 

by A. fumigatus employs submerged fermentation technique (Sundarram 

and Murthy, 2014).  In fact, amylases are the most significant industrial 

enzymes among the array of extracellular enzymes produced by 

Aspergillus species (de Souza and Magalhães, 2010; Sundarram and 

Murthy, 2014). 

 

P. brunneum is one of the few species of Penicillium employed for 

amylase production (Erdal et al., 2010).  More recently, P. fellutanum has 

been reported to produce α-amylase by submerged fermentation method, 

and P. expansum MT-1 by solid state fermentation (Sundarram and 

Murthy, 2014).  Various substrates such as wheat straw/ bran, corncob leaf 

and rye straw have been used for producing amylase from P. chrysogenum 

by solid state fermentation (Balkan and Ertan, 2007).   
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1.2.3 Types of Starch-Digesting enzymes 

A large variety of enzymes are able to convert starch into simpler products 

which could be used by microbes as energy and carbon sources.  The 

starch-digesting enzymes which mainly act upon α-(1,4) and/or α-(1,6) 

linkages of the polymer starch are glycoside hydrolases (GHs).  Most of 

the starch-converting enzymes are categorised into the GH-13 family 

which is also recognized as α-amylase family (EC 3.2.1.1) (Macgregor et 

al., 2001), while β-amylases (EC 3.2.1.2) and glucoamylases (EC 3.2.1.3) 

are grouped into GH-14 and GH-15 families, respectively (Coutinho and 

Henrissat, 1999).  These enzymes are chiefly divided into four groups: (i) 

endoamylases, (ii) exoamylases, (iii) debranching enzymes and (iv) 

transferases (Sivaramakrishnan et al., 2006; Vengadaramana, 2013).  

Starch degradation by the various amylolytic enzymes is depicted in Fig 

1.2 (Kennedy et al., 1988; Ismaya et al., 2012). 

 

(i) Endoamylases 

These enzymes cleave internal (endo) α-1,4 glycosidic bonds of amylose, 

amylopectin and related polysaccharide chains resulting in 

oligosaccharides of different chain lengths with α-anomeric products on 

C1 of the reducing glucose unit produced (Maldonado and Lopez, 1995; 

Maarel et al., 2002; Reddy et al., 2003).  Endoamylases are the most 

widely distributed group of enzymes in nature and a well-known example 

are the α-amylases (EC 3.2.1.1) (Sivaramakrishnan et al., 2006; El-Fallal 

et al., 2012).  α-Amylases are further categorized into two groups 

according to the degree of substrate hydrolysis, as liquefying and  
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Fig 1.2: Degradation of starch into sugars by amylolytic enzymes 

(Courtesy: Kennedy et al., 1988; Ismaya et al., 2012). 

The open and black coloured circles represent the reducing and non-reducing 

sugars, respectively; the cleavage occurs at the reducing sugar. 
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saccharifying α-amylases (Fukumoto and Okada, 1963; El-Fallal et al., 

2012).  Saccharifying α-amylases hydrolyse 50 to 60% of the glycosidic 

linkage in starch molecules while liquefying α-amylases hydrolyse 30 to 

40% (Leveque et al., 2000; El-Fallal et al., 2012).  Most of the α-amylases 

are extracellularly secreted enzymes, although some are also produced 

intracellularly (Ballschmiter et al., 2006).  In terms of commercial usage, 

α-amylases rank highly among the various extracellular enzymes.  

 

(ii) Exoamylases 

Enzymes classed under exoamylases either exclusively cleave α-1,4 

glycosidic bonds of starch macromolecules from the non-reducing end - 

such as β-amylase (EC 3.2.1.2) - or cleave both α-1,4 and α-1,6 glycosidic 

bonds of the external glucose residues as in amyloglucosidase or 

glucoamylase (EC 3.2.1.3) and α-glucosidase (EC 3.2.1.20), resulting in 

α- or β- anomeric products based on their substrate specificity 

(Sivaramakrishnan et al., 2006; El-Fallal et al., 2012).  This results in the 

production of low molecular weight oligosaccharides: only glucose by the 

action of glucoamylase and α-glucosidase, or maltose and β-limit dextrin 

produced as end products by β–amylase.  Glucoamylase and β-amylase 

also convert the anomeric configuration of the liberated maltose from α 

form to β (Pandey et al., 2000; El-Fallal et al., 2012).  Glucoamylase and 

α-glucosidase differ from each other with respect to their substrate 

specificity, as the former prefers long-chain polysaccharides while the 

latter acts on short malto-oligosaccharides and liberates glucose with α- 

configuration (Fogarty and Kelly, 1990; Roy, 2013).  All the 
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glucoamylases reported are glycosylated and thought to play a significant 

role in maintaining the enzyme structural stability due to the presence of 

the carbohydrate moiety (Shenoy et al., 1985, Roy 2013). The other 

amylases existing in this class are cyclodextrin glycosyltransferase (EC 

2.4.1.19) which contains an additional transglycosylation activity, 

maltogenic α-amylase (glucan-1,4-α-glucanhydrolase, EC 3.2.1.133) 

which exclusively produces maltose (Diderichsen and Christiansen, 1988) 

and maltotetraose (EC 3.2.1.60) (Robyt and Ackerman, 1931) or 

maltohexaose (EC3.2.1.98) amylases (Momma, 2000) that exclusively 

produce maltooligosaccharides. 

 

(iii) Debranching enzymes 

This group of enzymes exclusively hydrolyze α-1,6 glycosidic linkages of 

the starch polymer, yielding long linear polysaccharides 

(Sivaramakrishnan et al., 2006), e.g., isoamylase (EC 3.2.1.68) and 

pullulanase type I (EC 3.2.1.41) (Maarel et al., 2002).  These debranching 

enzymes differ mainly in their substrate preference towards pullulan 

(polymers of α-1,6 linked maltotriose units) (Bender et al., 1959; Israilides 

et al., 1999).  Pullulanases hydrolyze α-1,6 glycosidic linkage in both the 

pullulan and amylopectin molecules, while isoamylases can only 

hydrolyze α,1-6 glycosidic bonds in amylopectin (Maarel et al., 2002).  

Further, pullulanase II is another type of enzyme that hydrolyzes both α-

1,4 and α-1,6 glycosidic linkages.  This group of enzymes are also referred 

to as α-amylase–pullulanase or amylopullulanase and produce maltose and 

maltotriose as their main degradation products (Maarel et al., 2002).  
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Besides, in this group there also exists a special class of enzymes, called 

neopullulanases (EC 3.2.1.135), which apart from debranching activity, 

perform transglycosylation forming new α-1,4 or α-1,6 glycosidic bonds 

(Takata et al., 1992; Roy, 2013). 

 

(iv) Transferases 

Transferases are the group of enzymes that cleave α-1,4 glycosidic bonds 

of the donor molecule and transferring a part of the donor to the glycosidic 

acceptor, form a new glycosidic bond (Maarel et al., 2002; 

Sivaramakrishnan et al., 2006; Hii et al., 2012).  Enzymes belonging to 

this group are amylomaltase (EC 2.4.1.25) and cyclodextrin 

glycosyltransferase (EC 2.4.1.19) which form a new α-1,4 glycosidic 

bond, whereas branching enzymes (EC 2.4.1.18) form a new α-1,6 

glycosidic bond. The cyclodextrin glycosyltransferases, via an 

intramolecular transglycosylation reaction, produce cyclic 

oligosaccharides (cyclodextrins) with 6-8 glucose residues, while 

amylomaltases yield a linear product (Takaha and Smith, 1999; van der 

Veen et al., 2000; Maarel et al., 2002).  The glucan branching enzymes are 

another type of transferases which are involved in glycogen synthesis in 

many microbes by forming α-1,6 glycosidic bond in the side chains of 

glycogen (Maarel et al., 2002; Roy, 2013). 

 

1.2.4  α-Amylases : structural characteristics 

α-Amylases from varied organisms share about 30% amino acid sequence 

identity and all belong to the same family GH-13 (Henrissat and Bairoch, 
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1993).  The 3D structure of α-amylases show that most of them are 

monomeric, calcium-containing enzymes, with a single polypeptide chain 

folded into three domains (A-C).  The domain A being the largest is placed 

centrally and forms the core of the molecule.  It consists of a highly 

symmetrical fold of eight parallel β-strands organized in a barrel encircled 

by eight α-helices.  This structure is called (β/α)8 barrel or TIM barrel (Fig 

1.3) structure.  The TIM barrel structure consists of the catalytic site 

residues situated in loops at the C-termini of β-strands (El-Fallal et al., 

2012; Roy 2013; Swargiari, 2015).  They possess four highly conserved 

regions (I-IV) in their primary sequence, which contain the amino acids 

that actively take part in catalysis or maintain the stability of the conserved  

TIM barrel topology (Kuriki and Imanaka, 1999; Kuriki et al., 2005).  This 

is a characteristic of all the enzymes belonging to α/β–barrel protein family 

(Farber and Petsko, 1990).  These highly conserved regions are located 

within the TIM-barrel on β-strands 3, 4 and 5 and in the loop connecting 

β-strand 7 to α-helix 7 (Fig 1.4) (Nielsen and Borchert, 2000).  The region 

I comprises residues that are present in the C-terminal end of the β-strand 

3 (β3).  It also contains the histidine residue which interacts with the 

glucose residue of the substrate (Nielsen and Borchert, 2000; 

Sivaramakrishnan et al., 2006).  Region II (Fig 1.4) contains the Asp and 

invariable Arg residues, located in the C-terminal of the β4 strand, which 

act as the nucleophile during catalysis (Nielsen and Borchert, 2000; 

Sivaramakrishnan et al., 2006).  These two residues are indispensable for 

carrying out the catalytic activity as they are the highest conserved 

residues in almost all the α-amylases (Svensson, 1994).  The Lys and His 
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Fig 1.3: Domain organization in α-amylases 

Domain A is shown in red, domain B in cyan, and domain C in green. The structure 

of this amylase is prepared using homology modelling. The sequence information 

for homology modelling is obtained from NCBI database for Gt-amyI amylase 

(Mehta and Satyanarayana, 2013a). 
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Fig 1.4: Topology illustration of α-amylase family 

The four highly conserved sequences are indicated with dashed boxes, as adapted 

from Nielsen and Borchert (2000). 
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residues are the other two less conserved residues found in this region, 

which are known to bind the reducing end of the glucose chain in the 

substrate binding cleft (Svensson, 1994).  The region III (Fig 1.4) 

comprises of only Glu on β5 strand of the TIM barrel at C-terminus as the 

most conserved residue, which acts as a proton donor/acceptor in the 

catalysis (Nielsen and Borchert, 2000; Sivaramakrishnan et al., 2006).  

Region IV (Fig 1.4) consists of residues Asp and His in the loop 

connecting β7 to α7, which protects the active site from the solvent, 

consequently stabilizing the catalytic domain (Katsuya et al., 1998; 

Swargiari, 2015).  This loop has been observed to be flexible allowing the 

substrate to bind and distort.  The Asp residue is believed to be involved 

in substrate binding by formation of hydrogen bonds with the substrate 

glucose residue and thus the distortion (Nielsen and Borchert, 2000; 

Sivaramakrishnan et al., 2006).  In addition to the above four conserved 

sequence regions comprising the catalytic and substrate binding residues 

of the individual family members of α-amylases, there are three additional 

conserved regions identified, which are believed to contain amino acid 

residues connected to a given enzyme specificity (Janecek, 1992, Janecek 

et al., 1995).  Of these three regions, two regions roughly cover the strands 

of α2 and α8 of the catalytic (β/α)8 barrel and one is located near the C-

terminus of domain B.  This region consists of an invariable Asp residue 

present in the domain B, which is believed to be involved in coordinating 

the conserved calcium ion and the hinge region of domain B (Janecek, 

2002). 
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The domain B of α-amylases extends between β3 and α3, consisting of 

about 44 to 133 amino acid residues.  It plays a role in substrate or Ca2+ 

binding (Marc et al., 2002).  Domain C is relatively conserved and folds 

into an antiparallel β-barrel.  Depending on the amylase source and type, 

orientation of domain C relative to domain A varies (Bayer et al., 1995; 

Tiwari et al., 2015).  The function of this domain is unknown.   

 

Structural studies have confirmed that the active sites of GH-13 are 

composed of multiple binding sites or sub-sites for the sugar units of 

polymeric substrates.  The active site cleft is formed by the carboxyl end 

of β-sheets in the TIM barrel and is located at the interface between 

domain A and domain B.  The substrate-binding clefts are commonly lined 

with aromatic residues which make hydrophobic stacking interactions 

with the sugar rings.  In addition, depending upon species the active sites 

can accommodate about four to ten glucose units (El-Fallal et al., 2012; 

Roy, 2013).  

 

1.2.5 Mode of action of α-amylases 

Alpha amylases are generally endo-acting, internally hydrolyzing the α-

1,4 glycosidic bonds of starch polymers.  There have been several 

proposed models for the action pattern of amylase, such as the random 

action and the multiple attack action models (El-Fallal et al., 2012).  

Random action has also been referred to as a single attack or multi-chain 

attack action (Azhari and Lotan, 1991); in the former, the polymer 

molecule is continuously hydrolysed entirely before dissociation of the 
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enzyme-substrate complex, whereas in the latter, only one bond is 

hydrolysed per effective encounter.  The multiple attack action is an 

intermediate between single-chain and multi-chain action (Bijttebier et al., 

2008), where the enzyme, before dissociating from the substrate, cleaves 

a number of glycosidic bonds consecutively after the first (random) 

hydrolytic attack.  It is hence evident that the multiple attack action is a 

generally accepted concept to explain the differences in action pattern of 

amylases (Svensson et al., 2002; Kramhøft et al., 2005), although it is 

believed that most of the endoamylases have a low to very low level of 

multiple attack action (Bijttebier et al., 2008).    Bijttebier et al. (2007) 

have reported that the level of multiple attack of several endoamylases 

increased with temperature, to a degree depending on the amylase itself.   

 

1.2.6 Microbial production of α-amylases 

The principal advantage of using microorganisms for the production of 

amylases is the ease of their manipulation and economical bulk production 

capacity to achieve desired characteristics in the enzymes (Lonsane and 

Ramesh, 1990; El-Fallal et al., 2012).  The key step for production lies in 

screening for suitable α-amylase producers, which is achieved by gauging 

starch hydrolysis, usually carried out directly on plates and detected as 

clear zones around the colonies.  The potency of the amylases is directly 

related to the diameter of the area of hydrolysis. 

 

There are essentially two methods employed in production of α-amylases 

on a commercial scale: (i) Submerged fermentation (SmF) and (ii) Solid 
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State fermentation (SSF) (Gupta et al., 2003; Sundarram and Murthy, 

2014).  Amylases have been traditionally obtained through SmF and many 

well-known biotechnology companies such as Novozymes and MAPS are 

employing SmF for the production of microbial enzymes.  In comparison, 

SSF is a fairly new method, now gaining attention and popularity 

(Swargiari and Baruah, 2012; Swargiari, 2015) due to the ease of handling 

and greater control of environmental factors such as temperature and pH.  

Alpha amylase production by SmF and SSF has been thoroughly 

investigated and is observed to be affected by various physicochemical 

factors (Gupta et al., 2003).   

 

1.2.6.1 Physiochemical parameters 

Various physicochemical parameters such as carbon and nitrogen source, 

phosphate, metal ions, pH, temperature, agitation and incubation time 

have been studied for their role in α-amylase production. 

 

(i) Substrate: Carbon source 

A low cost medium is always desirable for industrial production of 

microbial metabolites.  Synthetic media have generally been used for the 

production of amylases by SmF (Gupta et al., 2003; Sivaramakrishnan et 

al., 2006; Khan and Priya, 2011; Swargiari and Baruah, 2012).  The 

contents of synthetic media (such as nutrient broth and soluble starch) 

being expensive, it is desirable that they be replaced by several other 

cheaper agricultural by-products through SSF, thereby reducing the 

overall cost of the medium.  SSF is similar to natural microbiological 
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processes as composting and ensiling and can be controlled in a way so as 

to get the desired product (Sivaramakrishnan et al., 2006; Swargiari, 

2015).  Substrates used so far in SSF for α-amylase production are wheat 

bran, rice bran, rice husk, sunflower meal, cotton seed meal, soybean meal 

and pearl millet (Haq et al., 2003; Prabhakar et al., 2005; Regulapati et al., 

2007).  Amongst these, wheat bran has been reported to be the most 

promising (Sivaramakrishnan et al., 2006).  The SSF technique is 

generally restricted to the process involving fungi.  Nevertheless, a few 

Bacillus sp. have also shown growth and production of α-amylase by SSF 

(Saxena and Singh, 2011).  

 

Alpha amylase is an inducible enzyme, stimulated generally in the 

presence of starch or maltose, its hydrolytic product.  Most reports 

available on the inducibility of α-amylase in diverse strains of A. oryzae 

suggest that maltose is a common inducer.  In spite of various carbon 

sources such as glucose and maltose being used in the production of α-

amylase, the usage of starch remains promising and popular (El-Fallal et 

al., 2012).  Other non-conventional substrates such as lactose, casitone, 

fructose, oilseed cakes and starch processing waste water have also been 

used for the production of α-amylase (Gupta et al., 2003). 

 

The inducible nature of α-amylase has been documented for different 

microorganisms (Aiyer, 2004; Ryan et al., 2006; Asoodeh et al., 2010; 

Abou Dobara et al., 2011).  Production of α-amylase is also subjected to 

catabolite repression by maltose and glucose, like most other inducible 
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enzymes that are affected by substrate hydrolytic products (Bhella and 

Altosaar, 1988; Morkeberg et al., 1995).  Strains of Bacillus have, 

however, been reported to synthesize α-amylase, without being subjected 

to catabolite repression by monosaccharides (Kalishwaralal et al., 2010).  

In another report by Gupta et al. (2003) xylose and fructose have been 

recorded as strongly repressive to α-amylase synthesis. 

 

(ii) Nitrogen source 

α-Amylase production is largely affected by the nitrogen source added as 

a basal component of the medium.  In addition to providing nitrogen, it 

also serves as a metal ion source and a pH controller (El-Fallal et al., 

2012).  The nitrogen sources used for α-amylase production can be organic 

or inorganic.  Many investigations have been reported on organic nitrogen 

sources supporting maximum production of α-amylase by several bacteria 

(Saxena et al., 2007; Mrudula and Kokila, 2010; Aqeel and Umar, 2010; 

Abou Dobara et al., 2011).   Yeast extract, peptone and soyabean meal are 

the most commonly used organic sources of nitrogen (Paquet et al., 1991).  

In SSF, peptone is generally the most high yielding nitrogen source.  

However, Gupta et al. (2003) have also reported high amylase production 

in fungi using various inorganic salts.  Some of the inorganic nitrogen 

sources employed in α-amylase production include ammonium sulphate, 

ammonium chloride and ammonium hydrogen phosphate (Sundarram and 

Murthy, 2014).  Ammonium chloride was found to augment α-amylase 

production by Thermoactinomyces vulgaris (Abou Dobara et al., 2011). 
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Alpha amylase production has also been reported to be affected by amino 

acids in conjunction with vitamins.  Increase in α-amylase production by 

incorporation of organic nitrogen sources could also thus be attributed to 

the high nutritional amino acid and vitamin content (El-Fallal et al., 2012).  

However, no definitive conclusion could be drawn on the role of amino 

acids and vitamins in enhancing enzyme production in different 

microorganisms as the reports are highly variable (Gupta et al., 2003). 

 

(iii) Phosphate 

As phosphate plays an important regulatory role in the synthesis of 

primary and secondary metabolites in microorganisms, it would affect 

microbial growth and thereby have an effect on α-amylase production also 

(Dean, 1972; Gupta et al., 2003).  A substantial increase in enzyme 

production as well as conidiation in A. oryzae has been reported with 

phosphate levels above 0.2 M (Ueno et al., 1987).  Similar observations 

were made for B. amyloliquefaciens wherein low cell density and no α-

amylase production were recorded as a result of low levels of phosphate 

(Hillier et al., 1997).  In contrast, a report by Zhang et al. (1983) records 

inhibitory effects of high phosphate concentrations on enzyme production 

by B. amyloliquefaciens.  Yet another report on A. oryzae 557 had shown 

α-amylase accumulation in mycelia when grown in phosphate deficient 

medium (Yabuki et al., 1977).  
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(iv) Metal ions 

Metal ions such as K+, Na+, Fe2+, Mn2+, Mo2+, Cl- and SO4
2- were reported 

to have no effect on amylase production by A. oryzae EI 212, while Ca2+ 

was observed to be inhibitory (Kundu et al., 1973; Gupta et al., 2003).  The 

metal ion Mg2+ was found to play an important role as enzyme production 

by this organism was reduced by half in its absence in the medium.  Wu et 

al. (1999) reported stimulation of enzyme production in Bacillus sp. CRP 

strain by metal ions Na+ and Mg2+.  Increased yield of α-amylase in B. 

amyloliquefaciens was observed with addition of zeolites used to control 

ammonium ions (Pazlarova and Votruba, 1996).  In Streptomyces sp., an 

inverse relationship between growth rate and α-amylase production was 

observed, irrespective of the presence of Co2+ (McMahon et al., 1997), 

whereas Gupta et al. (2003) have reported that although the presence of 

Co2+ enhanced the final biomass levels 13-fold, there was a reduction in 

enzyme yield.  

 

(v) pH 

The pH of the growth medium plays a vital role by inducing morphological 

changes in the organism and hence in enzyme secretion.  A pH change 

during the growth of the organism would critically affect stability of the 

enzyme being produced in the medium, making it essential to control the 

pH of the production process (Sundarram and Murthy, 2014).  Commercial 

bacterial α-amylase production by SmF has an optimum pH between 6.0 

and 7.0 for most Bacillus strains, both for growth as well as enzyme 

production.  The same is also true for strains used in enzyme production 
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by SSF (Gupta et al., 2003).   In case of fungi, the need for pH control is 

at times observed to be eliminated due to the buffering capacity of some 

media constituents (Chahal, 1983).  The pH of the medium was reported 

to serve as a valuable indicator of the initiation and end of enzyme 

synthesis (Friedrich et al., 1989) as change in pH would also affect α-

amylase stability in the medium (Calamai et al., 2005).  It is noteworthy 

that the α-amylase active site comprises numerous positive and neutral 

charged groups (Lawson et al., 1994; Strokopytov et al., 1996; Uitdehaag 

et al., 1999) explaining the fact that most α-amylases have pH optima in 

the acidic to neutral range (Pandey et al., 2000; Bozic et al., 2011; Sun et 

al., 2010). 

 

(vi) Temperature 

In amylase production the influence of temperature is generally related to 

growth of the organism.  The optimum temperature for enzyme production 

would thus depend on whether the culture is thermophilic, mesophilic or 

psychrophilic (El-Fallal et al., 2012).  Throughout the enzyme production 

process, two temperatures would hence need to be adjusted to the optimum 

range, that for optimum growth of the microbe and that at which maximum 

enzyme production is achieved (Sundarram and Murthy, 2014). 

 

Among fungi and actinomycetes, most amylase production studies carried 

out displayed optimum yields within the range when grown at 25°C- 40°C 

(Gupta et al., 2003; El-Fallal et al., 2012).  However, thermophilic 

microbes such as the fungus Thermomyces lanuginosus (Mishra and 
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Maheshwari, 1996) and the actinomycetes Thermomonospora fusca 

(Busch and Stutzenberger, 1997) and T. vulgaris (Abou Dobara et al., 

2011) have been reported to produce α-amylase optimally at 50°C, 55°C 

and 55°C, respectively.  On the other hand, α-amylase has been produced 

at a much broader temperature range by bacteria, with optima as high as 

90°C in Thermococcale and Sulfolobus sp. (Leuschner and Antranikian, 

1995; Sunna et al., 1997; El-Fallal et al., 2012). 

 

(vii) Incubation time 

Duration of a fermentation process is indeed a crucial factor.  Many 

investigations have shown that extracellular α-amylase production is 

growth associated (Murthy et al., 2009; Asoodeh et al., 2010; Abou 

Dobara et al., 2011) and that maximum yield of the enzyme cannot be 

achieved if the fermentation process is not carried out for the optimum 

duration required.  In most cases, enzyme production has also been 

observed to decline if the incubation was continued for a longer period, 

probably due to nutrient depletion in the medium (Lévêque et al., 2000; 

Raul et al., 2014), release of toxic substances (Sundarram and Murthy, 

2014), inhibition by by-products of substrate hydrolysis and differential 

inactivation by proteases and/or pH variation during cultivation conditions 

(Tuohy and Coughlan, 1992; Wang et al., 1993).  There have also been 

reports on accumulation of sugars over a critical concentration in the 

medium, causing inhibition of enzyme production (Dona et al., 2010; 

Wang et al., 2006).  
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(viii) Agitation 

Intensity of agitation impacts the mixing and oxygen transfer rates in 

several fungal fermentation processes, thereby influencing mycelial 

morphology and product formation (Bhavaraju and Blanch, 1976; 

Friedrich et al., 1989; Amanullah et al., 1999).  Detrimental effects on 

mycelial growth and hence enzyme production would invariably occur as 

a result of higher agitation speeds.  Conversely, it is also reported that such 

variations in mycelial morphology do not affect production of enzyme at 

a constant specific growth rate (Amanullah et al., 1999).  Agitation 

intensities of up to 300 rpm have been typically employed for amylase 

production from different microorganisms (Gupta et al., 2003). 

 

(ix) Moisture  

Depending on the microbial source, the optimum levels of initial moisture 

content required would vary.  In case of fungi, the requirement of moisture 

content for high enzyme yield is less as compared to bacteria (Lévêque et 

al., 2000).  In addition to the microbial source, the optimal initial moisture 

content also depends on the substrate used.  This could be due to fact that 

some substrates have a better water holding capacity, permitting a 

comparatively lower initial moisture content.  High water tension and low 

solubility of the nutrients account for the low yield of enzyme at low 

moisture content while high moisture content results in swelling of 

substrate which further ensures enhanced nutrient uptake by microbes.  

Beyond the optimum level, decrease in enzyme yield is observed with any 

further increase in moisture content, for many probable reasons such as 
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reduction in inter-particle distance and the resultant agglomeration of 

substrate particles.  In addition, the reduction in gas volume and diffusion 

would lead to impaired oxygen transfer (Lévêque et al., 2000; Prakasham 

et al., 2007). 

 

1.2.7 Determination of α-amylase activity 

There are several methods available for determining α-amylase activity.  

They are based on increase in reducing sugars, decrease in starch-iodine 

colour intensity, degradation of colour-complexed substrate or decrease in 

starch suspension viscosity (Gupta et al., 2003).  For α-amylase assays, 

generally soluble starch or modified starch is used as the substrate.  Some 

of the routinely used methods are discussed below.  

 

1.2.7.1 Increase in reducing sugars (Dinitrosalicyclic acid method) 

The reducing sugars liberated due to amylase action on starch may be 

measured spectrophotometrically (Bin et al., 1999).  The most commonly 

used is the 3,5-dinitrosalisylic acid (DNS) method (Miller, 1959). 

However the colour developed in the reaction is not strictly proportional 

to the amount of reducing sugars present but also to the length of the 

oligosaccharides, leading to higher apparent reducing values with longer 

sugars (Robyt and Whelan, 1972).  Besides, the DNS itself tends to break 

down the substrate.  Alternate methods which rely on estimation of 

reducing sugars are also employed (Mishra and Maheshwari, 1996). 
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1.2.7.2 Decrease in starch-iodine colour intensity 

α-Amylase activity can be determined based on the principle that starch 

forms a deep blue coloured complex upon reaction with iodine (Hollo and 

Szeitli, 1968), which changes to a reddish brown colour on further 

hydrolysis of starch.  Several quantitative assays have been described to 

measure amylases based on this property (Swain et al., 2006).  

 

(i) Dextrinizing Activity 

The assay involves reaction of amylase solution with soluble starch as 

substrate.  The reaction is stopped using dilute HCl and iodine solution 

(KI, Iodine) is then added to form a coloured complex with the undigested 

starch in the reaction mixture.  The decline in absorbance is monitored as 

a measure of enzyme units (Fuwa, 1954). 

 

Interference is the major drawback in this assay.  Media components, 

including Luria broth, peptone, tryptone, corn steep liquor (CSL) and thiol 

compounds interfere with the starch-iodine complex.  Hydrogen peroxide 

and copper sulphate protect the starch-iodine colour against interference 

by these media components (Manonmani and Kunhi, 1999).  Zinc sulphate 

was found to be best for counteracting the interference of various other 

metal ions (Gupta et al., 2003).  

 

(ii) Sandstedt Kneen and Blish (SKB) method 

This is one of the most widely accepted methods used in the baking 

industry for determination of amylases (Sandstedt et al., 1939; Gupta et 
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al., 2003) and the potency of most commercial amylases is described in 

terms of SKB units (Gupta et al., 2003).  This method is generally used to 

express the diastatic strength of the malt and not merely for expressing α-

amylase activity (Kulp, 1993). 

 

(iii) Indian pharmacopoeia method 

This method, as described in the Indian pharmacopoeia, is used to 

calculate α-amylase activity in terms of gram of starch digested by a 

particular volume of enzyme (Indian Standard, 1982).  It involves 

incubation of the enzyme in a range of dilutions in buffered starch 

followed by addition of Iodine solution to form a coloured complex.  The 

reaction in the tube which shows no blue colour is then used to calculate 

amylase activity.  The method is generally employed for determining α-

amylase activity in cereals (Gupta et al., 2003; Sundarram and Murthy, 

2014).  

 

1.2.7.3 Degradation of colour-complexed substrate 

These methods involve the use of starch covalently complexed with a blue 

dye such as Remazol Brilliant Blue R (Ceska et al., 1969) or Cibacron 

Blue F3 G-A (Dhawale et al., 1982) as an alternative substrate.  The 

synthesis of these substrates is carried out using the dye to colour the 

substrate soluble starch under alkaline conditions, thus forming covalent 

bonds between starch and dye molecules.  Further, the coloured starch is 

cross-linked by addition of 1,4-butanediol diglycide ether, forming an 

insoluble network which swells in water.  Thus upon enzymatic hydrolysis 
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these insoluble starch derivatives thus yield soluble starch hydrolysates 

carrying the coloured marker.  This is a simple method for α-amylase 

detection but very sensitive as even a minute presence of glucose can lead 

to erroneous results due to starch contamination by dextrin substrate 

(Dhawale et al., 1982).  More lately, a rapid and sensitive microassay 

based on dye cross-linked starch has been reported, which can successfully 

detect enzyme as low as 0-50 ng (Wong et al., 2000). 

 

Many new substrates such as nitrophenyl derivatives of maltosaccharides 

have also been reported which measure the release of free p-nitrophenyl 

groups.  While nitrophenyl-maltosaccharides along with α-glucosidase 

from yeast are also being used, these substrates are rapidly cleaved by 

glucoamylases normally present in most culture broths.  The use of non-

reducing end blocked p-nitrophenyl maltoheptoside (BPNPG7) has also 

been reported (Sheehan and Mc Cleary, 1988).  The blocking group (4,6-

O-benzylidene) inhibits the substrate hydrolysis by exo-acting enzymes 

and is thus α-amylase specific.  This assay is simple, reliable and accurate 

although expensive due to the use of specific enzymes and synthetic 

substrate, hence limiting its use to only very specific tests rather than 

routine analysis.  Upon evaluation of the BPNPG7 use with a number of 

accepted procedures employing starch as the substrate and monitoring the 

reaction using the starch-iodine colour, excellent correlation between each 

of the assay procedures was observed (Sheehan and Mc Cleary, 1988).  

This indicated that all the methods gave accurate and reliable α-amylase 

activity measurements and hence could be used as per the requirement.  
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These are available as commercial kits but it is reported that α-amylases 

exhibit lower affinity for low molecular weight substrates (Gupta et al., 

2003).  

 

1.2.7.4 Decrease in viscosity of the starch suspension 

Methods based on measuring the decrease in viscosity of starch suspension 

are generally used in the baking industry to assess quality of the flour.  

There are two assay procedures which measure enzyme activity based on 

this property, viz., falling number method and the amylograph/farinograph 

test (Gupta et al., 2003; Sundarram and Murthy, 2014). 

 

(i) Falling number (FN) method 

The internationally standardised FN method, also called the Hagberg 

Number method is popular for measuring cereal α-amylase activity in 

flour-enzyme preparations at 100oC.  The fermentation of flour deficient 

in amylase activities is improved by the cereal as well as fungal α-

amylases.  Normally malted flour has a falling number of around 400 

(Gupta et al., 2003; Sundarram and Murthy, 2014). 

 

(ii) Amylograph/Farinograph test 

Baking and milling industries commonly evaluate the diastatic activity of 

flours by using an amylograph.  This test is based on the relationship 

between enzyme activity and peak viscosity of starch slurry, lower the 

slurry viscosity, higher being the enzyme activity.  The values of 400-600 
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Brabender units of the Farinograph for flour are considered optimal for 

baking bread (Gupta et al., 2003; Sundarram and Murthy, 2014). 

 

1.2.8 Purification of microbial amylases 

The purification strategies employed in downstream processing totally 

depend on the purity requirement, processing cost, market demand and 

available technology (Sivaramakrishnan et al., 2006; Roy, 2013).  Bulk 

quantity industrial production of amylases requires less or no downstream 

processing as most commercial uses of the enzyme do not call for it in a 

purified form.  Conversely, applications such as in the pharmaceutical and 

clinical sectors or in studies of structure-function relationships and 

biochemical property determination of the enzyme require very high 

purity amylases (Gupta et al., 2003). 

 

Downstream methods generally employed in the purification of α-

amylases from microbial sources are precipitation, liquid-liquid extraction 

and chromatography, based on the properties of the desired enzyme.  A 

series of steps involving a suitable combination of these methods are 

adopted to achieve high purity enzyme.  Initially the crude enzyme from 

the fermented broth is obtained by filtration or centrifugation.  This crude 

enzyme sample is then treated by the classical approaches of precipitation 

and concentration using ammonium sulphate precipitation or organic 

solvents such as chilled acetone/ethanol.  Furthermore, for separation and 

purification of the desired enzyme, chromatographic techniques such as 

gel filtration, ion exchange or affinity chromatography may be followed 
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after any concentration or dialysis step that may be required.  The purity 

of the separated amylase can then be ascertained using electrophoretic 

procedures or analysed by size exclusion chromatography and the 

molecular weight of the purified protein determined (Pandey et al., 2000; 

Sundarram and Murthy, 2014).  The different strategies employed for α-

amylase purification from several sources are depicted in Table 1.2.  The 

endless efforts for development of large-scale cost effective purification 

processes have resulted in evolution of techniques that provide fast, 

efficient, economical and consistent procedures for purification of 

amylases with reduction in processing steps (Sivaramakrishnan et al., 

2006).  

 

1.2.9 Biochemical properties of α-amylases 

The diverse applications of α-amylases generate the necessity to search for 

novel enzymes with improved properties.  The purified enzyme is hence 

often subjected to characterisation studies wherein properties such as 

enzyme concentration, temperature, pH, ideal substrate (specificity and 

concentration), presence of metal ions and other stabilizing agents are 

addressed. From these data, α-amylases with characteristics suitable for 

the particular industrial process or application are then suitably selected as 

per the demand. For this reason the physicochemical properties of α- 

amylases from various microbial sources have been extensively 

documented. 

 

As in the case of other enzymes, the specificity of substrate for the α- 
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Table 1.2: Various strategies employed for α-amylase purification 

from different microbial sources (courtesy, Gupta et al., 2003) 
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amylases differs from one microorganism to another.  Generally, α-

amylases exhibit highest specificity towards starch, followed by amylose, 

amylopectin, cyclodextrin, glycogen and maltotriose (Gupta et al., 2003).  

The pH optima of α-amylases vary from acidic to neutral to alkaline range.  

They are generally stable over a wide range, although instances of narrow 

range stability have also been reported in literature (Gupta et al., 2003; 

Sivaramakrishnan et al., 2006).    

 

The optimum temperature for α-amylase activity is related to that for 

growth of the microorganism secreting the enzyme (Vihinen and 

Mantsala, 1989).  Temperature optima as low as 25-30oC (Chary and 

Reddy, 1985) to as high as 100-130oC (Fogarty and Kelly, 1980; Ray et 

al., 1995) have been cited.  There have been reports wherein the 

temperature optima of amylases are said to be dependent on calcium 

(Kobayashi et al., 1986) or sodium chloride (Coronado et al., 2000).  In 

order to economize the starch conversion process, it is desirable to have α-

amylases active at high temperatures of gelatinization (100–110°C) and 

liquefaction (80–90°C).  Hence there is a need for continual search for 

more thermophilic and thermostable α-amylases (Burhan et al., 2003).  

Thermostabilities at 100oC for 4 h have been reported fromB. 

licheniformis CUMC 305 (Krishnan and Chandra, 1983).  It has been 

known that many factors affect thermostability of the enzyme such as 

presence of substrate, calcium and also other stabilisers (Vihinen and 

Mantsala, 1989). 
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Metal ions, particularly those of heavy metals, sulphydryl group reagents, 

N-bromosuccinimide, p-hydroxyl mercuribenzoic acid, iodoacetate, 

bovine serum albumin (BSA), ethylenediaminetetraacetic acid (EDTA) 

and ethylene glycol tetraacetic acid (EGTA) have been shown to inhibit α-

amylases from different sources (Gupta et al., 2003).  Inhibition of enzyme 

activity by metal chelators indicates requirement of certain metal ions for 

the activity.  Most of α-amylases are known to be metalloenzymes, having 

divalent ions such as Ca2+, Mg2+, Mn2+, Zn2+, Fe2+, etc. (Pandey et al., 

2000).  Ca2+ was reported to have a much stronger affinity than other ions.  

The stabilizing effect of this ion on the enzyme could be described as 

owing to salting out of hydrophobic residues by the Ca2+ in the protein, 

thereby causing compact structure adoption (Goyal et al., 2005).  There 

have also been reports on calcium-independent enzymes (Laderman et al., 

1993; Malhotra et al., 2000).  Molecular weights from about 10 to 210 kDa 

have been reported for α-amylases.  However, most microbial α-amylases 

usually have molecular weights in the range of 50-60 kDa (Vihinen and 

Mantsala, 1989).  The molecular weights of some α-amylases are raised 

by the carbohydrate moieties in them.  While the presence of glycoproteins 

has been identified, (Matsuzaki et al., 1974; Eriksen et al., 1998), 

glycosylation of bacterial amylases is rare. 

 

1.2.10 Application of α-amylases in biotechnology 

Starch-based industries largely use hydrolytic enzymes for the hydrolysis 

and modification of starch polymers into various useful products (Haki 

and Rakshit, 2003).  Of these, amylases have the distinction of being the 
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oldest commercialized enzymes, having been first used in 1984 as a 

pharmaceutical drug for the treatment of digestive disorders (Gupta et al., 

2003).  Since then this enzyme has found innumerable applications in 

various industries such as starch hydrolysis, food, detergent, textile and 

paper.  Lately, amylases have also shown clear potential in pharmaceutical 

and fine chemical industries.  Some of the applications of α-amylases are 

outlined below. 

 

1.2.10.1 Starch-based industries  

The main market for α-amylases lies in the starch industry, in which 

production of sugar syrups such as glucose, maltose, maltotriose, dextrins 

sugar and fructose by the starch conversion process constitutes the major 

part.  The hydrolysates formed are extensively used as sweetening agents 

in food processing industries and as carbon source in fermentation (Reddy 

et al., 2003).  Traditionally, starch breakdown was carried out by acid 

hydrolysis.  Of late, however, this has been completely replaced by 

enzyme-based hydrolysis as it offers various advantages such as stability 

of the generated products, lower energy requirements, specificity of the 

reaction and elimination of neutralization steps, besides being cost-

effective and environmental friendly (Satyanarayana et al., 2005). 

 

In starch processing industries, bacterial α-amylase and fungal 

glucoamylase synergistically carry out the starch conversion process.  This 

enzymatic starch conversion is comprised of the following three steps: 

gelatinization, which includes dissolution of starch granules, liquefaction, 
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which partly hydrolyses and reduces viscosity, and saccharification which 

involves the complete breakdown into glucose and maltose (Mobini-

Dehkordi and Javan, 2012).  The initial two steps require α-amylases with 

activity at higher temperature as these steps are carried out at higher 

temperatures of 70-80°C.  Enzymes from Bacillus sp. are mostly preferred 

for this application on account of their remarkable thermostability 

(Prakash and Jaiswal, 2010).  The use of thermostable α-amylases also 

reduces the contamination risk and process reaction time, thereby saving 

energy (Pandey et al., 2000), besides minimizing the polymerization of D-

glucose into isomaltose (van der Maarel et al., 2002).  The third step of 

saccharification is carried out by fungal glucoamylases which act on the 

starch-sugar mixture facilitating conversion into simple sugars.  The 

glucose obtained in this process can then be converted into high fructose 

containing syrups (HFCS, 42% fructose) by enzymatic isomerization into 

fructose using glucose isomerase.  While HFCS finds use in many food 

industries, the major application continues to be in the beverage industry 

as a sweetener in soft drinks (Ramachandran et al., 2004). 

 

1.2.10.2 The food industry 

α-Amylases are widely employed in processed-food industries such as 

brewing, baking, production of cakes, preparation of digestive aids, starch 

syrups and fruit juices (Couto and Sanromán, 2006).  In the bread baking 

industry, the enzyme is added to the dough to degrade the starch in the 

flour into smaller dextrins which are subsequently fermented by the yeast.  

The addition of the enzyme to the dough enhances the fermentation rate 
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and reduces its viscosity, which further improves the product volume and 

texture.  Moreover, it improves the crust colour, toasting qualities and taste 

of the bread by generating additional sugars in the dough.  Equally 

important, the use of α-amylases causes reduction in staling of the baked 

bread and hence improved shelf life, besides ensuring softness retention 

(de Souza and Magalhães, 2010).  Commercially, a thermostable 

maltogenic amylase from B. stearothermophilus is used in the baking 

industry (Maarel et al., 2002).  Maltogenic α-amylase Novamyl obtained 

from Bacillus sp. TS-25 is also used as an anti-staling agent, although its 

usage is limited to breads baked at neutral or near neutral pH (Jones et al., 

2008). 

 

Presently, amylases are also in use for the clarification of fruit juices or 

beer and even in the pre-treatment of animal feed to improve the 

digestibility of fiber (Gavrilescu and Chisti, 2005; Ghorai et al., 2009).  

Enzymatic clarification reduces the viscosity and cluster formation in the 

juice, thereby facilitating separation through centrifugation or filtration 

processes.  This results in higher clarity of the juice and also more 

concentrated colour and flavour (Abdullah et al., 2007). 

 

1.2.10.3 The detergent industry 

One of the most successful applications of enzymes in biotechnological 

industries lies in the detergent industry, which accounts for about 40% of 

the total worldwide enzyme consumption (Roy et al., 2012).  Amylases 

are the second largest group of enzymes employed in enzymatic detergent 
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formulations and 90% of all liquid detergents contain this enzyme (Gupta 

et al., 2003).  They are primarily used in laundry and automatic 

dishwashing detergents (Mukherjee et al., 2009).  The use of enzyme-

supplemented detergent is advantageous as it is milder and hence safe for 

the skin (Gupta et al., 2003); it also shows enhanced ability to remove 

tough stains, ensuring environmental safety (Hmidet et al., 2009).  Besides 

acting in starchy dirt removal, it delivers a whiteness benefit in cloths as 

starch seems to be a strong attractant for particulate soils (Roy et al., 2012).   

 

The effective application of amylases for inclusion in detergent 

formulation largely depends on the enzyme’s stability and compatibility 

with various detergent components (Roy et al., 2012) and with the 

proteases used in detergent formulations (Mitidieri et al., 2006).  Most 

alkaline amylases in detergent formulations have restricted use as their 

stability is dependent on Ca2+ ion which is a chelating agent found in 

detergents.  Due to this, there is a constant search for Ca2+- independent 

amylases stable in an oxidative environment and retaining optimum 

activity in the presence of various detergent components.  Most of the 

amylases employed in detergent industries are from Bacillus or 

Aspergillus strains (Roy et al., 2012).  Commercially, two engineered 

detergent enzymes, Purafect OxAm® and Duramyl® are marketed by 

Genencore International and Novozymes, respectively. 

 

1.2.10.4 The textile industry 

Amylases have since long been used in textile industries in the desizing 
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process.  Enzymatic desizing is advantageous as it does not damage the 

fibre, no aggressive chemicals are used and ensures high biodegradability.  

Starch, as the sizing agent is applied to yarn before fabric production to 

ensure strength of the textile and a fast, secure weaving process.  It is the 

widely used sizer, being cheap, readily available in most regions in the 

world and also easily removable.  This starch needs to be subsequently 

removed from the woven fabric in a wet-process in the textile finishing 

industry, which is achieved by the process of desizing.  α-Amylases are 

employed in the desizing process wherein they selectively remove the 

sizer without attacking the fibres (Ahlawat et al., 2009; Feitkenhauer, 

2003), the amylases from Bacillus sp. for long being the enzymes of 

choice.   

 

1.2.10.5 The pulp and paper industry 

In the paper and pulp industry α-amylases are used for the modification of 

starch of coated paper, to produce of low-viscosity, high molecular weight 

starch (Maarel et al., 2002).  The starch coating treatment gives the paper 

strength and makes its surface adequately smoother which improves the 

quality of the paper.  Due to the high viscosity of natural starch it is 

unsuitable for paper sizing and hence calls for partial degradation of the 

polymer, which is carried out with the aid of α-amylases in a batch or 

continuous processes.  Starch, besides being a good coating for the paper, 

is a good sizing agent for the finishing, erasebility and improving the 

overall quality of the paper (Bruinenberg et al., 1996).  Some of the 

existing commercial amylases that find application in the paper industry 
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are Fungamyl, BAN® (Novozymes, Denmark), Amizyme® (PMP 

Fermentation Products, Peoria, USA), Termamyl® and α-amylase G9995® 

(Enzyme Biosystems, USA) as reported by Saxena et al., 2004. 

 

1.2.10.6 Biofuel industries 

Currently, bioethanol is the most utilized liquid biofuel.  Starch is the most 

preferred substrate for its production, being cheap and readily available in 

most regions of the world.  The conventional production process 

commonly involves three-steps: liquefaction of starch by an endoamylase 

such as α-amylase which reduces the viscosity of the gelatinized starch 

produced after cooking of the grains, enzymatic saccharification of the 

low-molecular-weight liquefaction products using glucoamylase to 

produce glucose, followed by fermentation of sugars using an ethanol 

fermenting microorganism such as the yeast Saccharomyces cerevisiae 

(Öner, 2006).   

 

Various efforts have been made to produce ethanol without the inclusion 

of saccharifying steps by performing protoplast fusion to obtain a new 

strain of yeast which can directly act upon starch (Chi et al., 2009).  

Mostly, amylases from thermo-resistant bacteria of Bacillus sp. have been 

employed in the first step of hydrolysis of starch suspensions (Saxena et 

al., 2007).  Constant efforts are being made to engineer microbial strains 

capable of efficiently producing ethanol while surviving the higher 

concentrations of ethanol, which is the major hindrance in bioethanol 

production.  Due to its genetic makeup the best suitable microbial strain 
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for bioethanol production is S. cerevisiae and efforts are thus made to 

obtain yeast mutant strains that are resistant to higher concentrations of 

ethanol (Mobini-Dehkordi et al., 2008).  More recently, new recombinant 

strains of S. cerevisiae have been designed by overexpression of self-

gene(s) for bioethanol efficiency enhancement (Sani, 2013). 

 

1.2.10.7 Clinical and medicinal applications 

Rapid development of biotechnology has resulted in the expansion of 

applications of amylases into various new emerging fields, one such 

expanse being in clinical and medicinal application.  It was proposed long 

ago that if amylases with suitable properties could be prepared then they 

would possibly be useful in the pharmaceutical and fine chemicals 

industries (Fogarty and Kelly, 1980).  The use of amylases for medicinal 

purpose is not a completely new area, the first commercial enzyme 

production having been of an amylase from a fungal source in 1894 for 

the treatment of digestive disorders, from which time it has expanded its 

horizon to various fields (Pandey et al., 2000).   

 

Of late the usage of synthetic as well as natural biodegradable polymers 

for controlled drug delivery has been a major focus of interest in 

pharmaceutical research.  Drugs with limited solubility require a system 

to accelerate their release and starch, being a biodegradable 

polysaccharide occurring naturally in the human body, has a great 

potential for controlled drug delivery (Kost and Shefer, 1990).  Efforts are 

hence targeted to produce hydrogels.  That the release kinetics of drugs 
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could be modulated by addition of α-amylase to this hydrogel as well as 

to cross-linked amylose (CLA) tablets has been reported by Dumoulina et 

al. (1999). 

 

Another medical application of amylases is not direct but it helps in 

identification of natural amylase inhibitors which can be orally 

administrated, thereby inhibiting α-amylase activity the in saliva and 

pancreatic juice and reducing digestion and absorption of starch, such that 

obesity may be effectively prevented or cured (Benjamin et al., 2013).  In 

addition, a process for the detection of higher oligosaccharides and 

biosensors with an electrolyte isolator semiconductor capacitor (EIS-

CAP) transducer for process monitoring and which involves the 

application of amylases has also been developed (Gupta et al., 2003). 

 

1.2.10.8 Molecular applications 

The most essential molecular biology tool for the study of gene expression 

and gene regulatory elements is reporter gene assay (Aubel et al., 2001).  

Here, the amylase gene can serve as a reporter gene for selecting a 

construct with successful integration, in addition to antibiotic resistance.  

The screening of recombinant clones is easier as insertion of foreign DNA 

into the amylase gene results in loss of amylolytic activity in the host cell, 

which can be assayed easily by using a simple and inexpensive iodine 

staining procedure (Ikuta et al., 1990). 
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1.2.10.9 Elimination of environmental pollutants 

The polysaccharide starch is ubiquitous in nature as a reserve of stored 

energy in many plant species and is therefore present extensively in the 

waste materials produced from plant raw materials and food processing 

industries (Barbesgard et al., 1992).  These large quantities of starch 

wastes cause tremendous pollution problems.  This starch based effluent 

could be treated with amylolytic enzymes or amylolytic enzyme producing 

microbes which may also result in production of valuable products such 

as microbial biomass protein for animal feed (Kingspohn et al., 1993; Wu 

et al., 2008).  Amylases having the ability to utilize starch-containing 

plastic films as sole carbon source have also been reported (Burgess-

Cassler et al., 1991), suggesting an application in biodegradation. 

 

Although their commercial production is limited to only a few fungal and 

bacterial strains (Gupta et al., 2003), amylases have been produced 

efficiently by a wide spectrum of microorganisms.  Each source produces 

biochemical phenotypes of the enzyme that significantly differ in 

parameters such as pH and temperature optima as well as metal ion 

requirements.  Moreover, the interest and demand for efficient amylases 

with novel properties has logged an upsurge in various industries, 

encouraging the discovery of various types of amylases with unique 

properties.  

 

The present research therefore focuses on isolating thraustochytrid protists 

for a novel source of polysaccharide-degrading enzymes from the marine 
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environment, with detailed studies on the biochemical characteristics and 

potential biotechnological applications of their amylases in particular.  An 

attempt has also been made to address the ecological significance of such 

enzyme production in the marine ecosystem. 

 

The specific research objectives of the study were:  

 Isolation of thraustochytrids from mangrove and other coastal 

habitats. 

 Screening of the isolates for polysaccharide-degrading ability. 

 Investigations into the ecological significance of the enzymes from 

these isolates. 

 Identification of one enzyme exhibiting superior properties in terms of 

applications in biotechnology. 

 Optimization of culture conditions for maximal production of this 

enzyme. 

 Purification and characterization of the enzyme identified as above. 
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Screening cultures, media optimization and large-scale fermentation 

protocol development are the three cardinal steps generally involved in the 

development of microbial technologies.  Extensive screening of 

thraustochytrid isolates from varied habitats and environmental conditions 

had yielded valuable strains and vital ecological information on DHA 

production by thraustochytrids (Raghukumar, 2008). 

  

Polysaccharide-hydrolyzing enzymes such as cellulase and glucanase 

have been reported from thraustochytrids (Perkins et al., 1973; Bremer et 

al., 1995).  The only available information on enzymatic activities centres 

around a few species isolated from the water column, mangrove leaves, 

mangrove sediments brown algae and fecal pellets and that too for a 

limited number of enzymes (Bremer et al., 1995; Raghukumar and 

Raghukumar 1999; Kanchana et al., 2011; Devasia and Muraleedharan, 

2012).  While investigations have also been carried out with extracellular 

enzymes produced by Aplanochytrids, varieties and characteristics of 

these enzymes are not well known (Damare et al., 2006).  Schizochytrium 

mangrovei capable of secreting high levels of degradative enzymes 

including cellulase and polygalacturonase have been reported 

(Raghukumar et al., 1994).   

 

Taken in all, information on the kinds of enzymes produced by each strain 

of thraustochytrids is lacking.  Therefore from both physiological as well 

as industrial viewpoints it is very important to conduct research on 

enzymes from thraustochytrids.  This Chapter discusses the isolation of 
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thraustochytrids from different ecosystems of Goa and their screening for 

polysaccharide-degrading enzymes. 

 

 

2.1 MATERIALS AND METHODS 

The chemicals used were of analytical grade and distilled water was used 

in all the preparations.  Unless otherwise mentioned, all the experiments 

measurements were carried out in triplicate and each data set presented is 

representative of a minimum of three independent experiments. 

 

2.1.1 Sample Collection: 

Decaying mangrove leaves, water, macroalgae and sediment samples were 

collected in sterile glass vials and immediately transferred to the 

laboratory.  Samples were collected during the low tide periods during 

2013 to 2015 from the beaches of Anjuna, Vagator, Candolim, Siquerim, 

Baga, Dona Paula, Miramar, Vainguinim, Siridao, Bambolim, Nauxim 

and Cacra and mangrove habitats of Ribandar, Saper, Chorao, Divar, 

Aldona, Moira, Poira, Chodan-Madel, Panjim, Brittona and Betim of Goa, 

India.  Samples were also obtained from Aravali (43°C), Tural (62°C) and 

Rajawadi (50°C) hot springs along the Konkan coast. Physico-chemical 

parameters such as pH and salinity of the sampling environment were 

recorded each time.  

 

2.1.2 Isolation of thraustochytrids 

The pine pollen baiting method was adopted for isolation of 
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thraustochytrids (Gaertner, 1968; Porter, 1990).  Samples were inoculated 

in vials containing sterile sea water, followed by dusting with pine pollen.  

They were then incubated at room temperature (25±2oC) for 3-4 days and 

examined under the microscope.  Those found to contain thraustochytrids 

were then streaked on to Modified Vishniac’s (MV) agar medium plates 

(0.15% peptone, 0.1% yeast extract, 0.4% glucose, 3.4% crude salt and 

0.8% agar) containing 1% antibiotics (streptomycin and penicillin).  

Thraustochytrid colonies observed under the microscope were purified by 

repeated transfer on fresh MV agar medium to obtain axenic cultures, 

which were then observed for their colony characteristics. 

 

2.1.3 Enzyme production 

The culture medium used in the initial study for α-amylase production 

contained (as %, w/v): yeast extract (0.1), peptone (0.15), glucose (0.4) 

and sea salt (3.4) and the pH was 6.8 - 7.0.  A 1% inoculum of a 3-day old 

broth culture was added and incubated at 25 – 28ºC with vigorous aeration 

in a rotary shaker at 120 rpm for 96 h.  The turbidity of the cultures was 

gauged at regular time intervals by measuring the optical density at 660 

nm.  The cells were separated by centrifugation for 10 min at 10,000 rpm 

at 4ºC; the clear supernatant served as the crude enzyme preparation for 

assay of enzyme activity. 

 

2.1.4 Screening for polysaccharase activities 

Preliminary screening for enzyme activities was carried out by qualitative 

plate assays.  The isolates were tested for six polysaccharide-degrading 



 

71 

 

enzymes viz., amylase, agarase, alginate lyase, chitinase, pectinase and 

carrageenase activities, using starch, agar, sodium alginate, chitin, pectin 

and carrageenan, respectively, as substrates.  Two methods were adopted 

for the screening:  

 

(i) Spot inoculation: Culture plates were prepared with the respective 

substrates and the isolates were spot inoculated on these plates.  They were 

then incubated at room temperature for 3 - 4 days.  Amylase activity was 

checked for by flooding the assay plates with Grams Iodine (Lanyi et al., 

1987), agarase activity with Lugol’s iodine (Stanier et al., 1942), alginate 

lyase activity by using 10% sulfuric acid, chitinase and pectinase with 

Congo Red (Hyuk et.al., 2007) and carrageenase by using Phenol Red; 

halo formation around the spotted culture indicated production of the 

respective enzyme.   

 

(ii) Agar cup diffusion (using culture supernatant): Plates were prepared 

with the respective substrates as described above.  The culture supernatant 

of isolates grown for 3 - 4 days in MV broth was used to identify 

polysaccharide-degrading activities by the agar cup diffusion method, for 

which plates were incubated at room temperature or at 50oC for 24 h.  They 

were then stained for the respective enzyme activities.  All these 

qualitative assay results are the mean of replicate analyses in a single 

experiment and the data presented are representative of two/three 

independent experiments. 
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2.1.5 Semi-quantification of enzymatic activities 

API ZYMTM kit (Biomérieux; Tiquia, 2002) was used to evaluate the 

enzyme profiles of the thraustochytrid strains by a method as described by 

Bongiorni et al. (2005).  API ZYMTM is a semi-quantitative micro-method 

designed for systematic and rapid study of 19 enzymatic reactions.  It 

consists of a series of microcupules containing dehydrated chromogenic 

substrates of 19 different enzymes and one control (a microcupule 

containing no enzyme substrate).  Into each of the 20 microcupules, 65 µL 

of 48 h broth culture was dispensed.  The API ZYMTM strips were then 

covered and incubated at RT for 48 h.  After incubation, reagent ZYM A 

and ZYM B (BioMerieux) were added to all microcupules.  The API 

ZYMTM strips were exposed to 1000 W bulb for 10 seconds.  After 5 min, 

they were exposed to daylight and then a numerical value in the range of 

1 - 5 was assigned to each microcupule according to the colour chart 

provided by the manufacturer.  

 

2.1.6 α-Amylase assay 

The activity of α-amylase was assayed by incubating 0.5 mL of suitably 

diluted enzyme with 1.0 mL soluble starch (0.3 mg/mL) prepared in 0.1 

M acetate buffer, pH 5.  After incubation at 40ºC for 10 min the reaction 

was stopped by adding 0.2 M NaOH and the rate of starch disappearance 

measured spectrophotometrically at 578 nm after the addition of 1% iodine 

solution.  One unit of α-amylase activity is defined in terms of mg starch 

digested per min by 1 mL of the enzyme (Fuwa et al., 1954).  Soluble 

starch was used to prepare the standard curve.  Protein concentration was 
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measured in triplicate, following the procedure of Lowry et al. (1951) 

using bovine serum albumin as standard. 

 

2.1.7 Effect of substrate added in the growth medium 

Amylase activity was analyzed after growing the isolates in modified MV 

medium at pH 7, containing varying combinations of glucose and starch 

or glucose and maltose, at 0.4%, w/v.  

 

 

2.2 RESULTS AND DISCUSSION 

2.2.1 Isolation of thraustochytrids 

Thraustochytrids isolated from various coastal habitats of Goa, India were 

screened for their potential for extracellular production of six different 

polysaccharide-degrading enzymes.  A total of 18 thraustochytrid isolates 

were obtained by the pine pollen baiting technique (Fig 2.1A), of which 

only one (isolate TPU 8) was from coastal waters while all the others were 

from mangrove sites in Goa.  The growth of a typical thraustochytrid 

isolate in axenic broth culture is depicted in Fig 2.1B.  The various 

sampling locations (between 15.3-15.6oN and 73.8-73.9oE) are 

represented in Fig 2.2.  Salinity of the sites varied from 10 to 32 psu and 

pH from 6.7 to 7.6.  Fan et al. (2002) had earlier documented that 

thraustochytrids could be isolated from environments with low salinity 

levels and also with salinity levels close to full strength seawater.  Of the 

18 isolates reported in the present study, 12 were sourced from decaying  
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A 

 

B 

Fig 2.1: Thraustochytrids growing (A) on pine pollen and 

(B) in broth, as seen under the compound microscope 
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Fig 2.2: Sampling sites in Goa, India 

 

 

 

Table 2.1: Thraustochytrid isolates, obtained primarily from 

mangrove habitats of Goa, India 

Isolate  

No. 

Location Source pH Salinity 

 (psu) 

TPU 1 Sao Pedro Leaf 7.0 10 

TPU 2 Sao Pedro Leaf 6.7 10 

TPU 3 Ribander Leaf 6.9 10 

TPU 4 Ribander Sediment 6.7 10 

TPU 5 Diwar Leaf 7.3 25 

TPU 6 Panaji Leaf 7.4 29 

TPU 7 Betim Leaf 7.3 31 

TPU 8 Dona Paula Sediment 7.6 32 

TPU 9 Moira Sediment 7.2 13 

TPU 10 Moira Sediment 7.2 13 

TPU 11 Moira Sediment 7.2 13 

TPU 12 Moira Leaf 7.2 13 

TPU 13 Aldona Sediment 7.1 11 

TPU 14 Aldona Leaf 7.1 11 

TPU 15 Poira Leaf 7.0 10 

TPU 16 Poira Leaf 7.0 10 

TPU 17 Chodan-Madel Leaf 7.2 12 

TPU 18 Chodan-Madel Leaf 7.2 12 
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mangrove leaves and six from sediment samples (Table 2.1).  The axenic 

cultures obtained by repeated streaking on MV agar medium were then 

observed for their colony characteristics (Table 2.2).  

 

2.2.2 Screening of thraustochytrid isolates for polysaccharase 

activities  

In addition to the 18 thraustochytrid isolates listed in Table 2.1, seven 

isolates from our laboratory collection were also screened for their 

polysaccharide-degrading ability.  All 25 isolates were tested for amylase, 

agarase, chitinase, pectinase, carrageenase and alginate lyase activities 

using both spot inoculation as well as culture supernatant assays.  Of these, 

10 isolates tested positive for multiple polysaccharase activities (Figs 2.3 

& 2.4).  Based on the spot inoculation technique, 10 isolates were found 

to produce amylase, 15 agarase, 7 pectinase and one, low amounts of 

chitinase (Fig 2.4).  These activities were elicited in the presence of the 

respective polysaccharide substrate, suggesting the possibility that the 

systems might be inducible in nature. 

 

During qualitative analysis of the activities using culture supernatants, 

however, all the isolates that showed polysaccharase activity as depicted 

in Figs 2.5 and 2.6 did so when grown in the absence of the polysaccharide 

substrate also, indicating the constitutive nature of the enzyme production 

in these cases: Ten isolates were found to produce agarase and nine 

produced chitinases.  There were two amylase, two pectinase and two  
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Table 2.2: Colony characteristics of the thraustochytrid isolates 

Sr. 

no. 

Isolate 

no. 
Shape 

Size 

(cm) 
Colour Margin Consistency Elevation Opacity 

1 
TPU 

6 
circular 

0.1– 

 0.2 
creamish undulated butyrous flat translucent 

2 
TPU 

7 
circular ≤ 0.1 buff undulated butyrous convex opaque 

3 
TPU 

8 
circular 0.05 white entire 

non- 

butyrous 
flat opaque 

4 
TPU 

9 
irregular 0.1 buff undulated 

non- 

butyrous 
convex opaque 

5 
TPU 

10 
irregular 0.1 creamish undulated 

non- 

butyrous 
convex opaque 

6 
TPU 

11 
circular 0.1 buff undulated 

non- 

butyrous 
convex opaque 

7 
TPU 

12 
irregular 

0.05– 

0.1 
creamish undulated butyrous flat translucent 

8 
TPU 

13 
circular 0.05 creamish Entire 

non- 

butyrous 
convex opaque 

9 
TPU 

14 
irregular 

0.05– 

0.1 
creamish undulated butyrous flat translucent 

10 
TPU 

15 
circular 

0.05– 

0.1 
yellowish undulated 

non- 

butyrous 
convex opaque 

11 
TPU 

16 
circular 0.1 buff entire 

non- 

butyrous 
convex opaque 

12 
TPU 

17 
circular 

0.05– 

0.1 
yellowish undulated 

non- 

butyrous 
convex opaque 

13 
TPU 

18 
circular 

0.05– 

0.1 
creamish undulated butyrous convex translucent 
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A: Amylase activity       B: Agarase activity 

 

    
C: Chitinase activity  D: Pectinase activity 

 

Fig 2.3: Plate assay showing different polysaccharide–degrading 

activities of the isolates as observed by the spot inoculation technique 

 

 

 
 

Fig 2.4: Polysaccharide-degrading activities from different isolates as 

determined by the spot inoculation technique 
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A: Agarase activity  B: Alginate lyase activity 

 

 

  
C: Chitinase activity  D: Carrageenase activity 

 

 

 
E: Amylase activity 

 

Fig 2.5: Various polysaccharide-degrading activities of the isolates by 

culture supernatant analysis in plate assay 
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Fig 2.6: Polysaccharide-degrading activities from different isolates by 

culture supernatant analysis on plates 
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carrageenase producers while two isolates produced small amounts of 

alginate lyase.  In particular, chitinase production in the above isolates, 

with the exception of isolate TPU 9, was observed to be constitutive rather 

than inducible.  Such a constitutive nature would afford a competitive 

advantage to isolates for immediate substrate utilization during their 

encounter with such substrates in nature. 

 

2.2.3 α-Amylase assay 

Through qualitative screening of all the isolates (based on size of clearance 

zones in plate assays), 10 isolates displaying amylase production were 

chosen for quantitation of the activity.  When these isolates were grown in 

MV medium for 96 h, highest specific activity (5.02 and 6.62 U/mg, 

respectively), was recorded in the culture supernatants from the laboratory 

isolates TZ and AH-2, under the assay conditions of pH 5 and 40oC (Fig 

2.7).  These isolates, obtained from mangrove detritus of Goa, India, had 

been deposited earlier in the ATCC as ATCC® PRA-295™ and 

ATCC® PRA296™, respectively.  The same isolates had also proven to 

be good producers of lipases and proteases (Kanchana, 2007).  Based on 

their comparatively high amylase activities as recorded in the present 

work, these two isolates were chosen for further optimization studies. 

 

2.2.4 Semi-quantification of enzymatic activities 

In the present study, the ability of thraustochytrids to produce a wide 

variety of enzymes has been evidenced using the API ZYMTM kit (Table 

2.3).  Analysis of the enzymatic pools of the two thraustochytrid strains  
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Fig 2.7: Specific activities of the enzymes from α-amylase producing 

isolates 
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Table 2.3: Enzymatic pools of the two thraustochytrid strains, 

according to the API ZYM system: (0) no activity; (1) low activity (2-

3) medium activity; (4-5) high activity. 

 

Sr  

no. 
Enzyme TZ AH-2 

1 Alkaline phosphatase 5 5 

2 Esterase 0 0 

3 Esterase lipase 0 0 

4 Lipase 0 0 

5 Leucine arylamidase 1 1 

6 Valine arylamidase 2 2 

7 Cystine arylamidase 0 0 

8 Trypsin 0 0 

9 α  chymotrypsin 0 0 

10 Acid phosphatase 5 5 

11 
NaphtholASBI 

phosphohydrolase 
5 5 

12 α  galactosidase 2 1 

13 β  galactosidase 2 1 

14 β  glucoronidase 0 2 

15 α  glucosidase 3 3 

16 β  glucosidase 4 4 

17 
N – acetyl – β 

glucosaminidase 
1 2 

18 α  mannosidase 0 0 

19 α  fucosidase 0 0 
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A 

 

 

B 

 

Fig 2.8: API-ZYM profile of the isolates (A) TZ and (B) AH-2 
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TZ and AH-2 indicated the presence of a wide spectrum of enzymatic 

activities as displayed in Fig 2.8.  The analysis also showed that the 

enzymatic pools were rather homogeneous for both isolates, indicating the 

potential of these thraustochytrid species to degrade a wide variety of 

organic substrates.  This further validates the established concept of 

thraustochytrids as playing a vital role in decomposition of organic 

detritus: the production of enzymes has occasionally been reported for 

thraustochytrids (Bahnweg, 1979; Raghukumar et al., 1994; Sharma et 

al.,1994; Bremer and Talbot, 1995; Raghukumar and Raghukumar, 1999) 

and their role in the decomposition of organic matter been postulated in 

both benthic and pelagic environments (Kimura et al., 2001; Bongiorni 

and Dini, 2002; Bongiorni et al., 2005). 

 

2.2.5 Effect of substrate added in the growth medium 

Alpha amylase activity was observed to be significantly higher in both the 

isolates TZ and AH-2, when a combination of soluble starch and glucose 

(1:1) was provided as carbon source in the growth medium (Fig 2.9).  

Starch replacement by maltose also gave similar results (Fig 2.10).  There 

have been reports on glucose as the most preferred carbon source of 

thraustochytrids (Singh et al., 1996; Burja et al., 2006).  Alpha amylase, 

being an inducible enzyme, is known to utilize and display higher activity  

in presence of starch and/or its hydrolytic product maltose (Gupta et al., 

2003). 

 

 

 



 

86 

 

 

 

A 

 

 

B 

Fig 2.9: Effect of starch on α-amylase production by isolates (A) TZ 

and (B) AH-2 

G: glucose, S: soluble starch 

 

 

 

 

 

 

 

 

 

 

 

0

5

10

15

20

25

0.4% G + 0% S 0.2% G + 0.2% S 0% G + 0.4% S

En
zy

m
e

 a
ct

iv
it

y 
(U

/m
L)

Carbon source

Day 3

Day 4

Day 5

0

10

20

30

40

50

0.4% G + 0% S 0.2% G + 0.2% S 0% G + 0.4% S

En
zy

m
e

 a
ct

iv
it

y 
(U

/m
L)

Carbon source

Day 3

Day 4

Day 5



 

87 

 

 

 

A 

 

 

B 

Fig 2.10: Effect of maltose on α-amylase production of isolate (A) TZ 

and (B) AH-2 

G: glucose, M: maltose 
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In summary, this Chapter throws light on the presence of multiple 

polysaccharide-degrading enzymes produced by thraustochytrid isolates.  

While there are several reports on the biological production of amylases 

from various microorganisms, the present study specifically reports 

production of amylases by these marine protists.  The isolates obtained 

having immense potential as displayed by their varied enzyme activities 

were further analysed for their ecological role.  The amylase enzyme from 

these isolates was further tested for its properties. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

90 

 

Thraustochytrids, a group of Labyrinthulomycetes, are extremely 

common in a wide variety of marine habitats.  They are predominantly 

saprotrophic, while a few have also often been reported to be parasitic in 

a number of invertebrates, particularly mollusks.  They are prevalent in 

zones of decaying leaves of mangroves (Perveen et al., 2006; Yokochi et 

al., 2001) and have also been isolated from living and decaying algae, in 

addition to estuarine, coastal and oceanic waters as well as sediments 

(Raghukumar and Gaertner, 1980; Santangelo et al., 2000; Raghukumar 

2002; Bongiorni and Dini, 2002).  Occurring in large numbers in 

mangrove detritus, they are believed to perform a vital role in the detrital 

food web which is of major importance in the coastal marine ecosystem 

(Raghukumar et al., 1994). 

 

Microorganisms such as bacteria, fungi and thraustochytrids present in 

the detritus produce several hydrolytic enzymes that break down the 

complex organic constituents present and mediate major biochemical 

changes therein.  The microbially transformed detritus supports several 

detritus-feeding animals, which is essential not only in ecosystem 

dynamics but also in aquaculture (Sharma et al., 1994; Raghukumar et 

al., 1994). 

 

Thraustochytrids have been observed to secrete a wide variety of 

extracellular enzymes, such as protease, lipase, cellulase, amylase and 

xylanase (Raghukumar et al., 1994; Sharma et al., 1994; Bremer and 

Talbot, 1995; Bongiorni et al., 2005; Kanchana et al. 2011; Devasia and 
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Muraleedharan, 2012).  Despite several studies on the abundance of 

Labyrinthulomycetes in the marine environment, their role in the 

planktonic food web is not very clear.  Kimura et al. (1999) and 

Raghukumar (2002) have discussed the likely role of these 

microorganisms in the food web.  Owing to their osmoheterotrophic 

mode of nutrition similar to that of bacteria and the production of various 

degradative enzymes they might serve as decomposers, analogous to the 

role of bacteria in the detrital food web.  

 

This Chapter describes the attempts made to investigate into the 

ecological role of thraustochytrid enzymes released into the marine 

environment by two isolates AH-2 and TZ, by studying the utilization of 

natural substrates vis-à-vis polysaccharide degradation ability.  

 

 

3.1 MATERIALS AND METHODS 

All the enzyme assays were carried out in replicate and each data set is a 

representation of three or more independent experiments, all the results 

being presented as mean ± S.D. 

 

3.1.1 Natural substrate utilization 

The media used in this study contained 1% (w/v) natural substrate in 

place of the glucose in the original MV medium.  The substrates used in 

the study were collected from different regions of Goa: mangrove 

leaves/sediment from Divar area, shells from Nauxim beach, Ulva from 



 

92 

 

Anjuna beach and Sargassum from Vainguinim beach and processed 

suitably before being incorporated in the media.  Two sets of studies 

were designed: 

 

A. The isolates TZ and AH-2 were grown in media containing one or the 

other of the following as likely natural substrates: 

 Decaying mangrove (black) leaves (B) 

 Yellow mangrove leaves (Y) 

 Mangrove sediment (S) 

 Decaying green alga Ulva (U) 

 

The MV medium served as control.  In order to rule out any autolysis 

that could be misinterpreted as hydrolytic enzyme activity, additional 

controls for the above were also maintained without the inoculum.  The 

production of six polysaccharide-degrading enzymes viz., amylases, 

agarases, chitinases, pectinases, alginate lyases and carrageenases was 

monitored by the agar cup diffusion method in all the culture flasks, for 

up to 9 days after inoculation. 

 

B. The isolate AH-2 was grown in media containing the following 

shredded/powdered natural substrates, maintaining MV medium as 

control.  

 Decaying brown mangrove leaves: powdered (BLp) or shredded 

(BLs) 

 Yellow mangrove leaves:  powdered (YLp) or shredded (YLs) 
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 Green mangrove leaves: powdered (GLp) or shredded (GLs)  

 Mangrove sediment (Sed) 

 Decaying brown alga – Sargassum: powdered (Sp) or shredded 

(Ss) 

 Windowpane oyster shells: powdered (SHp) 

 

Each flask containing the above mentioned substrates was inoculated 

with 1% inoculum and respective controls for all were maintained 

without the inoculum.  The enzyme production was monitored in all 

flasks for up to 16 days.  Screening for amylase and agarase activities 

was carried out by the agar cup diffusion method. 

 

3.1.2 Polysaccharide-degrading activities of fungi, bacteria and 

thraustochytrid isolates from different niches 

Thraustochytrids (T), bacteria (B) and fungi (F) were sourced from 

mangrove area water, sediment and leaf samples from six different 

sampling sites.  The isolates belonging to all the three groups were tested 

for their polysaccharide-degrading abilities.  From all the isolates 

obtained, qualitative evaluation of six polysaccharide-degrading enzymes 

was carried out by spot inoculation assays.  Amylase activities of the 

isolates that tested positive were also quantitatively estimated under the 

standard assay procedures as described in Chapter 2.  
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3.2 RESULTS AND DISCUSSION 

The utilization of natural substrates by two promising isolates TZ and 

AH-2, known producers of cellulases, agarases and amylases (Devasia 

and Muraleedharan, 2012) besides proteases and lipases (Kanchana et al., 

2011) was studied in relation to their polysaccharide-degrading ability.   

In a second set of experiments, more detailed studies on natural substrate 

utilization by isolate AH-2 were carried out to investigate and relate the 

extracellular release of their polysaccharases to the ecological role of 

thraustochytrids in the marine environment.  

 

3.2.1 Natural substrate utilization studies – Expt. A 

When only decaying mangrove leaves and mangrove sediment were used 

as natural substrates along added to natural sea water, no growth was 

observed in the culture.  Upon supplementing with nitrogen sources 

(yeast extract and peptone), growth was observed and substrate 

utilization became apparent, since amylase and agarase activities were 

detected.  

 

Production of polysaccharide-degrading enzymes, as monitored by agar 

cup diffusion in all the culture supernatants for up to 9 days, elicited no 

pectinase, carrageenase, alginate lyase or chitinase activities from either 

of the isolates, TZ or AH-2.  However, release of α-amylase and agarase 

activities in the exudates from both cultures was evident from the 

clearance zones visible in the assay plates. 
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Thraustochytrids had earlier been shown to colonize on fallen senescent 

leaves of the mangrove plants Sonneratia and Rhizophora (Bremer, 

1995).  From Figs 3.1 and 3.2 it was evident that both the isolates TZ and 

AH-2 could utilize the natural substrates provided in the medium.  

Amylase as well as agarase activities from both these isolates peaked at 

3-4 days in culture, analogous to the pattern when the conventional MV 

medium (control) was used.  Isolate AH-2 was the better amylase 

producer of the two, while both the isolates showed comparable agarase 

activity. 

 

In the case of isolate TZ, amylase activity in the medium containing 

sediment or Ulva as the sole carbon source was comparable to that 

produced in control MV medium (Fig 3.1A), with the activities dropping 

to zero by Day 6 in all cases except in the medium containing yellow 

leaves, where steady amylase production was observed only after Day 5.  

This delayed utilization could probably be a reflection of the slower 

growth in this medium.  The medium containing black leaves did not 

elicit any amylase activity. 

 

Isolate AH-2 grown in media containing natural substrates also produced 

amylase activity that paralleled that in MV medium (Fig 3.1B), although 

to a lesser extent.  The slight dip in activity observed at 5-6 days in 

culture was most pronounced in medium with yellow leaves or Ulva.  In 

fact, yellow leaves in the medium induced amylase production in this 

isolate at earlier stages of growth also (cf., Fig 3.1A).  It therefore  
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A 

 

 
 

B 

 

Fig 3.1: Amylase activity of isolates (A) TZ and (B) AH-2 growing on 

natural substrates 

U  Ulva     B Black leaves 

Y  Yellow leaves    S Sediment 

MV  Modified Vishniac’s medium 
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B 

 

Fig 3.2: Agarase activity of isolates (A) TZ and (B) AH-2 growing on 

natural substrates 

U  Ulva     B Black leaves 

Y  Yellow leaves    S Sediment 

MV  Modified Vishniac’s medium 
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appears that the amylase from isolate AH-2 could have superior 

properties enabling utilization of substrates from yellow leaves, even at 

the lower enzyme concentrations available during the early stages of 

growth.  In medium containing black leaves, isolate AH-2 did produce 

amylases, although only after Day 6, in contrast to isolate TZ where no 

amylase activity was observed at any stage. 

 

With respect to agarase production by isolate TZ, media containing 

natural substrates viz., Ulva, yellow leaves or sediment, in general, 

brought out higher enzyme activity than when grown in  MV medium 

(control), though only marginally so (Fig. 3.2A).  No activity was 

observed with black leaves as a substrate source.  

 

Isolate AH-2, on the other hand, could utilize all the natural substrates 

provided (including black leaves) and produce agarase, although the 

overall production in comparison to MV medium (control) was slightly 

lower.  The production was observed from Day 3 to Day 9 in all cases 

except in medium with black leaves, where no enzyme activity was 

detected on Days 5-6 (Fig 3.2B). 

 

3.2.2 Natural substrate utilization studies – Expt. B 

The above experiment was repeated in greater detail for isolate AH-2, 

also including more natural substrates for the enzyme studies.  Here, the 

amylase production, although lower when the isolate was grown in the 

presence of natural substrates, (as compared to the control MV medium) 
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was still significant (Fig 3.3).  This observation correlated with those of 

the previous set of experiments described in section 3.2.1.  Delayed 

amylase production was observed when brown leaves or shell powder 

were substituted as carbon source.  The activity was quite stable over a 

period of 12 days in culture and thereafter by Day 16 decline in activity 

was observed in some cases while some others showed total loss of 

activity. 

 

Agarase production by isolate AH-2 was also observed to be only 

marginally higher in MV (control) medium as compared to media 

containing most of the above mentioned natural substrates (Fig 3.4).  The 

agarase activity was lower on Days 5-7, which increased by Day 9 and 

then declined from Day 12 onwards. 

 

3.2.3 Polysaccharide-degrading activities of fungi, bacteria and 

thraustochytrids isolates from different niches. 

Thraustochytrid (T), bacterial (B) and fungal (F) isolates were obtained 

from all the six sampling sites under study (physicochemical parameter 

details on the sites as described in Chapter 2).  Most of the isolates 

obtained were from fallen and decaying leaf samples.  Qualitative 

evaluation of enzyme activities revealed that the isolates belonging to all 

the three groups distinctly varied in their polysaccharide-degrading 

abilities. 
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Fig 3.3: Amylase activity from isolate AH-2 growing on natural 

substrates 

YLp  Yellow leaves powder  BLp Brown leaves powder 

GLp  Green leaves powder  YLs Yellow leaves shredded 

BLs  Brown leaves shredded  GLs Green leaves shredded 

Sp  Sargassum powder   Sed Sediment    

SHp  Shell powder   Ss Sargassum shredded 

MV  Modified Vishniac’s medium 

 

 

 

 

 

Fig 3.4: Agarase activity from isolate AH-2 growing on natural 

substrates 

YLp  Yellow leaves powder  BLp Brown leaves powder 

GLp  Green leaves powder  YLs Yellow leaves shredded 

BLs  Brown leaves shredded  GLs Green leaves shredded 

Sp  Sargassum powder   Sed Sediment    

SHp  Shell powder   Ss Sargassum shredded 

MV  Modified Vishniac’s medium 
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The results of the spot inoculation assays to estimate six polysaccharide-

degrading abilities from the isolates obtained from each of the sampling 

sites are presented in Fig 3.5.  In cases where thraustochytrid amylase 

activity was very high, no competition for the same was offered by 

bacteria.  On the other hand, when the activity was not so high, 

competition for the substrate was evident between bacteria and 

thraustochytrids.  Fungal amylases could not be detected from any of the 

above sites sampled.  

 

As regards agarolytic activity, there appeared to be fair contributions by 

thraustochytrids, fungi as well as bacteria.  This could probably be due to 

the substantial availability of agar (substrate) in the marine environment.  

The activity was particularly high from the Moira sampling site (a 

mangrove area) and the number of isolates obtained from this area was 

also higher. 

 

At the different sites sampled, chitin-degrading activity was shared 

between bacteria and thraustochytrids, in an all-or-none fashion.  There 

appeared to be no competition from fungi for this activity.  In most 

locations pectinase activity was predominantly due to thraustochytrids.  

Here again, there was no activity due to fungi.  In sharp contrast to the 

above, carrageenase activity was restricted to bacterial and fungal 

sources, with no competition among the two in a given location. 
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Fig 3.5: Comparison of enzyme activities from bacteria, fungi and 

thraustochytrids isolated from different locations in Goa. 
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Isolation of microbes from decomposing leaves of two mangroves 

species Rhizophora mucronata and Avicennia marina and their 

extracellular enzymes such as amylase, protease, cellulase, chitinase and 

lipase have been reported (Kathiresan et al., 2011), describing the 

association of the microbes and their enzyme activity to have a vital role 

in mangrove leaf decomposition and palatability of detritus food to 

marine organisms.  Numerous reports are also available on the 

abundance of thraustochytrids in mangrove ecosystems worldwide.  

Isolation of thraustochytrids from mangrove leaf detritus and sediments 

from the Zuari estuary and Chorao Island, Goa exhibiting lipase activity 

have been reported by Kanchana et al. (2011).  Cellulase, agarase, 

xylanase, amylase, chitinase, pectinase, carrageenase and alginate lyase 

activities associated with thraustochytrid isolates obtained from 

mangrove ecosystems of Goa have also been reported by Devasia and 

Muraleedharan (2012).  The overall distribution of enzyme activities 

among the different groups of isolates in the present study is summarized 

in Table 3.1.   

 

Since amylolytic activities appeared restricted to thraustochytrids and 

bacteria as per qualitative analysis data, quantitation of α-amylase 

activity was carried out for a better comparison of their activities (Fig. 

3.6).  Between these two groups, there was a distinct competition 

observed for the substrate for amylase production in some locations 

whereas in other areas one of the two organisms had taken over the other 

in terms of α-amylase production.  The significance of these results  
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Table 3.1: Distribution of polysaccharide-degrading activities among 

the bacterial, fungal and thraustochytrid isolates from various 

marine environments in Goa. 

Enzyme 

No. of isolates showing the respective  

enzyme activity 

 Thraustochytrids Bacteria Fungi 

Amylase 6 4 0 

Agarase 7 6 7 

Chitinase 1 2 1 

Pectinase 5 2 0 

Carrageenase 0 2 0 

Alginate lyase 0 0 0 

 

 

 

 

Fig 3.6: Comparison of α-amylase activity in bacterial and 

thraustochytrid isolates from different locations in Goa 
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needs to be evaluated in relation to the ecology of each sampling niche.  

This calls for a much more extended study. 

 

In conclusion, from the data presented in this Chapter, it was evident that 

polysaccharide-degrading enzymes from thraustochytrids as well as 

those from other microbial communities participated in the microbial 

decomposition of the natural substrates present in the marine ecosystem, 

aiding in the biochemical transformation of complex organic molecules 

which in turn influence the oxygen and carbon fluxes in the marine 

environment.  Although this area is yet in its infancy, our studies have 

yielded encouraging insights into the purported role of thraustochytrids 

as marine degraders, from the point of view of activities of specific 

enzymes.  
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Enzymes are distinctively characterised by their high specificity, catalytic 

activity and capacity for regulation.  Their specificity is characteristic for the 

reaction they promote as well as the substrate they can use.  The catalytic 

properties of an enzyme are often dependent upon the presence of non-

peptide molecules called cofactors or coenzymes.  Some enzymes promoting 

consecutive reactions in a metabolic pathway associate to form a 

multienzyme complex.  These complexes have a number of advantages over 

individual enzymes, including a reduction in the transit time for the diffusion 

of the product of one enzyme to the catalytic site of the next, a reduction in 

the possibility of the product of one enzyme being acted upon by another 

enzyme not involved in the pathway and the possibility of one enzyme 

activating an adjacent enzyme.  

 

Enzyme assays are designed to determine the activity of the enzyme present 

in a particular preparation and to gain an insight into the kinetic 

characteristics of the reaction.  In the case of α-amylases, the rate of starch 

hydrolysis depends on many process conditions such as enzyme 

concentration, temperature, pH, nature of substrate, substrate concentration, 

presence of Ca2+ ions or other cofactors, inhibitors or inducers and also 

stabilizing agents.  They being among the most important enzymes used in 

many industrial processes, the need for novel α-amylases with unique and 

enhanced properties can not be undermined.   

 

This Chapter describes some of the pertinent biochemical properties of the 

amylases obtained from the culture supernatant of the thraustochytrid isolates 
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AH-2 and TZ, providing insights on understanding the effectiveness of these 

enzymes, their nature and significant characteristics for suitability in 

biotechnological applications.  

 

 

4.1 MATERIALS AND METHODS 

The crude enzyme preparations obtained from thraustochytrid isolates AH-2 

and TZ were subjected to the specific assays under routine conditions.  The 

assays were carried out in replicate and each data set is a representation of 

three or more independent experiments, all the results being presented as 

mean ± S.D. 

 

4.1.1 Enzyme concentration studies 

Varying concentrations of the enzyme were assayed for 10 min at pH 7 (0.1 

M phosphate buffer) under the standard assay conditions. 

 

4.1.2 Time course of assay 

Enzyme assay was carried out as described previously (Chapter 2, section 

2.1.6) at 50°C, pH 7, over different reaction time periods. 

 

4.1.3 Effect of pH on activity and stability of α-amylase 

Effect of pH on the activity of α-amylase was measured by carrying out the 

assay in various buffers: acetate buffer (0.05 M, pH 3-5), phosphate buffer 

(0.1 M, pH 6-8) or borate buffer (12.5 mM, pH 8-10).   
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Stability of the enzyme at different pH values was studied by incubating the 

enzyme with an equal volume of the buffer at the respective pH (Universal 

buffer, pH 3-9) for 10 min at room temperature (25±2°C) and then estimating 

the residual activity under the standardized reaction conditions.  Enzyme 

activity has then been expressed as relative activity, in terms of percentage 

of control.  

 

4.1.4 Effect of temperature on α-amylase activity and stability 

To determine the optimum assay temperature, α-amylase activity was 

measured at different temperatures in a 10 min reaction at pH 7.0.  For 

thermal stability studies, the enzyme was pre-incubated at different 

temperatures for 10 min in phosphate buffer (0.1 M, pH 7.0) before 

measuring the residual activity under the optimum conditions for assay. 

 

4.1.5 Confirmation of α-amylase activity by CNPG3 method 

For confirming the presence of α-amylase activity in the enzyme preparation, 

2-chloro-4-nitrophenyl-α-D-maltotrioside (CNPG3) was used as substrate.  

The release of 2-chloro-4-nitrophenol (CNP) was monitored per minute at 

405 nm (Thermoscientific Protocol). 

 

4.1.6 Analysis of hydrolysis products of amylase 

Thin layer chromatography (TLC) was carried out to identify the products of 

hydrolysis of starch by the crude enzyme preparation.  The silica plates were 

developed in a solvent system consisting of n-butanol : acetic acid (1:1).  

Detection of the reducing sugars was carried out by spraying a solution 
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consisting of 0.5 g aniline hydrochloride, 0.5 g diphenylamine in 50 mL 

acetone and 5 mL ortho-phosphoric acid, followed by baking at 150oC for 5 

min. 

 

4.1.7 Effect of EDTA and EGTA on α-amylase activity  

The enzyme preparation from isolate AH-2 was pre-incubated for 10 min at 

RT with EDTA or EGTA at final concentrations varying from 0.5 mM to 10 

mM and the residual activity estimated.  

 

4.1.8 Effect of metal ions on α-amylase activity  

The metal ions Na+, Ca2+, Co2+,  K+, Hg2+, Cd2+ (as chloride salts) and  Mn2+, 

Mg2+, Fe2+, Cu2+ and Zn2+ (as sulphate salts) at final concentrations of 1 mM 

or 10 mM, were pre-incubated with the enzyme for 10 min at RT and the 

residual activity determined. 

 

4.1.9 Salt tolerance of the α-amylase enzyme  

The enzyme preparation was pre-incubated with NaCl at final concentrations 

of 0.5 M or 1 M for 2 h and 24 h at 4ºC and the residual activities assayed.  

Likewise, in another experiment, the effect of NaCl was studied when present 

at various concentrations in the assay. 

 

4.1.10 Substrate concentration studies 

Basic reaction kinetics of the enzyme were studied by varying the substrate, 

soluble starch concentration under optimal assay conditions of pH, 
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temperature and reaction time.  The KM and Vmax values were calculated by 

Lineweaver–Burk analysis. 

 

4.1.11 Identification and characterization of the selected thraustochytrid 

isolate 

a) Colony morphology 

The thraustochytrid isolate AH-2 was grown on MV agar plate, pH 6.8 - 7.0, 

incubated at 25 ± 2°C and observed for colour, texture and appearance of the 

colony. 

 

b) Microscopic characteristics 

Cell suspension of a 48 h grown broth culture of the isolate was used to 

examine the cells under light microscope.  The colonies grown on solid MV 

medium were also observed under an inverted microscope.  Nile Red staining 

(as per Liu et al., 2014) of the cells was carried out to check for the presence 

of intracellular lipid bodies as seen under the phase contrast microscope.   

 

A 72 h old culture suspension was washed with phosphate buffer (0.1 M, pH 

7), fixed for 4 h in 2.5% (v/v) glutaraldehyde solution and washed again with 

the phosphate buffer, followed by dehydration in ascending grades of 

acetone.  After drying, the samples were subjected to gold spluttering and 

analysed on a Zeiss Evo 18 Scanning Electron Microscope.  

 

c) Maintenance of the isolate  

The thraustochytrid isolate was routinely grown in MV agar or MV broth 
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medium and stored at RT or at 4oC.  For long term preservation of the isolate, 

glycerol stocks were prepared and stored at -80oC.  

 

d) Identification of the isolate using 18S rRNA gene sequence based 

analysis 

Molecular characterization of the isolate was carried out at Triyat Scientific 

Co., Nagpur, India.  Amplification of the 18S rRNA was carried out by 

colony PCR and the amplified products visualized by agarose gel 

electrophoresis using a 1kb DNA ladder.  The PCR products were further 

sequenced and analysis of the sequence was carried out using BLAST 

database of the National Centre for Biotechnology Information (NCBI).  

BLAST alignment-based genus identification of the thraustochytrid isolate 

was then carried out by comparing its consensus sequence with known 18S 

sequences existing in the database.  The sequences were aligned and 

phylogenetic tree was constructed using MEGA 7.0 software. 

 

 

4.2 RESULTS AND DISCUSSION 

4.2.1 Effect of enzyme concentration 

Enzyme concentration studies are of core importance in designing and 

validating any enzyme assay.  Increasing enzyme concentration would 

increase the rate of reaction up to a certain concentration, beyond which the 

enzyme concentration is no longer a limiting factor.  Having thus identified 

the optimal enzyme concentrations, any possibilities of underestimation 

while assaying the particular enzyme activity would be ruled out.  
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Amylase activity in the culture supernatant from isolates AH-2 and TZ was 

found to be linear up to 29.3 µg and 98.7 µg protein, respectively, during the 

assay (Fig 4.1), the linear dependence ascertaining the enzyme catalytic 

process.  Enzyme protein concentrations within this linear range of activity 

were hence used for all further assays. 

 

4.2.2 Time course of assay 

In the initial stages of enzyme catalysis when there is little or no product 

present, the reaction proceeds only in the forward direction.  As the reaction 

continues, there is substantial build-up of product and hence a significant rate 

of backward reaction.  As a result the rate of product formation slows down 

with progress of incubation time and if the reaction time were extended too 

long the measured activity of the enzyme gets reported as a falsely low value. 

Selecting an appropriate incubation time would hence depend on a general 

rule, the incubation being long enough to permit adequate amount of product 

to be formed and such that the error in timing is insignificant, but not so 

stretched that there is detectable levelling off of the curve.  One also needs to 

ensure while determining reaction rates that the enzyme has been active at a 

more or less constant rate throughout the incubation. 

 

Under the assay conditions, both the isolates AH-2 and TZ exhibited 

maximum enzyme activity at a reaction time of 10 min, beyond which the 

activity tended to plateau off (Fig 4.2); this period was therefore chosen for 

all further assays.  
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Fig 4.1: Enzyme concentration dependence of α-amylase activity from 

isolates AH-2 and TZ  

 

 

 

 

Fig 4.2: Time course of α-amylase activity from isolates AH-2 and TZ  
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4.2.3 Effect of pH on activity and stability of α-amylase 

The pH optima of α-amylases from different sources vary widely from pH 2 

to pH 12.  They are generally stable over a wide pH range from 4 to 11, while 

narrow range stable α-amylases have also been reported (Gupta et al., 2003). 

 

The enzymes from both the isolates were optimally active at pH 7 (Fig 4.3).  

Two peaks were observed in both cases, one at pH 5 and another at pH 7.  

This possibly suggests the presence of isoforms of the enzyme in the crude 

extract.  Although enzyme activity diminished beyond pH 7, isolate AH-2 

showed significant activity even at pH 10 (i.e., maintained 60% of the 

optimal activity).   

 

While the amylases exhibited maximum activity at pH 7, they were 

significantly stable over a wide pH range (Fig 4.4), although with maximum 

stability at pH 7.  Upon pre-incubation for 10 min at pH 7 the activity from 

isolate AH-2 increased 1.43-fold over the control while that from isolate TZ 

remained unchanged by the treatment.  More than 50% residual activity was 

observed after treatment at all pH values ranging from 3 to 9.  Such amylases 

with wide pH stability ranges have huge potential in the detergent industry. 

 

Next to proteases, amylases are the second type of enzymes used in 

formulation of enzyme-supplemented detergents (Gupta et al., 2003; Hmidet 

et al., 2009) and 90% of all liquid detergents contain α-amylase (Kottwitz et 

al., 1994).  Currently, such type of enzyme formulations are widely used in 

laundry and automatic dishwashing for removal of starchy food substances 
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Fig 4.3: Effect of assay pH on α-amylase activity from isolates AH-2 

and TZ 

 

 

 

 

 

 
 

Fig 4.4: pH stability of the α-amylases from isolates AH-2 and TZ 
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derived from gravies, potatoes, chocolate, custard and smaller 

oligosaccharides (Mukherjee et al., 2009). 

 

4.2.4 Effect of temperature on activity and stability of α-amylase 

When assayed at pH 7.0 over a temperature range of 25-80ºC, the optimum 

activity of the enzyme from both isolates was found to be elicited at 50ºC 

(Fig 4.5).  That the decline in activity beyond this temperature was due to 

enzyme protein degradation was supported by the thermal stability studies 

(Fig 4.6 A).  The enzyme was stable at 50°C for up to 60 min in case of isolate 

AH-2 and up to 30 min in case of isolate TZ; the stability decreased upon 

further incubation.  From Fig 4.6 B, it was evident that a 50°C treatment for 

10 min elevated the activity by 1.9- and 1.33- fold, respectively, for the 

enzymes from isolates AH-2 and TZ.  

 

Stability of the enzyme over a broad temperature range makes it viable for 

use in diverse industrial applications.  Mohamed et al. (2009) had reported 

that some wheat α-amylases were stable up to 50°C and some at 40°C after 

incubation for 15 min, whereas in Pachyrhizus erosus tubers α-amylase was 

stable up to 40°C for 30 min incubation, beyond which there was rapid 

inactivation (Noman et al., 2006).   

 

4.2.5 Confirmation of α-amylase activity by CNPG3 method 

The reaction of amylase with the chromogenic substrate, 2-chloro-p-

nitrophenol linked with maltotriose as substrate results in the formation of 2- 

chloro-p-nitrophenol that can be measured spectrophotometrically at 405 nm.   
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Fig 4.5: Effect of assay temperature on α-amylase activity from isolates 

AH-2 and TZ 
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Fig 4.6: Thermal stability studies on the α-amylase from isolates AH-2 

and TZ 
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This reaction proceeds very rapidly, no coupling enzymes are required and 

the reaction is not readily inhibited by endogenous factors.  α-Amylase from 

the sample hydrolyzes the substrate CNPG3 to release CNP and form 2-

chloro-p-nitrophenyl-α-D-maltoside (CNPG2), maltotriose (G3) and glucose 

(G). 

 

The CNPG3 assay measurements at 37oC, pH 6 (as per the protocol of 

Thermoscientific) resulted in an absorbance increase due to the formation of 

CNP, which was observed to be linear with time.  This directly related to the 

α-amylase activities of 36 and 47 U/L from isolates TZ and AH-2, 

respectively, and confirmed the enzyme activity in the crude enzyme 

preparations as due to α-amylase. 

 

4.2.6 Analysis of hydrolysis products of amylase 

When the products of soluble starch hydrolysis by the crude enzyme 

preparation were separated by TLC, maltose showed up as the end product 

in all reaction mixtures, whether from isolate TZ or AH-2 (Fig. 4.7).  The end 

products of hydrolysis by the enzyme from Bacillus gibsonii S213 also 

indicated maltose as the major and maltotriose as the minor end product of 

starch hydrolysis, which confirmed that the enzyme was α-amylase (Kohli et 

al., 2016).   

 

As from all the above data, amylases from both the isolates displayed very 

interesting pH and temperature profiles pointing to potential biotechnological 
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applications.  Careful analysis revealed that isolate AH-2 amylases had 

considerably superior properties over those derived from isolate TZ.  The 

 

 

 

 

 

 

Fig 4.7: TLC-based identification of products of starch hydrolysis by 

enzyme extracts from isolates AH-2 and TZ 

Lane S: soluble starch substrate, Lane G: glucose, Lane M: maltose, Lane CS1: culture 

supernatant of AH-2, Lane RM1: reaction mixture using CS1, Lane CS2: culture 

supernatant of TZ, Lane RM2: reaction mixture using CS2 
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crude enzyme preparation from isolate AH-2, which could even consist of 

more than one amylase with remarkable properties, was selected for further 

characterization studies, as laid out below.   

 

4.2.7 Effect of EDTA and EGTA on α-amylase activity  

Both EDTA and EGTA caused concentration-dependent inhibition of α-

amylase activity in the crude enzyme preparation from isolate AH-2, 

suggesting a requirement of divalent metal ions for the activity of the enzyme 

(Fig 4.8).  α-Amylase activity from Bacillus sp. L1711 was found to be 

resistant to 10 mM EDTA treatment (Bernharsdotter et al., 2005) while that 

of Bacillus sp. I-3 was inhibitory (Goyal et al., 2005).  Inhibition of enzyme 

activity is also said to be varying according to the biological origin of the 

enzyme (Vallee et al., 1959).  

 

4.2.8 Effect of metal ions on α-amylase activity  

Divalent metal ions are essential to many enzymatic reactions because their 

presence or absence could regulate the enzyme activity.  The α-amylase from 

isolate AH-2 appeared to retain its optimal activity in the presence of most 

of the metal ions tested in the assay (Fig 4.9).  Even at 10 mM concentration 

of some of the metal ions, the enzyme retained about 70% activity. 

 

This observation appeared contradictory to the results obtained from EDTA 

and EGTA inhibition data (Fig 4.8).  One possible reason for the results in 

Fig 4.8 could be due to removal of essential metal ions already present in the 

enzyme preparation as growth medium components.  Likewise, in Fig 4.9 no 
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Fig 4.8: Effect of EDTA and EGTA on α-amylase activity from isolate 

AH-2 

 

 

 

  

 

 

Fig 4.9: Effect of metal ions on α-amylase activity from isolate AH-2 
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stimulation by addition of particular metal ions was observed, probably 

because of their prior presence in the medium.   

 

Supplementation with certain metal ion salts is known to improve enzyme 

activity as most α-amylases are known to be metalloenzymes.  The majority 

of these enzymes are known to contain Ca2+ ions.  In most such amylases, 

affinity of CaCl2 is much stronger than other metal ions (Gupta et al., 2003).  

Positive influence of CaCl2 (0.1 %) and NaCl (0.1 %) on α-amylase 

production using Amaranthus grains as substrate was recorded by 

Vishwanathan and Surlikar (2001).  In Bacillus sp. I-3, α-amylase activity 

increased with LiSO4 (20 mM) and MgSO4 (1 mM) (Sodhi et al., 2005).  

Negative effect on α-amylase was observed with FeCl3 and MgSO4 

(Vishwanathan and Surlikar, 2001). 

 

4.2.9 Salt tolerance of the α-amylase enzyme 

Several studies have been undertaken to determine the salinity tolerance of 

thraustochytrids, in order to understand their wide distribution in mangrove 

habitats of both marine and estuarine environments (Nakagiri, 1993; Leaño 

et al., 1998; Yokochi et al., 1998; Fan et al., 2002). 

 

When NaCl was provided as an additive during the assay, the α-amylase 

activity from isolate AH-2 was observed to increase with increase in salt 

concentration up to the 5% concentration tested (Fig 4.10).  NaCl was also 

found to activate the α-amylase when incubated for 2 h at 1 M concentration, 

almost doubling the activity (Fig 4.11).  Increased stability could be observed 
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Fig 4.10: Effect of NaCl on activity of isolate AH-2 α-amylase 

 

 

 

 

 

 

 
 

Fig 4.11: Effect of NaCl on stability of α-amylase from isolate AH-2 
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even at 24 h.   

 

A salt tolerant α-amylase produced by Bacillus sp. MD 124 was reported as 

stable in 5 M NaCl solution, retaining 75% of its original activity after 24 h 

of incubation (Jana et. al., 1997).  The enzyme from isolate AH-2 displayed 

residual activity of “143%” after a 24 h incubation in 1 M NaCl.  This high 

salt tolerance of the enzyme suggests that its in situ hydrolytic activity may 

not also be adversely affected under the salt conditions of the ecosystem from 

where the isolate was obtained, strengthening the concept of its purported 

ecological role (vide Chapter 3). 

 

4.2.10 Enzyme kinetics studies 

The α-amylase activity from isolate AH-2 followed typical Michaelis–

Menten kinetics in hydrolyzing soluble starch (Fig 4.12).  The kinetic 

constants KM and Vmax were thus determined by Lineweaver-Burk plot 

analysis (Fig 4.13).  The Vmax was calculated as 16.78 U/mL.  The crude α-

amylase exhibited a KM of 0.02 mg/mL, which is much lower than those 

reported even for the purified enzymes from B. stearothermophilus (14.0 

mg/mL), B. subtilis (1.2–3.8 mg/mL), B. amyloliquefaciens (0.6 mg/mL), A. 

niger (1.37 mg/mL) (Morya and Yadav, 2008; Bano et al., 2011; Kikani and 

Singh, 2011; Talekar et al., 2012), indicating a very strong affinity for soluble 

starch as substrate.   
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Fig 4.12: Effect of substrate concentration on α-amylase activity from 

isolate AH-2 

 

 

 

 

 

 

 

 
 

Fig 4.13: Lineweaver Burk analysis 
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4.2.11 Identification and characterization of the selected thraustochytrid 

isolate AH-2 

On preliminary screening of isolates TZ and AH-2, which displayed highest 

amylase activities among the 10 isolates that tested positive for amylases, the 

enzyme from isolate AH-2 exhibited higher specific activity over that from 

isolate TZ.  Besides, the amylase from isolate AH-2 emerged more potent in 

comparison to that from the latter when various characterisation studies on 

the crude extract were carried out with respect to their temperature and pH 

stabilities.  As isolate AH-2 was hence pinned as the thraustochytrid of choice 

for further studies on amylase production, this isolate was subjected to 

various characterization studies and identification at the molecular level.   

 

a) Colony morphology of the selected amylase-producing 

thraustochytrid isolate 

When grown on MV agar medium (Fig 4.14) isolate AH-2 displayed colony 

characteristics as depicted in Table 4.1. 

 

b) Microscopic characteristics of the isolate AH-2 

The cells of thraustochytrid isolate AH-2 after 48 h of incubation at RT in 

MV broth are captured in Fig 4.15, as observed under the light microscope.  

The colonies of the isolate grown on MV agar medium were also viewed 

under inverted microscope (Fig 4.16).  Under phase contrast microscopy, 

numerous intracellular lipid bodies in each cell of the isolate AH-2 were 

observed to fluoresce upon Nile Red staining (Fig 4.17).  This huge lipid 

accumulation in the cells of the isolate marks it as a potential source for the  
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   Fig 4.14: Isolate AH-2 growing on MV agar plate 

 

 

 

Table 4.1: Colony characteristics of the isolate AH-2 

Shape Circular 

Size (mm) 1 – 2 

Colour Creamish 

Margin Entire 

Consistency Non-butyrous 

Elevation Flat 

Opacity opaque 
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Fig 4.15: Isolate AH-2 in MV broth as observed under compound 

microscope 

 

 

Fig 4.16: Colonies of isolate AH-2 on MV agar as observed under 

inverted microscope 
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Fig 4.17: Fluorescing lipid bodies in thraustochytrid isolate AH-2 cells 

under phase contrast microscope 

 

 

 

Fig 4.18: Scanning electron micrograph of isolate AH-2 
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lipid extraction for which thraustochytrids have been commercially 

exploited.  The SEM image (Fig 4.18) displays enormous amount of EPS 

(exopolysaccharide) secretion by the cells of isolate AH-2. 

 

c) Maintenance of the isolate 

Isolate AH-2 maintained in MV broth at 4oC was stable for about a month.  

The isolate was also maintained on MV agar in Petri dishes at RT (25±2oC) 

with frequent subcultures every 15 days.  In addition to this, the culture was 

stored as glycerol stocks in 15% glycerol at -80oC.  Some stocks were also 

maintained at -20oC and 0oC.    

 

d) Identification of the isolate using 18S rRNA gene sequence based 

analysis 

The 18S rDNA of the isolate AH-2 was sequenced using the primers 

mentioned in Table 4.2.  Fig 4.19 shows the amplified products of 18S rDNA 

as visualized on agarose gel.  When the sequences were aligned pairwise 

(using BLAST) the results obtained indicated that the isolate belonged to 

Ulkenia genus with ~ 98% identity.  Upon performing Multiple Sequence 

Alignment (using CLUSTAL OMEGA), it was confirmed that the isolate 

could be a member of the Ulkenia genus, with suggested maximum matches 

with the species visurgensis. 

 

Further, working comprehensively on its phylogenetic analysis, the isolate 

was found most closely related to AB022116.1 Ulkenia visurgensis (Fig 

4.20).  The evolutionary history was inferred using the Neighbor-Joining  
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Table 4.2: Primers used for PCR 

 

 

 

 

 

 

 

Fig 4.19: DNA amplification 

 

 

 

 

Sr. 

No. 

Primer 

name 
Sequence (5’3’) Tm Length 

Product 

size 

1. 528F CCGCGGTATTCCAGCTC 57.6ºC 17 

~1500bp 
2. EukB TGATCCTTCTGCAGGTTCACCTAC 62.7ºC 24 
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Figure 4.20: Neighbour-Joining (NJ) 18S rDNA phylogenetic tree of 

thraustochytrids showing the relationship between isolate AH-2 and 

representative species of the Thraustochytridae with Prorocentrum 

micans as outgroup. 
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method (Saitou and Nei, 1987).   The optimal tree with the sum of branch 

length = 0.41080419 is shown.  The percentage of replicate trees in which 

the related taxa clustered together in the bootstrap test of 500 replicates are 

shown next to the branches (Felsenstein, 1985).  The tree drawn is to the 

scale, with branch lengths in the identical units as those of the evolutionary 

distances used to deduce the phylogenetic tree.  The Maximum Composite 

Likelihood method (Tamura et al., 2004) was used to compute evolutionary 

distances and are in the units of the number of base substitutions per site.  The 

analysis involved 11 nucleotide sequences.  All the positions containing gaps 

and missing data were excluded.  There were a total of 823 positions in the 

final dataset.  Evolutionary analyses were conducted in MEGA7 (Kumar et 

al., 2016).  

 

Based on the above results and the fact that isolate AH-2 clustered in the 

Ulkenia group (Fig 4.20) our isolate could be adjudged as showing  

maximum similarity to Ulkenia visurgensis (Ulken) Gaertner.  Ulkenia 

visurgensis is a common species in various marine habitats.  The species has 

earlier been reported by Raghukumar (1988) in the coelenteron of a hydroid 

collected from algal beds of Cladophora sp. from the beaches of Baga at Goa, 

India.  Ulkenia sp. is also reported as a faster grower than Thraustochytrium 

sp. (Fan and Chen, 2007).  It is known to produce abundant zoospores in 

diluted sea water (7.5 to 15%).  The velocities of the zoospores of Ulkenia sp. 

were found to be lowest among the tested four mangrove thraustochytrid 

isolates, Schizochytrium sp. KF1, Aurantiochytrium 

mangrovei KF6, Thraustochytrium striatum KF9 and Ulkenia sp. KF13 from 
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Hong Kong for zoospore production (Tsui et al., 2012).  Ulkenia sp. Gaertner, 

is currently used as a commercial source of DHA-rich TAG oil, which 

comprises up to 50% DHA and also 8%–14% n-6 DPA (Docosapentaenoic 

acid) (FDA; Martins et al., 2013).   

 

Our isolate AH-2, based on its growth cycle, was earlier tentatively identified 

as belonging to the genus Thraustochytrium (Kanchana et al., 2011) and 

deposited in ATCC as ATCC® PRA296™.  However, the present 18S rRNA 

gene sequence based analysis clearly indicated it as belonging to the genus 

Ulkenia.  Also, Mycobank reports Thraustochytrium visurgense (Ulken, 

1965) as currently being named as Ulkenia visurgensis (Ulken) Gaertner. 

(Gaertner, 1977). 

 

In summary of the contents of this Chapter, based on the characterization 

studies, amylases from both the isolates AH-2 and TZ presented promising 

starch degradation and hence a potential in practical applications in the starch 

industry.  On account of their stability at high temperature and pH and also 

in terms of very low KM in comparison to other known microbial sources, the 

α-amylases from both isolates (more so, isolate AH-2) stand on par with those 

of other microbial origins.  This calls for a further optimization for 

maximizing the enzyme production, which is dealt within the Chapter 5.  The 

isolate AH-2 was also studied for its morphological features and from its 

molecular analysis identified with maximum similarity to Ulkenia 

visurgensis. 
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Optimization of various parameters and manipulation of media 

components are among the most vital combinations of techniques used for 

overproduction of enzymes in bulk quantities to meet industrial demands 

(Tanyildizi et al., 2005, Sivaramakrishnan et al., 2006).  Most significant 

among these with respect to α-amylase production are composition of the 

growth medium, carbon source and nitrogen source (Forgaty and Kelly, 

1979; Lonsane and Ramesh, 1990; Gupta et al., 2003).  Interactions of 

these parameters are reported to have a significant influence on production 

of the enzyme (Sivaramakrishnan et al., 2006). 

 

Numerous studies have been carried out on media optimization for DHA 

production by thraustochytrids (Raghukumar, 2008).  There have, 

however, been no reports on optimized production of enzymes from these 

organisms except for the studies carried out by Kanchana (2007) on 

alkaline lipases and proteases and by Devasia (2014) on cellulase 

production.  

 

This Chapter describes detailed studies on optimization of various process 

parameters influencing α-amylase production by the thraustochytrid 

isolate Ulkenia sp. AH-2.  Attempts have been made to enhance enzyme 

production by “one variable at a time” (OVAT), the classical approach to 

optimisation and the statistical approaches of “response surface 

methodology” (RSM) as well as “genetic algorithm” (GA) at shake flask 

level. 
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5.1 MATERIALS AND METHODS 

Chemicals used were all of analytical grade.  In each experiment, the 

measurements were carried out in triplicate.  Each data point plotted is a 

representation of mean ± S.D. of values analysed in replicate from three 

or more independent experiments.  

 

5.1.1 Optimization by OVAT approach 

The OVAT method, also known as one-factor-at-a-time (OFAT), is a 

method of designing experiments involving the testing of process 

variables one at a time, instead of multiple factors simultaneously.  This 

approach is the simplest to implement and helps primarily in selection of 

significant factors influencing the enzyme yield (Singh et al., 2011).  

 

5.1.1.1 Effect of base salt component of growth medium on α-amylase 

production 

To determine the effect of base salt component of the growth medium on 

α-amylase production, the sea salt component of MV medium was 

replaced by 3.4% NaCl, half strength i.e., 50% sea water (HSSW),  full 

strength sea water (FSSW), half strength artificial (HSASW) or full 

strength artificial sea water (FSASW).  Proliferation of the isolate in 

culture as well as its α-amylase production were monitored. The 

absorbance at 660nm (A660nm) was used as a measure of growth, diluting 

the culture where necessary to obtain absorbance values falling within the 

sensitivity range of the instrument.  
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5.1.1.2 Effect of nitrogen sources on enzyme production 

Tryptone (Tryp), monosodium glutamate (MSG), peptone (pept), yeast 

extract (YE), soy peptone (soy pept), ammonium nitrate, ammonium 

sulphate,  potassium nitrate or urea, at a concentration of 0.15% (w/v) were 

added to MV medium as the sole nitrogen source.  The conventional MV 

medium containing the combination of YE (0.1%) and pept (0.15% pept) 

was maintained as control.  MSG or NH4NO3 were also added to the MV 

medium already containing 0.15% pept and 0.1% YE to check for any 

enhancement of enzyme production.  Various combinations and 

concentrations of the selected nitrogen source(s) were then tried out to 

elicit the best enzyme activity.  

 

5.1.1.3 Effect of carbon sources on enzyme production 

Various carbon sources such as soluble starch (SS), maltose, lactose, 

fructose, glycerol, α-methyl-glycoside (analogue of maltose), D-mannitol, 

D-galactose, sucrose, corn starch (c-S) and glucose (a component of the 

control MV medium) were tested at 0.4% (w/v), using 1% inoculum.  

Growth and enzyme activity were assessed on days 3, 4 and 5.  Different 

concentrations and combinations of the selected carbon source(s) were 

then tried out in order to maximize the enzyme induction. 

 

5.1.1.4 Effect of CaCl2 on enzyme production 

α-Amylase production by the isolate was assessed after inoculating it in 

production medium containing 0.1-1 g/L concentrations of added CaCl2.  

Growth as well as enzyme activity on day 4 were quantified. 
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5.1.1.5 Effect of inoculum size on enzyme production 

Inoculum size in the production medium was varied from 0.5-10% of 

initial inoculum.  Enzyme activity was determined after 3 and 4 days of 

incubation. 

 

5.1.1.6 Effect of harvesting time on enzyme activity 

The production medium was inoculated as above and incubated at RT and 

120 rpm.  Enzyme assays were carried out at specific time intervals.  The 

growth of the culture was also monitored. 

 

5.1.1.7 Extraction of the crude α-amylase enzyme 

After 4 days of growth under optimum conditions, different extraction 

procedures were tested:  

 

(a) Culture supernatant (CS) 

The culture broth was divided into three parts: One aliquot was centrifuged 

at 10,000 rpm at 4oC for 10 min. The supernatant collected was termed as 

‘CS’ and used as the source of crude enzyme. 

 

(b) Sonication (SCS) 

In the second aliquot, the pellet obtained after centrifugation as above was 

washed twice with 0.1 M phosphate buffer (pH 7) and then suspended in 

the same buffer.  This was subjected to sonication for 20 s and the 

sonicated suspension was centrifuged at 10,000 rpm at 4oC for 10 min.  

The pellet was discarded and the supernatant (termed ‘SCS’) was used for  
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analysis of enzyme activity. 

 

(c) Pellet freeze-thawed extract (PFTE) 

Using the third aliquot, the pellet as obtained in step (a) above was 

suspended in 0.1 M phosphate buffer, pH 7 and frozen at -80oC for 15 min.  

It was then thawed at RT for 5 min.  This rapid freezing and thawing was 

continued for 5, 7 or 10 cycles.  At the end of the respective cycles, the 

suspension was centrifuged at 10,000 rpm at 4oC for 10 min, the 

supernatant obtained being termed ‘PFTE’, with suffixes to specify the 

number of cycles where relevant. 

 

5.1.1.8 Polyacrylamide Gel Electrophoresis (PAGE) and zymography  

Equal amounts of protein from the above samples viz., CS, SCS, PFTE-5, 

PFTE-7 and PFTE-10 as well as commercial amylase were subjected to 

non-denaturing polyacrylamide gel electrophoresis on an 8% gel 

(Laemmli, 1970).  After the electrophoresis the protein bands were stained 

with Coomassie Brilliant Blue R-250. 

 

Subsequent to the native-PAGE run, amylase activity was detected in situ 

as per Dojnov et al. (2008), with slight modifications in incubation 

temperature and pH based on the enzyme optima.  The enzyme activity 

showed up in the zymogram as clear bands on a dark background.   

 

5.1.1.9 Effect of low cost substrates on α-amylase production 

Production of amylase was carried out using substrates of low or zero cost, 
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such as rice bran of unprocessed rice (RB-Un) and processed rice (RB-P), 

wheat bran (WB), rice husk (RH), vegetable waste such as potato peel 

(PP), fruit waste as orange peel (OP) or banana peel (BP), corn cob (CC) 

or sugarcane bagasse (SG), replacing the carbon source in MV medium.  

All the substrates were processed well and added at 0.2% to the MV 

medium prepared with 0.2% glucose.  The optimized MV medium for α-

amylase production served as control.  The pH of all the media was 

recorded.  Enzyme activity in the culture supernatant was estimated on day 

3 and day 4 by qualitative as well as quantitative analyses.  

 

5.1.2 Statistical optimization of factors affecting α-amylase 

production by Response Surface Methodology (RSM) 

The technique of RSM was used to enhance and study the interactions of 

the most significant of the conventionally optimized variables affecting 

the enzyme activity, viz., glucose (A), the substrate corn starch (B) and 

yeast extract (C).  The effect of each variable on enzyme production was 

studied at three different levels (-1, 0 and +1) with minimum, central and 

maximum value (Table 5.1), according to Central Composite Design 

(CCD).  The two response functions of interest were enzyme activity and 

growth of the isolate.  These functions were approximated by a second 

degree polynomial of cubic, quadratic and interaction effects using the 

method of least squares.  The statistical software Design Expert-7.0.0 was 

used to generate and analyze the experimental design.  This design 

consisted of 20 experimental setups (Table 5.2) for optimization of the 

above mentioned three variables; out of these, 14 were the combinations 
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Table 5.1: Coded and actual values (in %) of variables for 

experimental design 

Variables 

(%, w/v) 

Code Levels of variables 

  -1 0 +1 

Glucose A 0.15 0.20 0.25 

Substrate B 0.15 0.20 0.25 

Yeast extract C 0.15 0.30 0.45 
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of the actual level of the experimental variables while the remaining 6 

were replications at the central points.  The central point experiments were 

run to define the curvature and to compensate for the lack of fit values 

which specify the significance of the model.  The behavior of the system 

was explained by the second-order polynomial coefficients calculated and 

analyzed using the above software.  Analysis of variance (ANOVA) was 

used to evaluate the responses under different combinations as defined by 

the design. 

 

5.1.3 Optimization by Genetic Algorithm 

Genetic algorithm was used to evaluate the target function to be optimized 

at some arbitrarily selected points of the definition domain.  It involves 

construction of a population of individuals, evaluation of these 

individuals, assortment of best experiments and breeding from there, 

supported by genetic manipulation to generate a new population.  Actual 

variables are encoded in the form of binary strings, called chromosomes 

(Muffler et al., 2007).  Each bit location in the string is called a gene and 

the individual starting solution is identified as population.  While solving 

the problem, every population is assessed for its fitness.  A new population 

is created from the primary population of chromosomes by means of three 

genetic operations: reproduction (generation of new population), 

crossover (exchange of bits in a pair of chromosome) and mutation 

(flipping of bits in offspring), as described by Rao et al. (2007).  Optimum 

conditions were selected after evaluation of GA to attain adjusted 

fermentation conditions in the specified range of input parameters.  



147 

 

Table 5.2: Central composite experimental design for media 

optimization 

 Factor 1 Factor 2 Factor 3 

Std A:Glucose B:Substrate C:Yeast extract 

 % % % 

1 0.15 0.15 0.15 

2 0.25 0.15 0.15 

3 0.15 0.25 0.15 

4 0.25 0.25 0.15 

5 0.15 0.15 0.45 

6 0.25 0.15 0.45 

7 0.15 0.25 0.45 

8 0.25 0.25 0.45 

9 0.15 0.20 0.30 

10 0.25 0.20 0.30 

11 0.20 0.15 0.30 

12 0.20 0.25 0.30 

13 0.20 0.20 0.15 

14 0.20 0.20 0.45 

15 0.20 0.20 0.30 

16 0.20 0.20 0.30 

17 0.20 0.20 0.30 

18 0.20 0.20 0.30 

19 0.20 0.20 0.30 

20 0.20 0.20 0.30 
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The GA toolbox of MATLAB 7.8.0 (The MathWorks, Inc., Natick, MA, 

USA) was used in the modelling studies. 

 

 

5.2 RESULTS AND DISCUSSION 

5.2.1 Effect of base salt component of growth medium on enzyme 

production 

The requirement of seawater for thraustochytrid growth has been reported 

by many researchers.  The optimum salinity requirement for the growth 

varies among strains, some growing even at salinities as low as 2 ppt 

(Burja et al., 2006).  Strains isolated from mangrove environments, where 

high salinity fluctuations prevail, may display lower salinity optima or 

wider salinity tolerance (Raghukumar, 2008).  Salinity optima in 

thraustochytrid isolates as common in mangrove isolates, generally fall 

between 50–100% seawater strength (Iida et al., 1996; Kumon et al., 2002; 

Perveen et al., 2006). 

 

Straminipilan fungi, the thraustochytrids and labyrinthulids, have an 

absolute requirement of sodium for their growth and sporulation 

(Jennings, 1986).  These two groups are hence excellent tools for 

understanding the physiology of growth and enzyme production in the 

presence of sodium (Raghukumar, 2008).  Thraustochytrids have an 

obligate requirement for Na+ ions that cannot be replaced by K+ (Garrill et 

al., 1992; Raghukumar, 2002). 
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Fan et al. (2002) observed varying salinity requirements for growth of 

selected thraustochytrids obtained from different geographical regions 

(Antarctic, temperate and subtropical).  They, however, maintain that the 

salinity of the site of isolation has no bearing on their salinity tolerance for 

vegetative growth under laboratory conditions.  Seawater contains many 

major ions (Na+, Ca2+, K+, Mg2+) which are essential for the growth of 

marine fungi (Jennings 1983).  Bahnweg (1979a) reported that the absence 

of potassium ions caused reduced growth in thraustochytrids.  Likewise, 

Siegenthaler et al. (1967a, b) suggested that sodium ions facilitated 

phosphate uptake and were therefore required in macro-quantities for 

strong growth of thraustochytrids. 

 

A physiological study by Leaño et al. (2003) on best growth conditions for 

the thraustochytrid isolates Schizochytrium and Thraustochytrium sp. had 

shown that optimum salinity levels ranged between 15- 30%, similar to 

other reports on isolates such as Thraustochytrium aureum (Iida et al., 

1996), Schizochytrium limacinum (Yokochi et al., 1998), S. mangrovei 

(Fan et al., 2002) and other Schizochytrium and Thraustochytrium species 

(Singh et al., 1996; Nakahara et al., 1996; Fan et al., 2002).  Arafiles et al. 

(2011) noted that Thraustochytrium sp. displayed highest biomass after 3 

days of culture at 60% seawater concentration.  Nagano et al. (2009) 

suggested that seawater concentrations required for good growth were 

between 12.5 - 200% and that a single omission of magnesium sulfate 

from the medium reduced growth of the cells. 
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Our isolate AH-2 displayed maximal growth as well as α-amylase activity 

when cultured in MV medium containing 3.4% crude salt, corresponding 

to 34 psu salinity (Figs 5.1 and 5.2).  The α-amylase activity was observed 

to peak on day 4.  These results were found to be similar to those of 

Kanchana (2007) wherein a concentration of 3.4% crude salt effected 

maximum protease and lipase production by the isolates AH-2 and TZ.  In 

another report by Devasia (2014) on optimization studies for cellulase 

production, best enzyme activity by isolate TLU8 was elicited with the use 

of 70% natural sea water (salinity of 24 psu).  Nagano et al. (2011) could 

successfully induce cellulase activities in thraustochytrid strains by using 

half-strength ASW in the medium. 

 

5.2.2 Effect of nitrogen source on enzyme production 

Peptones are a good nitrogen source for biomass production. Most 

thraustochytrids efficiently utilize organic nitrogen while a few grow well 

on inorganic nitrogen sources such as ammonium ions and nitrates 

(Bahnweg, 1979b; Barclay, 1994a; Iida et al., 1996; Singh and Ward, 

1997b; Huang et al., 2003).  The conventional MV medium containing 

organic nitrogen sources viz., pept (0.15%) and YE (0.1%), have proven 

to be significantly supporting for growth of most thraustochytrids.  In our 

study too, out of the many nitrogen sources tested for growth of isolate 

AH-2, MV medium composed of these nitrogen sources excelled in 

inducing maximal growth of the isolate (Fig 5.3).  Our results on the poor 

growth of isolate AH-2 on sodium glutamate (Fig 5.3) did not match with 

the findings of Singh et al. (1996) wherein it was reported an excellent 
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Fig 5.1: Effect of base salt component on growth of isolate AH-2 

 

 

 

 

Fig 5.2: Effect of base salt component on α-amylase activity 
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nitrogen source for many thraustochytrids.  

 

Likewise, organic nitrogen sources have been most preferred for α-

amylase production also.  Streptomyces sp. (Mahon et al., 1999), Bacillus 

sp. (Hamilton et al., 1999) and Halomonas meridiana (Coronado et al., 

2000) utilized YE and/or pept for α-amylase production. The productivity 

of α-amylase from A. oryzae was increased with YE in combination with 

ammonia (Pedersen and Nielsen, 2000) or soybean flour (Imai et al., 

1993).  In fact most bacteria and fungi prefer organic nitrogen sources over 

inorganic salts for maximum α-amylase production (Krishnan and 

Chandra, 1982; Emaanuilova and Toda, 1984; Yoshigi et al., 1985; 

Hayashida et al., 1988; Cheng et al., 1989; Rukhaiyar and Srivastava, 

1995). 

 

Our isolate AH-2 too showed maximal amylase activity on day 4 when 

grown in medium composed of organic nitrogen sources (of the MV 

medium) (Fig 5.4).  This was in agreement with the findings of Kanchana 

(2007) for best production of alkaline proteases from the same isolate.  

When various concentrations of these organic nitrogen sources were tested 

individually to check for their effect on growth and activity of the isolate, 

the media with 0.25% pept or 0.3% YE (Fig 5.5) elicited highest growth 

on day 4 rather than the 0.1% YE and 0.15% pept combination routinely 

used in the control MV medium.  The amylase activity was observed to 

parallel the growth patterns (Fig. 5.6).  As observed in Figs 5.7 and 5.8 the 

medium containing 0.3% YE showed highest growth and amylase activity 
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Fig 5.3: Effect of various nitrogen sources on growth of isolate AH-2 
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Fig 5.4: Effect of various nitrogen sources on α-amylase activity 

from isolate AH-2 
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Fig 5.5: Effect of various concentrations of selected nitrogen sources 

on growth of isolate AH-2 
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Fig 5.6: Effect of various concentrations of selected nitrogen sources 

on α-amylase activity from isolate AH-2 
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Fig 5.7: Effect of selected concentrations of yeast extract and 

peptone on growth of isolate AH-2 

 

 

 

Fig 5.8: Effect of selected concentrations of yeast extract and 

peptone on α-amylase activity from isolate AH-2 
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on day 4.  The medium thus selected as ‘optimum’ and containing 0.4% 

glucose, 3.4% crude salt and 0.3% YE was hence termed mMV (modified 

MV medium) and adopted for all further studies. 

 

5.2.3 Effect of various carbon sources on α-amylase production 

The ability of thraustochytrids to use carbon sources vary widely 

(Bahnweg, 1979a, b), glucose being reported as the most preferred source 

(Singh et al., 1996; Burja et al., 2006) for biomass production and DHA 

yield of thraustochytrids (Yokochi et al., 1998; Leaño et. al. 2003), while 

few strains do utilize maltose and starch (Bajpai et al., 1991; Li and Ward, 

1994).  Our isolate AH-2 exhibited maximum growth on day 3 in medium 

containing soluble starch (Fig 5.9), while the mMV medium containing 

glucose also elicited high growth but on day 4.  Nagano et al. (2009), in a 

study on a marine thraustochytrid  Aurantiochytrium limacinum strain 

mh0186 reported that of the various carbon sources tested, D-glucose, D-

fructose and D-mannose could be best utilized for growth. 

 

α-Amylase is an inducible enzyme and starch and/or its hydrolytic product 

maltose are known to increase its production (Lachmund et al., 1993; 

Morkebuerg et al., 1995, Gupta et al., 2003).  The reports on α-amylase 

induction in different strains of A. oryzae point to maltose as the inducer 

molecule.  An increase in enzyme activity in A. oryzae (NRC 401013 and 

DSM 63303) was reported with maltose and starch in the medium (Eratt 

et al., 1984; Lachmund et al., 1993; Gupta et al., 2003).  In some strains 

carbon sources such as trehalose, lactose and α-methyl-D- 
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Fig 5.9: Effect of various carbon sources on growth of isolate AH-2 
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glycoside induced α-amylase enzyme (Yabuki et al., 1977; Gupta et al., 

2003).  Like most other inducible enzymes, α-amylase production is also 

subjected to catabolite repression by glucose and other sugars (Arst and 

Bailey, 1977; Morkebuerg et al., 1995, Gupta et al., 2003).  The role of 

glucose in certain cases of α-amylase production is, however, 

controversial as in the case of A. oryzae DSM 63303, where enzyme 

production was not repressed by glucose and instead, a minimal level of 

the enzyme was induced in its presence (Lachmund et al., 1993; Gupta et 

al., 2003). 

 

In A. nidulans, although good growth was supported by xylose or fructose, 

these have been classified as strong repressors (Arst and Bailey, 1977; 

Gupta et al., 2003).  There have also been reports on high α-amylase 

activities from A. fumigatus using α-methyl-D-glycoside (a synthetic 

analogue of maltose) as substrate (Goto et al., 1998; Gupta et al., 2003; 

Sivaramakrishnan et al., 2006).  For the production of α-amylase, while 

the use of carbon sources such as glucose and maltose have thus been 

documented, starch remains the substrate of promise and choice (Gupta et 

al., 2003).  

Soluble starch has been reported as the best substrate for production of α-

amylase by B. stearothermophilus (Srivastava and Baruah, 1986; 

Sivaramakrishnan et al., 2006).  An increased α-amylase production was 

reported in B. subtilis IMG22, Bacillus sp. PS-7 and Bacillus sp. I-3 with 

starch and glycerol as carbon sources (Sodhi et al., 2005; Goyal et al., 

2005; Tanyildizi et al., 2005; Sivaramakrishnan et al., 2006).  Bacillus sp. 
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was reported to produce maximum raw-starch-digesting amylase in 

lactose-containing medium (Hamilton et al., 1999; Sivaramakrishnan et 

al., 2006).  

 

The present study indicated that the culture supernatant obtained from 

medium containing soluble starch as carbon source stably produced high 

α-amylase activity on days 4 and 5 (Fig 5.10).  Arising out of this 

experiment, media comprising of glucose (mMV), soluble starch (SS), 

maltose (M) or corn starch (c-S) were shortlisted to be tested further for 

enzyme production and it was seen that MV medium and that with c-S 

showed highest growth on day 4 in comparison to others (Fig. 5.11).  Yet, 

as far as α-amylase production was concerned, the medium containing 

soluble starch was as good as mMV medium (Fig. 5.12).  The use of media 

with carbon sources exhibiting highest enzyme activity viz., SS and c-S 

was thus tested with added sugars (glucose or maltose), maintaining the 

total concentration at 0.4%.  

 

From the results obtained, while better growth was observed in medium 

containing glucose (G) alone on day 3 and day 4 (Fig 5.13), SS in 

combination with glucose (1:1) was able to induce higher amylase activity 

on day 3 (Fig. 5.14).  The medium with c-S in combination withglucose 

(1:1) showed enhanced growth (Fig. 5.15) and highest activity (Fig. 5.16) 

over mMV medium or c-S (alone or in other combinations) on day 4.  

Since SS or c-S, in combination with glucose, elicited high enzyme 

activity the combinations were further tested in a 1:1 ratio with glucose.   
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Fig 5.10: Effect of various carbon sources on α-amylase activity from 

isolate AH-2 
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Fig 5.11: Effect of selected carbon sources on growth of isolate AH-2 

 

 

 

Fig 5.12: Effect of selected carbon sources on α-amylase activity 

from isolate AH-2 
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Fig 5.13: Effect of soluble starch (SS) alone or in combination with 

glucose (G) or maltose (M), on growth of isolate AH-2 

 

 

 

Fig 5.14: Effect of soluble starch (SS) alone or in combination with 

glucose (G) or maltose (M), on α-amylase activity from isolate AH-2 
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Fig 5.15: Effect of corn starch (c-S) alone or in combination with 

glucose (G) or maltose (M), on growth of isolate AH-2 

 

 

 

Fig 5.16: Effect of corn starch (c-S) alone or in combination with 

glucose (G) or maltose (M), on α-amylase activity from isolate AH-2 
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Upon repeated experimentation, it was observed that c-S with glucose 

induced highest growth (Fig 5.17) as well as enhanced α-amylase activity 

(Fig 5.18) on day 4.  The c-S + glucose combination was hence selected 

to be tested at varying concentrations, for further refining the composition 

of this selection. 

 

All the combinations of c-S and glucose gave very similar growth patterns 

for each of the days tested (Fig. 5.19).  Our study correlated with the 

findings of Arafiles et al. (2011) on Thraustochytrium and Schizochytrium, 

which state that these isolates can grow over a wide range of glucose 

concentrations.  Thraustochytrids may be expected to have this capability 

as they thrive in estuarine habitats such as mangrove ecosystems, where 

continuous fluctuations of physico-chemical parameters from the aquatic 

environment do occur.  Besides, the study also projects the ability of the 

isolates to sustain on quite low glucose concentrations, presenting their 

heterotrophic nature of preferring low levels of organic material in 

comparison to other organisms requiring high amounts of substrate.  The 

combination of 0.2% glucose and 0.2% c-S concentration (1:1) yielded 

highest α-amylase activity (Fig. 5.20) of around 600 U/mg, among the 

different concentrations of corn starch and glucose tested.  Batch to batch 

variations in the activity values from time to time were, however, 

observed.  Finally, selecting this combination of substrates, the medium 

was tested further for refining other parameters. 
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Fig 5.17: Effect of glucose alone (as mMV   constituent) or with 

soluble starch (SS+G) or corn starch (c-S+G), on growth of AH-2 

 

 

 

 

Fig 5.18: Effect on amylase activity of glucose alone (as mMV   

constituent) or with soluble starch (SS+G) or corn starch (c-S+G)  
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Fig 5.19: Effect of different combinations of glucose and corn starch 

concentrations on growth of isolate AH-2 

 

 

 

Fig 5.20: Effect of different combinations of glucose and corn starch 

concentrations on α-amylase activity from isolate AH-2 
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5.2.4 Effect of CaCl2 on α-amylase production 

As most α-amylases are known to be metalloenzymes, supplementation of 

certain metal salts would favour higher enzyme production 

(Sivaramakrishnan et al., 2006).  CaCl2 addition to the fermentation 

medium of A. oryzae increased its amylase production (Francis et al., 

2003; Patel et al., 2005; Sivaramakrishnan et al., 2006).  Positive influence 

of CaCl2 on α-amylase production in A. flavus has also been recorded 

(Vishwanathan and Surlikar, 2001; Sivaramakrishnan et al., 2006).  

 

The growth of isolate AH-2 on day 4 was observed to be high at 

concentrations of 0.4-0.8 g/L CaCl2 incorporated in the optimized medium 

(Fig 5.21).  The α-amylase activity, however, appeared to be inhibited by 

CaCl2  addition in the production medium.  Similar inhibitory effect of 

Ca+2 on amylase production by an A. oryzae EI 212 isolate has been 

previously reported (Kundu et al., 1973, Gupta et al., 2003).   

 

5.2.5 Effect of inoculum size on enzyme production 

Inoculum size is a significant factor for the production of an enzyme.  

Lower inoculum size in the production medium calls for a longer time to 

grow and utilize the substrate to form the product (Kashyap et al., 2002; 

Saxena and Singh, 2011).  Anto et al. (2006) reported that increase in 

inoculum size adversely affected amylase production by Bacillus cereus.  

Other workers have also discussed how large inoculum size could cause 

overgrowth and nutritional depletion in culture media, resulting in less 

enzyme production (Mamma et al., 2008; Archana and Satyanarayana, 
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Fig 5.21: Effect of CaCl2 on growth and α-amylase activity from 

isolate AH-2 
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2011; Ahmed et al., 2015).   

 

The α-amylase activity from our isolate AH-2 was observed to be highest 

when 1% (v/v) inoculum was used in the production medium and with 

harvesting on day 4 (Fig. 5.22).  Devasia (2014) reported a similar 

observation on a thraustochytrid isolate TLU8 in eliciting high yield of 

cellulases. 

 

5.2.6 Effect of harvesting time on enzyme activity 

A very short incubation time might not bring out maximal enzyme activity 

while prolonged growth period would decrease the enzyme activity 

(Mamma et al., 2008; Ahmed et al., 2015).  It is hence crucial to optimize 

the harvesting time for extraction of any enzyme at its maximum 

production.  In the present study, yet again growth and enzyme activity 

were both observed to be maximally elicited on day 4 (Fig 5.23).  In 

consideration of all the above data, a harvesting time of 4 days was zeroed 

in for all further studies. 

 

The optimized medium from the OVAT approach significantly increased 

amylase activity by 2.4-fold.  This process also reduced the levels of sugar 

required in the production medium, besides totally replacing one of the 

two nitrogen sources with the other and also including a much cheaper 

substrate for the production of enzyme, thereby decreasing the overall 

production cost of amylases from these organisms.  

 



172 

 

 

 

 

 

Fig 5.22: Enzyme activity pattern in relation to inoculum size 

 

 

 

 

Fig 5.23: Growth and enzyme activity pattern in relation to 

incubation period  

 

 

 

0

400

800

1200

0.5 1.0 2.0 4.0 8.0 10.0

Sp
e

ci
fi

c 
ac

ti
vi

ty
 (

U
/m

g)

Inoculum size (%, v/v)

Day 3

Day 4

0.0

1.0

2.0

3.0

0

20

40

60

80

3 4

In
d

ic
at

o
r 

o
f 

gr
o

w
th

 
(A

66
0

n
m

)

En
zy

m
e

 a
ct

iv
it

y 
(U

/m
L)

Harvesting time (days)

U/mL A660 nmA660nm 



173 

 

5.2.7 Extraction of the crude α-amylase enzyme 

Thraustochytrids are reported to produce high amounts of EPS 

surrounding their cells, which could be visualized during SEM or by 

Alcian Blue staining (Raghukumar, 2008).  This EPS is known to have a 

variety of properties such as antitumor, antiviral and anticoagulant, 

besides several applications in the cosmetic and food industries 

(Sutherland 1998).  Jain et al. (2005) reported that secretions of EPS also 

sequester and concentrate nutrients and help to localize and maintain 

activity of exo-enzymes.  Bongiorni et al. (2005) reported the presence of 

a wide spectrum of ecto-enzymatic activities involved in the breakdown 

of proteins, carbohydrates and lipids, including refractory compounds in 

the EPS of many thraustochytrid strains.   Aurantiochytrium sp. and 

Thraustochytrium sp. have been reported to produce the highest levels of 

EPS (Liu et al., 2014). 

 

Our thraustochytrid isolate AH-2 also appeared to produce high amounts 

of EPS surrounding its cells as observed under SEM (Fig 5.24).  In order 

to check for any entrapment of amylase activity in this EPS, various 

extraction procedures were adopted, as described under section 5.1.1.7.  It 

was observed that maximum α-amylase activity was available in the 

culture supernatant obtained by direct centrifugation of the culture broth, 

hence confirming the extracellular secretion of the enzyme by this isolate 

and that cell disruption methods such as sonication or rapid pellet-freeze-

thaw cycles did not significantly improve upon the total extractable 
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Fig 5.24: SEM of Ulkenia sp. AH-2 cell surrounded by EPS 
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enzyme activity (Fig. 5.25 A).  The qualitative plate assay (Fig. 5.25 B) 

carried out also supported the above observation.  This was found to be 

contradictory to the findings of Devasia (2014) on cellulase activity from 

another isolate (TLU8) from our laboratory collection of thraustochytrids, 

wherein the pellet-freeze-thaw cycles served extract most of the entrapped 

activity.  

 

Alcian Blue staining of the various preparations of crude enzyme extracts 

showed that there was indeed a dissociation of the EPS present in the 

culture broth and release of the cells from it by sonication and pellet-

freeze-thaw techniques (Fig. 5.26).  Upon non-denaturing PAGE, only the 

CS preparation showed prominent protein bands corresponding to the 

activity bands (yellow bands in the zymogram).  Not all activity bands, 

however, had corresponding protein bands detectable (Fig. 5.27 A & B), 

indicating the high specific activity of the amylases.  Multiple activity 

bands were found in the CS and were more prominent as compared to 

those from PFTE and SCS.  This further substantiates the major 

extracellular secretion of the α-amylase enzyme by this isolate and perhaps 

only marginal entrapment of the activity in the EPS, thus simplifying the 

downstream processing of the enzyme.  Extracellular enzymes are 

invariably most preferred by the industries for large scale production as it 

saves on time and cost of downstream processing. 
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Fig 5.25: Amylase activity distribution in different extracts:  

A. quantitative estimation B. agar cup diffusion assay 

PFTE-5= PFTE after 5 cycles, PFTE-7= PFTE after 7 cycles, PFTE-10= PFTE after 

10 cycles 
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Fig 5.26: Alcian Blue staining of (A) CS (B) SCS and (C) PFTE-7 

extracts 
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Fig 5.27: (A) Protein profiles and (B) amylase activity profiles of 

different preparations of crude enzyme extracts on PAGE 

Lane 1: Commercial α-amylase (HiMedia) 

Lane 2: Culture supernatant (CS) 

Lane 3: Sonicated CS (SCS) 

Lane 4: PFTE-5 

Lane 5: PFTE-7 

Lane 6: PFTE-10 
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5.2.8 Effect of low cost substrates on α-amylase production 

Since the use of synthetic media for α-amylase production via submerged 

fermentation (SmF) is expensive, the hunt for its replacement with solid 

state fermentation (SSF) is in demand.  To reduce the cost of amylase 

production, media replacements have been considered with cheaper 

agricultural by-products.  Many researchers have reported various 

substrates for economical α-amylase production using SSF.  Wheat bran 

has found use as substrate for α-amylase production by B. subtilis, B. 

licheniformis (Gangadharan et al., 2006; Sundarram and Murthy, 2014), 

A. fumigatus (Domingues and Peralta, 1993; Gupta et al., 2003), A. niger 

(Sivaramakrishnan et al., 2007; Sundarram and Murthy, 2014), Clavatia 

gigantean (Kekos et al., 1987; Gupta et al., 2003) and B. 

amyloliquefaciens in a 1:1 combination with groundnut oil cake 

(Gangadharan et al., 2007).  The use of banana peel has been used for 

production by B. subtilis (Jadhav et al., 2013) and A. niger (Krishna et al., 

2012; Jadhav et al., 2013) has been documented.  So also potato peel 

(Jadhav et al., 2013) and sago waste (Ruban et al., 2013) have been proven 

to be most economical substrates for B. subtilis and A. niger.  Sugarcane 

juice supplemented with dry flakes of fermented tapioca could be used by 

A. oryzae for enzyme production (Okafor et al., 2013).  Wheat bran has 

been reported to produce promising results among the various substrates 

tested for SSF (Nandakumar et al., 1996; Mulimani and Patil, 2000; Haq 

et al., 2003; Kunamneni et al., 2005; Sivaramakrishnan et al., 2006).  Other 

substrates that have been investigated for SSF are oil cake, sunflower 

meal, rice husk, cottonseed meal, soybean meal, pearl millet and rice bran  
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(Haq et al., 2003; Baysal et al., 2003). 

 

One objective in using waste or by-product substrates is to make the 

process of enzyme production environment friendly (Sundarram and 

Murthy, 2014).  When tested for their ability to utilize low-cost and 

environmental friendly carbon sources, the isolates Thraustochytrium sp. 

AH-2 and Schizochytrium sp. SR21 were found to produce PUFAs using 

bread crumbs (Thyagarajan et al., 2014).  Another report on S. mangrovei 

KF6 showed the utilization of processed bread crust to produce DHA by 

shake flask fermentation (Fan et al., 2000). 

 

In our experiments with the various low-cost substrates for α-amylase 

production it was observed that the specific activity on day 3 was high in 

the optimized medium mMV supplemented with rice bran from 

unprocessed rice, although on day 4, mMV with corn starch displayed 

highest α-amylase activity (Fig 5.29).  From Figs 5.28 and 5.29 it was thus 

evident that isolate AH-2 was efficient in producing high yields of α-

amylase while growing on almost all of the low or zero cost substrates 

tested, thus paving a way to eco-friendly, cost effective α-amylase 

production now by thraustochytrids too, which stands as a novel 

contribution arising out of the present work. 

 

5.2.9 Statistical optimization by RSM 

The conventional OVAT method is a time-consuming one and incapable 

of detecting the combined interaction(s) between several nutritional and  
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Fig 5.28: Amylase activity (agar cup diffusion assay) using different 

low cost substrates 

RB-Un=rice bran of unprocessed rice, RB-P= rice bran of processed rice, WB= 

wheat bran, OP=orange peel, BP=banana peel, PP=potato peel, SG=sugarcane 

leftover, RH= rice husk, CC=corn cob 

 

 

 

Fig 5.29: α-amylase activity (iodometric estimation) induced by 

different low cost substrates  

RB-Un=rice bran of unprocessed rice, RB-P=rice bran of processed rice, WB=wheat 

bran, OP=orange peel, BP=banana peel, PP=potato peel, SG=sugarcane leftover, 

RH=rice husk, CC=corn cob 
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physical parameters (Vishwanatha et al., 2010; Singh et al., 2011).  This 

limitation can be overcome by the use of RSM, a statistical approach.  It 

is a collection of statistical techniques for designing experiments, building 

models, evaluating the effect of factors and searching for optimum 

conditions for desirable responses (Holland, 1975; Rajulapati et al., 2011).  

The RSM is an excellent tool for predicting the best conditions with 

minimum number of experiments and an efficient technique for the 

modelling and optimization of several variables simultaneously 

influencing the bioprocess.  It includes factorial designs and regression 

analyses for generating empirical models (Vishwanatha et al., 2010; Singh 

et al., 2011).   

 

Optimization of enzyme production is very crucial not only to increase the 

yield of the enzyme but also to minimize its cost for use on an industrial 

scale.  This section presents the studies on an attempt to enhance α-

amylase production through optimization of various nutritional and 

physical parameters by the statistical approach of RSM at shake flask 

level. 

 

The OVAT approach was successfully applied for refining production 

media and physical conditions for a 2.4-fold increased production of α-

amylase by U. visurgensis AH-2.  To overcome its limitations, a CCD was 

applied on the most influencing media components selected from the 

OVAT experimental observation, which defined that the optimum could 

be found within the range of parameters studied.  The experimental design 
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for the various runs was performed as per Table 5.2.  The application of 

RSM yielded the following quadratic regression equations for growth of 

the isolate (Eq. 1) and for enzyme activity (Eq. 2): 

 

Eq. 1:  

 Growth = + 1.84 + 0.079*A + 0.080*B + 0.15*C + 0.072*A*B - 

0.087*A*C + 0.028*B*C - 0.14*A2 - 0.23*B2 - 0.37*C2 

 

Eq. 2:  

α-Amylase activity = + 70.99 + 3.50*A + 4.85*B + 8.32*C + 4.47*A*B 

- 6.79*A*C + 1.57*B*C - 8.06*A2 - 9.96*B2 - 17.30*C2 

 

where A, B and C are values of the independent variables glucose, the 

substrate corn starch and yeast extract, respectively. The average of 

triplicate values obtained for each parameter was taken as the dependent 

variable or ‘response’.  The combination of variables and experimental 

results are presented in Table 5.3. The second order polynomial equations 

(expressed in terms of coded values) fitted to the experimental data of the 

CCD for predicting growth and enzyme activity are given in Eq. 1 and 2, 

respectively. 

 

The test for goodness of fit of the regression equations was carried out by 

examining the adjusted determination coefficient, R2 Adj.  The values of 

R2 Adj were 0.97 and 0.99 for Eq. 1 and 2, respectively, which indicated 

good agreement between the observed and predicted values for all  
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Table 5.3: Predicted and actual responses of the process variables for 

optimization of growth and enzyme production by isolate AH-2 

 

 
Variables 

(%, w/v) 

Growth 

(A660nm) 

α-Amylase Activity 

(U/mL) 

Standard 

Order 

Glucose Substrate 

Yeast 

extract 

Actual Predicted Actual Predicted 

1 0.15 0.15 0.15 
0.78 0.81 17.05 18.34 

2 0.25 0.15 0.15 
1.06 1.00 30.24 29.98 

3 0.15 0.25 0.15 
0.80 0.77 15.59 15.95 

4 0.25 0.25 0.15 
1.24 1.25 44.55 45.47 

5 0.15 0.15 0.45 
1.25 1.23 46.11 45.41 

6 0.25 0.15 0.45 
1.05 1.07 30.00 29.88 

7 0.15 0.25 0.45 
1.25 1.30 48.82 49.31 

8 0.25 0.25 0.45 
1.47 1.43 52.73 51.68 

9 0.15 0.20 0.30 
1.65 1.62 60.58 59.15 

10 0.25 0.20 0.30 
1.70 1.78 65.63 66.15 

11 0.20 0.15 0.30 
1.50 1.53 56.11 55.90 

12 0.20 0.25 0.30 
1.68 1.69 66.31 65.60 

13 0.20 0.20 0.15 
1.27 1.32 47.39 45.09 

14 0.20 0.20 0.45 
1.62 1.62 60.34 61.73 

15 0.20 0.20 0.30 
1.82 1.84 69.70 70.53 

16 0.20 0.20 0.30 
1.80 1.84 71.19 70.53 

17 0.20 0.20 0.30 
1.85 1.84 67.12 70.53 

18 0.20 0.20 0.30 
1.89 1.84 71.50 70.53 

19 0.20 0.20 0.30 
1.86 1.84 70.20 70.53 

20 0.20 0.20 0.30 
1.89 1.84 71.60 70.53 
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responses examined (i.e., growth and enzyme activity).  This suggested 

that the proposed model equations provided satisfactory and accurate 

results.  Statistical testing of the model to assess the significance and 

adequacy was conducted in the form of ANOVA (Tables 5.4 and 5.5).  

Here, the ANOVA of the regression model demonstrates that the model is 

highly significant, as indicated by the calculated F-value of 93.57 for 

growth and 230.12 for enzyme activity.  This high F-value and a very low 

probability (p > F = 0.0001 for growth as well as amylase activity) 

indicated that the present model was in good prediction of the 

experimental results.  Also, high value of multiple correlation coefficients, 

(R2 for growth as 0.98 and enzyme activity as 0.99) indicated the 

suitability of the models to predict these responses in terms of independent 

variables.  There is an excellent agreement between the predicted and 

experimental data (Table 5.3).  A low value of coefficient of variable 

(3.68% and 3.24% for the respective responses) showed that the 

experiments conducted were precise and reliable.  The normal plot of 

residuals (Fig 5.30) was  linear, demostrating that the error terms were 

normally distributed, indicating no signs of problem in the data. 

 

The 3D response surface curves and the 2D contour plots, presented in 

Figs. 5.31 and 5.32 for growth and enzyme activity, respectively, are 

graphical representations of the regression Eq. 1 and 2.  The response 

surface aims to efficiently pursue for the optimum values of the variables 

in order to maximize enzyme activity.  The 3D response surface curve was 

observed to be convex and the elliptical shape of the 2D contour plots in  



186 

 

 

Table 5.4: ANOVA for Response Surface Quadratic Model (for 

response 1: growth) 

Source 

Sum of 

Squares 

Degrees of 

freedom 

Mean 

Square 

F Value 

p-value 

Prob > F 

Model 2.46 9 0.27 93.57 < 0.0001 

Residual 0.029 10 0.003   

Lack of Fit 
0.023 5 0.004 3.38 0.1039 

Pure Error 0.006 5 0.001   

 

C.V. % =3.68; R2=0.98; Adj R2=0.97; Pred R2=0.88 

 

 

 

Table 5.5: ANOVA for Response Surface Quadratic Model (for 

response 2: Amylase activity) 

Source 

Sum of 

Squares 

Degrees of 

freedom 

Mean 

Square 

F Value 

p-value 

Prob > F 

Model 6127.22 9 680.80 230.12 < 0.0001 

Residual 29.58 10 2.96   

Lack of Fit 
15.22 5 3.04 1.06 0.4756 

Pure Error 14.37 5 2.87   

 

C.V. % =3.24; R2=0.99; Adj R2=0.99; Pred R2=0.97 
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A 

 

 
B 

 

Fig 5.30: Normal plot of residuals for (A) growth and (B) enzyme 

activity 
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Fig 5.31: Response surfaces and contour plots showing the mutual 

effect of glucose and substrate (A & B), glucose and yeast extract (C 

& D), yeast extract and substrate concentration (E & F) on growth, 

when other variables are held at constant level. 
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Fig 5.32: Response surfaces and contour plots showing the mutual 

effect of glucose and substrate (A & B), glucose and yeast extract (C 

& D), yeast extract and substrate concentration (E & F) on amylase 

activity, when other variables are held at constant level. 
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Figs 5.31 and 5.32 indicated that the interactions between the 

corresponding variables were significant (Wang and Liu, 2008; Zainal et 

al., 2013).  The optimal combination of the major media constituents for 

growth of the isolate and amylase production as evaluated from the 

response surface and contour plots was glucose (0.21%), substrate (0.21%) 

and yeast extract (0.33%).  Using these optimum concentrations of the 

variables, the model predicted the optimum growth estimate as 1.87 A660nm 

and enzyme activity as 72.43 U/mL.  When verification experiments were 

carried out by the use of the optimum concentrations of the parameters as 

predicted by the model, growth estimate was observed to be 1.89 A660nm 

and activity 71.93 U/mL, which were close to the predicted response.  A 

1.2-fold increase in amylase activity was observed after optimization with 

RSM, hence proving the effectiveness of the model in media optimization 

in the enzyme production studies being discussed. 

 

5.2.10 Genetic Algorithm 

With the advent of biotechnology, various evolutionary algorithms (EAs) 

have been developed and extensively used by many researchers in 

optimization studies.  EAs have been used for solving both the problems 

of non-linear estimation as well as product maximization (Adeyemo, 

2011).  The use of these algorithms in solving optimization problems 

involves the development of models for the objective function(s) and 

constraint(s) using mathematical programming techniques.   
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The GA is a stochastic optimization technique that searches for an optimal 

value of a complex objective function to solve complicated optimization 

problems by simulation or mimicking the metaphor of natural biological 

evolution process (Doganis et al., 2006).  It functions on an initial 

population of potential solutions, a fitness evaluation via the application 

of genetic operators and the development of a new population (Goñi et al., 

2008).  

 

The RSM output enzyme production data were further optimized using 

EA, viz., the GA, to get the best fermentation parameters.  The non-linear 

regression Eq. 2 of enzyme activity was optimized using GA optimization 

tool.  Fitness of the individual population is represented in Fig 5.33.  The 

enzyme activity was found to be 71.20 U/mL at optimum process 

conditions, close to that predicted by RSM.  The application of RSM–GA 

hybrid statistical approaches thus resulted in a significant enhancement in 

the α-amylase production by Ulkenia sp. AH-2. 

 

The application of the statistical based media optimization approach for α-

amylase production from the thraustochytrid proved to be efficient, 

relatively simple as well as time and material saving.  The RSM analyses 

were useful in determining the optimal levels of the factors that 

significantly influenced enzyme activity.  GA provided the best optimal 

solution for maximum enzyme activity.  All further amylase production 

studies from Ulkenia sp. AH-2 were thus carried out at this optimized  
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Fig 5.33: Fitness of the individual population 
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media.  To the best of our knowledge there are no reports on optimizing  

any enzyme activity from thraustochytrids using statistical based 

experimental designs which stand as valuable tools in optimizing media 

for enzyme production.   
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Purification is a crucial step in the production of enzymes where residual 

cell proteins and other contaminants are removed.  The degree of protein 

purity required depends on the intended end use of the protein.  Most 

protein purification methods involve liquid chromatography.  Enzyme 

purification aims to obtain pure biological catalysts in basic sciences to 

study their nature and develop them for use in applied sciences and 

industry, the highest purity usually being required for such basic 

purposes in which even separation of isozymes may be important (El-

Fallal et al., 2012).  

 

Protein purification involves exploiting the subtle differences in 

properties between the protein of interest and the other proteins present 

in a mixture.  In most cases, the present understanding of protein 

chemical and structural properties is inadequate to allow a purification 

method to be generated theoretically, which makes the development of 

most protein purification processes a matter of trial and error.  Table 6.1 

lists some of the general properties of proteins that are exploited during 

protein purification, together with some of the methods that take 

advantage of these properties.  For any particular protein, only certain of 

these methods would be useful and therefore protein purification 

schemes vary widely.   

 

The commercial use of α-amylase does not often require purification of 

the enzyme but applications in clinical sectors, pharmaceutical and food 

industries require highly purified amylases.  High purity enzyme is also 
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Table 6.1: Basic protein purification techniques 

Property of 

the Protein 
Technique 

Solubility 

Charge 

Hydrophobicity 

Size 

Function 

Stability 

Ammonium sulfate precipitation 

Ion-exchange chromatography 

Hydrophobic interaction chromatography 

Gel filtration chromatography 

Affinity chromatography 

Heat-treatment, pH treatment 
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essential in structure-function relationship studies and deducing 

biochemical properties.  While the methods used to purify amylases can 

and do differ widely, most purification protocols generally centre around 

a series of steps (Sun et al., 2010).  In exceptional circumstances proteins 

have also been purified in a single chromatographic step.   

 

Purification of α-amylases from microbial sources has generally involved 

classical methods such as separation of the culture from the fermentation 

broth and selective concentration by precipitation using ammonium 

sulphate or organic solvents, followed by chromatography.  The 

commonly used techniques are affinity, ion exchange, and/or gel 

filtration chromatography.  Recent advances in the understanding of the 

physical and functional properties of amylases and of the selectivity and 

capacity of the adsorbents have led to greater rationality in the strategy of 

separation methods.  The potential of the methods for the separation of 

amylases has not but been fully exploited (El-Fallal et al., 2012).  The 

yield and the purity achieved depend on the number of steps and the 

specific separation procedures adopted.  

 

Degradation of starch into sugars is carried out by the combined action 

of amylolytic enzymes such as α-amylase, glucoamylase, β-amylase, 

isoamylase, pullulanase, exo-(1-4)-α-D-glucanase, α-D-glycosidase and 

cyclomaltodextrin-D-glucotransferase (Kennedy et al., 1988).  

Saccharomycopsis fibuligera R64 secretes amylolytic enzymes, almost 

exclusively α-amylase and glucoamylase, thereby degrading the starch 
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into maltose, maltotriose or dextrin and successively hydrolysing to 

glucose.  Interestingly, characteristics and numbers of amylolytic 

enzymes secreted by S. fibuligera vary from one strain to another.  For 

example, strain IFO 0111 secretes only glucoamylase while strain KZ 

secretes α-glucosidase along with α-amylase and glucoamylase 

(Hostinova 2002).  Further, glucoamylases from IFO 0111 and HUT 

7212 strains demonstrate raw starch degrading ability while that from the 

KZ strain does not.  Notably, only 10% of amylolytic enzyme-secreting 

organisms are proficient in producing raw starch degrading amylases 

(Rodriguez et al., 2005; Mahovic and Janecek, 2006).  Expression of 

multiple extracellular amylases in Cellulomonas sp. NCIM 2353 was 

observed by Kumar and Deobagkar (1995).  Two α-amylases were 

purified to homogeneity from thermophilic Bacillus sp. strain WN11 

(Mamo and Gessesse, 1999).  A. oryzae is also extensively used to 

produce several industrial enzymes including amylases (Patel et al., 

2005). 

 

This Chapter details the purification procedures for amylolytic enzymes 

from the thraustochytrid isolate AH-2. 

 

 

6.1 MATERIALS AND METHODS 

All the steps in the purification procedure were carried out at 2-4°C, 

unless specified otherwise. 
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6.1.1 Ammonium sulphate fractionation studies 

Fractionation of the crude enzyme extract was carried out at various 

levels of ammonium sulphate saturation.  The pellets obtained in each 

fractionation range were re-suspended in a minimum volume of 

phosphate buffer, pH 7 and dialyzed (with three changes) against the 

same buffer.  Enzyme activity was assayed as described in Chapter 2.  

Protein content was determined according to Bradford (1976).  

 

6.1.2 Gel filtration chromatography 

The 40-80% ammonium sulphate saturated fraction of the crude extract 

was loaded onto a HiLoadTM 16/600 SuperdexTM  column (AKTA 

purifier system, GE Healthcare) equilibrated with 0.1 M phosphate 

buffer (pH 7.0) containing 0.5 M NaCl.   A flow rate of 0.5 mL/min was 

maintained and elution was carried out with same buffer.  The fractions 

(2 mL) were collected and the protein content (A280) as well as amylase 

activity assayed.  

 

6.1.3 Concentration of the enzyme activity 

The active fractions obtained after gel filtration chromatography were 

pooled together and each pool was concentrated overnight at 4oC using 

sucrose.  These pools were then assayed at protein concentrations in the 

linear range for amylase activity. 
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6.1.4 Electrophoretic analysis of the enzyme 

Non-denaturing PAGE of each enzyme pool was carried out on 8% 

polyacrylamide gels and stained for protein as well as for in situ 

detection of amylase activity, as described in Chapter 5.  Equal amounts 

of protein were loaded into each lane to facilitate comparison. 

 

6.1. 5 Ion exchange chromatography 

An AKTA purifier system (GE Healthcare) equipped with (i) 

Resource™ Q (GE Healthcare) and (ii) AcroSep™ DEAE Hyper DF 

(Pall Life Sciences) column were employed in two independent 

experiments.  In both the cases, equilibration was carried out at 4 

mL/min with 25 mM borate buffer (pH 8.5).  The samples were loaded 

onto these columns separately at a reduced flow rate of 0.5 mL/min to 

ensure maximum binding.  After washing off the unbound material, the 

eluted proteins were collected as 1 mL fractions in the eluting buffer 

(viz., equilibration buffer with 1 M NaCl).  The elution pattern was 

monitored at 280 nm and guided by the protein profile, fractions were 

assayed for enzyme activity. 

 

6.1.6 Molecular weight determination 

The molecular weight of the purified enzymes was determined on a 

Superdex 200 pg gel filtration column (bed volume 120 mL) calibrated 

using standard protein markers.  The molecular weight of the protein of 

interest was estimated from a calibration plot of phase distribution 

coefficient, Kav v/s the log molecular weight 
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6.1.7 Determination of subunit molecular weight 

The subunit molecular weights of the purified enzymes were determined 

by carrying out SDS-PAGE (10% running gel) with standard protein 

markers.  A pre-stained protein ladder of HiMedia with proteins covering 

a wide range of molecular weights from 41 to 235 kDa was used.  The 

molecular weights were calculated based on the calibration graph of Rf 

value v/s the log molecular weight. 

 

 

6.2 RESULTS AND DISCUSSION 

Many amylases from different sources have been purified and 

characterized.  A summary of various strategies adopted for microbial α-

amylase purification is reproduced in Table 6.2.   

 

The strategies adopted in this study for the purification of amylases from 

the thraustochytrid isolate AH-2 are detailed below.  

 

6.2.1 Ammonium sulphate precipitation at 0-30%, 30-60% and 60-

90% saturations 

When the culture supernatant was subjected to 0-30%, 30-60% and 60-90% 

ammonium sulphate saturation, α-amylase activity maximally segregated in 

the 30-60% to 60-90% saturation ranges (Table 6.3).  This wide distribution 

was not surprising in view of the multiple amylases observed to be present 

(Fig 6.1).  Marked differences were observed in the activity as well as the 

protein profiles from fraction to fraction.  The protein bands were sharper in  



 

202 

 

 

 

Table 6.2: Purification strategies employed for various α-amylases 

(Courtesy: Gupta et al., 2003) 
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Table 6.3: Distribution of α-amylase activity upon ammonium 

sulphate fractionation (30% saturation cuts) 

Ammonium sulphate 

fraction 

α-Amylase activity 

(U/mL) 

Crude enzyme  61.24 

0-30% 292.90 

30-60% 1941.80 

60-90% 1436.71 
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1        2  3        4 

 
A 

 

    1        2   3       4 

 
B 

Fig 6.1: (A) Protein and (B) amylase activity profiles of ammonium 

sulphate fractions on native PAGE 

Lane 1: crude enzyme 

Lane 2: 0-30% fraction 

Lane 3: 30-60% fraction 

Lane 4: 60-90% fraction 
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the 30-60% fraction in comparison to the other fractions; the activity bands 

were also sharper in this fraction, followed by the 60-90% fraction, 

consistent with the quantitative amylase activity data presented in Table 6.3. 

 

6.2.2 Ammonium sulphate precipitation at 0-25%, 25-50%, 50-75% 

and 75-90% saturations 

In an attempt to obtain a more definitive separation, another range of 

ammonium sulphate saturations was chosen for fractionation of the 

activity of interest, where the 25-50% and 50-75% fractions appeared to 

have largely concentrated the enzyme activity (Table 6.4).  The eight 

activity bands were labelled ‘a’, ‘b’, ‘c’, ‘d’, ‘e’, ‘f ’, ‘g’ and ‘h’  as per 

the sequence observed on the zymogram (Fig 6.2).  The corresponding 

protein bands were also labelled.  Not surprisingly, all of these eight 

bands did not appear on the protein-stained gel; band ‘g’ was particularly 

not visible, probably on account of low protein concentration.  In the 

zymogram also, protein as well as activity appeared to be largely 

concentrated in the 25-50% to 50-75% fractions, concomitant with the 

amylase assay results (Table 6.4). 

 

6.2.3 Ammonium sulphate precipitation at 0-20%, 20-40%, 40-60%, 

60-80% and 80-95% saturations 

In an attempt to further refine the separation of the desired proteins, yet 

another range of ammonium sulphate fractionations was tested.  

Maximal enzyme activity was localized in the 40-60% and 60-80%  
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Table 6.4: Distribution of α-amylase activity upon ammonium 

sulphate fractionation (25% saturation cuts) 

Ammonium sulphate fraction α-Amylase activity (U/mL) 

Crude enzyme   61.24 

0-25% 207.48 

25-50%                 2758.11 

50-75%                 2671.32 

75-90%                 1125.48 
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1      2       3         4           5 

 
A 

 

      1 2   3    4      5 

 
B 

Fig 6.2: (A) Protein and (B) amylase activity profiles of ammonium 

sulphate fractions on native PAGE 

Lane 1: 75-90% fraction 

Lane 2: 50-75% fraction 

Lane 3: 25-50% fraction  

Lane 4: 0-25% fraction 

Lane 5: crude enzyme           
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fractions (Table 6.5).  This was further supported by the results obtained 

on zymogram and native PAGE analyses (Fig 6.3).  Marked differences 

in the activity band profiles were again observed from fraction to 

fraction.  In the gel stained for protein detection, however, the 

corresponding bands were faint or not visible, suggesting the likelihood 

of higher specific activity corresponding to such enzyme activity bands. 

 

6.2.4 Effect of heat treatment on enzyme purification 

An additional heat treatment step in the purification scheme can at times 

simplify the purification of thermotolerant proteins.  Treating the protein 

mixtures at higher temperatures for a specific time period wherein the 

protein of interest is stable can eliminate undesired proteins and any 

other soluble aggregates, thereby aiding in the purification of the desired 

protein.  It was hence decided to explore the possibility of incorporating 

heat treatment as a step in the purification protocol.  

 

6.2.4.1 Heat treatment of crude enzyme extract prior to ammonium 

sulphate fractionation 

When the crude enzyme extract was subjected to 10 min heat treatment 

at 50oC prior to fractionation by ammonium sulphate at 20% saturation 

cuts, no significant change in enzyme activity of the crude enzyme was 

observed, suggesting that it was unlikely as a useful step prior to 

ammonium sulphate fractionation (Table 6.6).   This was also evident 

from the activity bands as observed in Fig 6.4.   
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Table 6.5: Distribution of α-amylase activity upon ammonium 

sulphate fractionation (20% saturation cuts) 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Ammonium sulphate 

fraction 

α-Amylase activity 

(U/mL) 

Crude enzyme    39.05 

0-20%    53.33 

20-40%     87.60 

40-60% 1564.88 

60-80% 1063.14 

80-95%   244.63 



 

210 

 

 

 

 1  2  3 4        5       6 

 
A 

 

            1 2          3        4      5       6  

 
B 

Fig 6.3: (A) Protein and (B) amylase activity profiles of ammonium 

sulphate fractions on native PAGE 

Lane 1: crude enzyme           

Lane 2: 0-20% fraction 

Lane 3: 20-40% fraction  

Lane 4: 40-60% fraction 

Lane 5: 60-80% fraction 

Lane 6: 80-95% fraction 
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Table 6.6: α-Amylase activity upon heat-treatment of ammonium 

sulphate fractions (20% saturation cuts) 

Ammonium sulphate 

fraction 

Specific activity  

(U/mg) 

Untreated crude enzyme CE 272.87 

Heat-treated crude enzyme CE 264.77 

0-20% frn. of heat-treated CE   84.09 

20-40% frn. of heat-treated CE 133.62 

40-60% frn. of heat-treated CE 273.94 

60-80% frn. of heat-treated CE 258.51 

80-95% frn. of heat-treated CE 113.89 
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         1         2        3        4   5       6       7 

 
A 

 

               1          2        3      4       5      6        7 

 
B 

Fig 6.4: (A) Protein and (B) amylase activity profiles of ammonium 

sulphate fractions on native PAGE 

Lane 1: Untreated crude enzyme (CE)           

Lane 2: Heat treated crude enzyme (CE) 

Lane 3: 0-20% fraction of heat treated CE 

Lane 4: 20-40% fraction of heat treated CE 

Lane 5: 40-60% fraction of heat treated CE 

Lane 6: 60-80% fraction of heat treated CE 

Lane 7: 80-95% fraction of heat treated CE 
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6.2.4.2 Heat treatment of the fractions after ammonium sulphate 

precipitation 

The effect of heat treatment was tested on two fractionation ranges of 

ammonium sulphate saturation:  

a) The individual fractions obtained after ammonium sulphate 

precipitation (ref: Table 6.4) were subjected to a 10 min heat treatment at 

50oC.  They were then analyzed for residual protein and activity 

variations.  As observed in Table 6.7, heat treatment resulted in increase 

in enzyme specific activity in all fractions.   

 

In the 25-50% fraction, residual specific activity was found to increase 2-

fold.  Fig 6.5B clearly displayed the disappearance of the bands ‘b’ and 

‘g’, indicating the heat labile nature of the corresponding amylase 

activity.  Also, band ‘e’ was observed to be faint in comparison to the 

untreated fractions.  Protein band ‘b’ was observed to be absent in treated 

fractions; band ‘g’ was not visible on native PAGE (Fig 6.5A), 

irrespective of the treatment given.  

 

b) The crude enzyme extract was first subjected to ammonium sulphate 

fractionation (ref: Table 6.5) and the individual fractions then heat-

treated for 10 min at 50oC.  These fractions were analyzed for their 

protein and activity profiles.  The quantitative estimation of amylase 

activity after this heat treatment showed some increase in the specific 

enzyme activities in the 20-40%, 40-60% and 80-95% fractions when 

compared to the untreated enzyme (Table 6.8).  However decrease in  
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Table 6.7: α-Amylase activity upon heat-treatment of ammonium 

sulphate fractions (25% saturation cuts) 

Ammonium 

sulphate 

fraction 

Specific activity of 

untreated fractions 

(U/mg) 

Specific activity of 

heat-treated fractions 

(U/mg) 

Crude enzyme 133.17 195.41 

25-50% 257.12 531.42 

50-75% 114.07 139.71 

75-90%   94.01 132.58 
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1        2        3       4     5     6     7    8 

 
B 

Fig 6.5: (A) Protein and (B) amylase activity profiles of heat-treated 

ammonium sulphate fractions on native PAGE 

Lane 1: Heat-treated crude enzyme (CE)     Lane 1: Heat-treated crude enzyme (CE) 

Lane 2: Untreated 25-50% fraction     Lane 2: Untreated 25-50% fraction        

Lane 3: Heat-treated 25-50% fraction     Lane 3: Untreated 25-50% fraction       

Lane 4: Untreated 50-75% fraction      Lane 4: Heat-treated 25-50% fraction       

Lane 5: Heat-treated 50-75% fraction     Lane 5: Untreated 50-75% fraction       

Lane 6: Untreated 75-90% fraction      Lane 6: Heat-treated 50-75% fraction       

Lane 7: Heat-treated 75-90% fraction       Lane 7: Untreated 75-90% fraction        

  Lane 8: Heat-treated 75 -90% fraction 
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Table 6.8: α-Amylase activity of heat-treated ammonium sulphate 

fractions 

Ammonium 

sulphate 

fraction 

Specific activity of 

untreated fractions 

(U/mg) 

Specific activity of 

heat-treated fractions 

(U/mg) 

Crude enzyme 371.70 325.41 

20-40%   54.80   84.52 

40-60% 361.76 485.29 

60-80% 289.98 269.75 

80-95% 138.52 219.72 
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specific activity was observed in the 60-80% fraction which also 

contains significant amount of the total enzyme.   Fig 6.6 displays the 

protein and activity profile after this treatment. 

 

Table 6.9 has been compiled based on activity and protein profiles of 

ammonium sulphate fractions, derived in comparison of the two different 

sequences for heat treatment (Fig 6.3, Fig 6.4 and Fig 6.6).  Clear 

differences were seen (Table 6.9) in the band patterning both in the 

zymogram as well as in native PAGE, as listed out below: 

 

When ammonium sulphate fractionation was carried out on the heat 

treated as well as untreated crude enzyme -- 

 Five activity bands ‘a’, ‘b’, ‘c’, ‘e’ and ‘f’ present in the 0-20% fraction 

were observed to disappear upon heat treatment.   The native PAGE 

protein profile of this fraction did not display any bands even before heat 

treatment. 

  In the 20-40% fraction, 4 bands, viz., ‘d’, ‘f’, ‘g’ and ‘h’ were missing 

relative to the untreated.  The protein profile displayed only the ‘a’ and 

‘c’ bands, whether treated or untreated. 

 The 40-60% as well as 60-80% fractions retained the same activity bands 

after heat treatment.  The corresponding proteins did show differences 

wherein besides the ‘a’, ‘b’, ‘c’ and ‘f’ bands, additional ‘e’, ‘g’ and ‘h’ 

bands were observed if the crude enzyme was subjected to heat treated 

prior to ammonium sulphate precipitation. 
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Fig 6.6: (A) Protein and (B) amylase activity profiles of heat-treated 

ammonium sulphate fractions on native PAGE 

Lane 1: Heat-treated crude enzyme (CE) 

Lane 2: Heat-treated 20-40% fraction 

Lane 3: Heat-treated 40-60% fraction  

Lane 4: Heat-treated 60-80% fraction 

Lane 5: Heat-treated 80-95% fraction 
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Table 6.9: Comparison of the band patterns of ammonium sulphate fractions in zymogram and native PAGE when subjected to the two 

different sequences of heat treatments 

Ammonium sulphate 

fraction 

Crude enzyme 

Ammonium sulphate precipitation 

Crude enzyme 

Heat treatment 

Ammonium sulphate precipitation 

Crude enzyme 

Ammonium sulphate precipitation 

Heat treatment 

Zymogram: 

Crude enzyme 

0-20% 

20-40% 

40-60% 

60-80% 

80-95% 

‘a’ ‘b’ ‘c’ ‘e’ ‘f’ ‘g’ ‘h’ 

‘a’ ‘b’ ‘c’ ‘e’ ‘f’ 

‘a’ ‘b’ ‘c’ ‘d’ ‘e’ ‘f’ ‘g’ ‘h’ 

‘a’ ‘b’ ‘c’ ‘d’ ‘e’ ‘f’ ‘g’ ‘h’ 

‘a’ ‘b’ ‘c’ ‘d’ ‘e’ ‘f’ ‘g’ ‘h’ 

‘a’ ‘b’ ‘c’ ‘e’ ‘f’ ‘g’ ‘h’ 

‘a’ ‘b’ ‘c’ ‘e’ ‘f’ ‘g’ 

No bands 

‘a’ ‘b’ ‘c’ ‘e’ 

‘a’ ‘b’ ‘c’ ‘d’ ‘e’ ‘f’ ‘g’ ‘h’ 

‘a’ ‘b’ ‘c’ ‘d’ ‘e’ ‘f’ ‘g’ ‘h’ 

‘a’ ‘b’ ‘c’ ‘e’ ‘f’ ‘g’ 

‘a’ ‘b’ ‘c’ ‘f’ ‘g’ ‘h’ 

------- 

‘a’ ‘c’ ‘d’ ‘e’ ‘h’ 

‘a’ ‘c’ ‘d’ ‘e’ ‘f’ ‘h’ 

‘a’ ‘c’ ‘d’ ‘e’ ‘f’ ‘h’ 

‘a’ ‘c’ ‘d’ ‘e’ ‘h’ 

Native PAGE: 

Crude enzyme 

0-20% 

20-40% 

40-60% 

60-80% 

80-95% 

‘a’ ‘b’ ‘c’ ‘e’ ‘f’ ‘g’ ‘h’ 

No bands 

‘a’ ‘c’ 

‘a’ ‘b’ ‘c’ ‘f’ 

‘a’ ‘b’ ‘c’ ‘f’ 

‘a’ ‘b’ ‘c’ 

‘a’ ‘b’ ‘c’ ‘e’ ‘f’ ‘g’ ‘h’ 

No bands 

‘a’ ‘c’ 

‘a’ ‘b’ ‘c’ ‘e’ ‘f’ ‘g’ ‘h’ 

‘a’ ‘b’ ‘c’ ‘e’ ‘f’ ‘g’ ‘h’ 

No bands 

‘a’ ‘c’ 

------- 

‘a’ ‘c’ 

‘a’ ‘c’ ‘f’ ‘g’ 

‘a’ ‘c’ ‘f’ ‘g’ 

‘a’ ‘c’ 



 

 The activity band ‘h’ was observed to be missing in the 80-95% fraction 

upon heat treatment of crude enzyme prior to ammonium sulphate 

fractionation.  No protein bands were visible upon heat treatment of the 

80-95% fraction.   

 

In the case of the second heat-treatment sequence, when the ammonium 

sulphate fractions were subjected to heat treatment -- 

 Activity bands ‘b’ and ‘g’ disappeared from all the fractions, clearly 

indicating the corresponding amylases to be heat labile.  

 Band ‘b’ was not visible even in native PAGE, whereas band ‘g’ which 

did not otherwise figure in the gel was visible in the 40-60% and 60-80% 

fractions.  

 The activity band ‘f’ was also absent in the 20-40% and 80-95% 

fractions when compared to untreated.  

 In crude enzyme only the activity band ‘e’ disappeared. 

 

Heat treatment, whether before or after ammonium sulphate fractionation, 

did not thus significantly contribute towards increase in specific activity and 

hence this was not integrated as a step in the purification procedure. 

 

In conclusion, ammonium sulphate fractions at 40-60% and 60-80% 

saturation concentrated most of the multiple α-amylase activities.  These 

were therefore pooled together as a “40-80% saturated” fraction and 

subjected to further purification using chromatographic techniques.  
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6.2.5 Gel filtration chromatography 

Amylase activity was found to be distributed over various fractions, 

displaying multiple peaks on the chromatogram.  The active fractions in 

each peak were pooled together as Pool A, Pool B, Pool C and Pool D 

(Fig 6.7).  These were then concentrated overnight at 4oC using sucrose.  

The maximum specific activity of 2650 U/mg (average of multiple runs) 

was concentrated in Pool B.  The specific activities in the other three 

pools A, C and D were much lower, viz., 27.97, 46.13 and 32.63 U/mg, 

respectively. 

 

6.2.6 PAGE profiles 

Non-denaturing PAGE of each enzyme pool was carried out on 8% 

polyacrylamide gels and stained for protein as well as for in situ 

detection of amylase activity (Fig 6.8).  The broad distribution of 

amylase activity evidenced in Fig 6.7 was also reflected in the banding 

pattern observed in the zymogram as well as in Coomassie Blue stained 

gels.  The identical pools obtained from several individual FPLC runs 

were pooled together:  Pools A , C and D were thus collected from three 

independent gel filtration runs while Pool B was put together from 13 

independent gel filtration runs.  The zymogram analyses of Pools A, C 

and D indicated purification to homogeneity of single bands ‘a’, ‘c’ and 

‘h’, respectively.  The band ‘h’ was found to be completely separated 

from the multiple amylase activity bands in Pool B.  The bands ‘a’ and 

‘c’, however, also appeared in the Pool B lane.  The activity bands 

clearly visible in Pool B were ‘a’ ‘b’, ‘e’, ‘f’ and ‘g’ (Fig 6.8B).  Upon 



222 

 

 

 

 

 

 

 

 

Fig 6.7: Elution pattern of protein and α-amylase activity using 

HiLoad™ 16/600 Superdex™ column 
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B 

Fig 6.8: (A) Protein and (B) amylase activity profiles of the various 

pools of amylases as separated by native-PAGE 

Lane 1: 40-80% ammonium sulphate fraction  

Lane 2: Pool A      

Lane 3: Pool B 

Lane 4: Pool C 

Lane 5: Pool D 
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Coomassie Blue staining, single bands were distinctly visible in Pool A 

and Pool D lanes corresponding to band ‘a’ and  ‘h’ respectively, while 

in the Pool C lane, a very light single ‘c’ band was visible, probably a 

reflection of the lower protein content.  Pool B clearly displayed ‘a’, ‘b’, 

‘e’, ‘f’ and ‘g’ bands, with different intensities (Fig 6.8A). 

 

Further characterization studies were carried out on the individual pools, 

of which Pools A, C and D consisted of purified single proteins.  Further 

resolution of the multiple amylases in Pool B was attempted by ion 

exchange chromatography. 

 

6.2.7 Ion exchange chromatography 

Preliminary studies by batch elution procedures indicated that the 

amylase activity could bind to anion exchangers at pH 8.5.  Hence, anion 

exchange chromatography was employed to attempt purification of the 

unresolved activity bands in Pool B. 

 

The Resource Q column which was first employed for carrying out the 

separation failed to effectively bind the proteins of interest (Fig 6.9).  

After several runs and further refining the purification strategies, it was 

observed that some amylases did bind to the AcroSep DEAE column 

under controlled conditions while a sizeable fraction of the activity was 

detected in the unbound fractions also.  Besides, during gradient elution 

(0–1 M NaCl in 25 mM borate buffer, pH 8.5) all the bound proteins 

eluted within a very narrow range of NaCl concentration (0.52-0.60 M) 
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Fig 6.9: Elution pattern of protein and α-amylase activity on 

Resource™ Q column 
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as in Fig 6.10.  In situ analysis of amylase activity (Fig 6.11) revealed 

that the bands eluting out in the above NaCl concentration range did not 

provide any improved resolution through the ion-exchange 

chromatography. 

 

Separation of the multiple amylases of Pool B bound on the DEAE-

sephadex column was next attempted by applying a stepwise pH gradient 

(from pH 8.5 to 7.0).  Here again proteins with amylase activity were 

found to elute out altogether (data not shown) suggesting that the 

proteins that could be identified as individual bands had a very similar 

isoelectric point (pI).  This could account for the difficulty in their 

purification through ion exchange chromatography. 

 

The relative positions of most of the multiple amylases after native 

PAGE correlated well with the sequence of their elution during 

molecular sieving, suggesting very similar charges for the individual 

amylase proteins.  The native and SDS-PAGE protein banding patterns 

were observed to be virtually identical.  While the similarity in charge 

distribution could be largely responsible for this, it could also hint at a 

monomeric nature for most of the proteins.                   

 

Similar observations were reported on the amylolytic enzyme complex 

from S. fibuligera R64 strain consisting of α-amylase and glucoamylase, 

wherein purification strategies based on either protein size (size 

exclusion chromatography) or charge (DEAE-cellulose AEX column)  
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Fig 6.10: Elution pattern of protein and α-amylase activity on 

AcroSep™ DEAE Hyper DF column generated by AKTA purifier 

system (GE Healthcare) 
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Fig 6.11: Activity profiles of Pool B amylases on AcroSep DEAE 

Hyper DF column 

Lane 1: Pool B    Lane 5: fraction no. 41 

Lane 2: fraction no. 9 (unbound)  Lane 6: fraction no. 43  

Lane 3: fraction no. 12 (unbound)  Lane 7: fraction no. 45  

Lane 4: fraction no. 39  
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had failed to separate the enzymes from the complex (Ismaya et al., 

2012). 

 

The purified amylases, corresponding to ‘a’, ‘c’ and ‘h’ bands from 

Pools A, C and D, respectively (Fig 6.7), have been labelled ‘Amy a’, 

‘Amy c’ and ‘Amy h’.  The results of the purification of the Pool B 

amylases from Ulkenia sp. AH-2 are summarized in Table 6.10.  As 

observed, after the gel filtration using Sephadex 200pg column, the 

amylase activity was purified 4.11–fold, with a recovery of 92.92%.  

 

6.2.8 Molecular weight determination 

As deduced from the calibration curve for the Sephadex 200pg column 

derived using protein standards, Amy a appeared to have a molecular 

weight of 120 kDa in native form (Fig 6.12).  As there were no distinct 

protein peaks for the purified proteins Amy c or Amy h (Fig 6.7), 

calculation of their accurate native molecular weights was not attempted. 

 

As per the SDS-PAGE analysis, comparing with the mobilities of the 

standard  protein markers, Amy a banded at a subunit molecular weight 

of 113 kDa (Fig 6.13 and 6.14), which was approximately equivalent to 

the native molecular weight of the protein as obtained from the gel 

filtration studies, suggesting a monomeric nature for the amylase Amy a.  

In contrast, Amy c displayed two distinct protein bands on SDS-PAGE 

corresponding to 105 kDa and 85 kDa, indicating the probability of it 

having two different subunits, having appeared as a single band on native 
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Table 6.10: Purification of multiple amylases 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.12: Molecular weight determination by gel filtration 
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Fig 6.13: Calibration curve of protein standards on SDS-PAGE 
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Fig 6.14: SDS-PAGE of the purified amylases 

Lane 1: Amy a   

Lane 2: Std. protein markers (from top: 235, 170, 130, 93, 70, 53, 41, 30 kDa) 

Lane 3: Amy h   

Lane 4: Amy c 
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PAGE.  Amy h presented a single band of 87 kDa molecular weight upon 

SDS-PAGE. 

 

The molecular weights of α-amylases have been reported to generally 

vary from 10 – 210 kDa with most of the microbial α-amylases usually 

being in the range of 40-70 kDa (Gupta et al. 2003).  Ratanakhanokchai 

et al. (1992) estimated the highest molecular weight of α-amylase from 

Chloroflexus aurantiacus as 210 kDa, by the Toyopearl HW-65 gel 

filtration method as well as of the denatured enzyme by SDS-PAGE to 

be the same, thus pointing to the native enzyme to be a single 

polypeptide of about 210 kDa.  In contrast, Grootegoed et al. (1973) had 

reported the smallest α-amylase of 10 kDa from Bacillus caldolyticus. 

 

Higher molecular weights reported for amylases as in the case of 140 

kDa α-amylase from T. vulgaris which have been suggested as due to 

glycosylation (Omar et al., 2011).  On the other hand, proteolysis could 

possibly decrease the molecular weights of amylases as observed in the 

case of T. vulganis 94-2A (AmyTV1), the 53 kDa protein displaying 

smaller peptides of 33 and 18 kDa as products of limited AmyTV1 

proteolysis (Hofemeister et al., 1994). 

 

To summarise, the attempted purification of amylase activities from the 

thraustochytrid isolate AH-2 has yielded insights into its various 

amylases that apparently function synergistically in starch degradation. 
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The search for new enzymes is driven by industrial desires and the 

requirement of enzymatic intermediations in new and challenging 

bioprocesses.  Many industrial applications demand enzymes to be stable 

and function under extreme operational conditions.  Enzymes which can 

withstand and carry out catalysis under harsh physiological conditions are 

hence searched for from varied sources.   α-Amylases are no exception in 

this regard.  

 

This Chapter describes notable physicochemical properties of three 

enzymes that could be separated out in pure form from among the multiple 

amylases, as well as those of the pool of multiple unresolved amylases 

elaborated by the thraustochytrid isolate Ulkenia sp. AH-2.  

 

 

7.1 MATERIALS AND METHODS 

The purified amylases obtained from isolate AH-2 were studied by 

individual assays under the standard conditions.  The reactions were carried 

out in replicate and each data set is a representation of three or more 

independent experiments, all the results being presented as mean ± S.D. 

 

7.1.1 Methods for characterization of purified amylases 

Characterization of the purified amylases w.r.t. optimum enzyme 

concentration, pH optima and stability, optimum temperature and 

thermostability, substrate specificity and enzyme kinetic parameters, 

confirmation of α-amylase activity by the CNPG3 method, effects of metal 
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ions and their chelators as well as salt tolerance, was carried out as per the 

methodology described in Chapter 4.   

 

7.1.2 Effect of solvents on amylase stability 

The Pool B amylases were pre-incubated with different organic solvents 

viz., ethanol, methanol, butanol, acetone, chloroform, benzene, toluene, 

isopropanol, cyclohexane or hexane, at 20%, v/v, for 1.5 h at RT (25±2oC).  

The residual amylase activity was estimated and evaluated against the 

control where solvent was not present. 

 

7.1.3 Effect of surfactants and oxidizing agent on amylase stability 

The suitably diluted enzyme was pre-incubated with 1% and 5% (v/v) 

concentrations of various surfactants (sodium dodecyl sulfate, Tween 80, 

Triton X-100) or oxidizing agent (hydrogen peroxide) for 1 h at 25±2oC.  

The residual enzyme activity was measured under standard assay 

conditions. 

 

7.1.4 Effect of reducing agents on amylase enzyme 

The enzyme was incubated with 1 mM or 10 mM concentration of the 

reducing agents DTT (Dithiothreitol), β-mercaptoethanol or sodium 

thiosulfate, at 25±2°C for 1 h and then assayed under standard conditions. 

 

7.1.5 Enzyme stability at room temperature 

The purified enzyme was stored at room temperature (25±2°C) or 4ºC for 

24 h and its activity then checked under routine assay conditions. 
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7.1.6 MALDI-MS analysis 

Mass spectrometry analysis was carried out using UltrafleXtreme MALDI 

TOF/TOF (Bruker Daltonics) at the Proteomics Facility, Molecular 

Biophysics Unit (MBU), Indian Institute of Science, Bangalore.  The three 

purified single proteins Amy a, Amy c and Amy h were extracted from the 

native polyacrylamide gel and subjected to MS analysis.  MASCOT search 

engine developed by Matrix Science (www.matrixscience.com) was used 

for the data analysis of the m/z values obtained from the MALDI-MS.  

 

7.1.7 Analysis of reaction products by Thin-Layer Chromatography 

(TLC)  

Enzyme protein was incubated with 1 mL of 10 mg/mL soluble starch in 

0.1 M phosphate buffer (pH 7.0).  The reaction was carried out at 50°C and 

aliquots were withdrawn at different time intervals from 10 min to 24 h and 

stored at -20oC.   TLC was then performed using a solvent system of n-

butanol: ethanol: (Milli Q) water (5:5:3).  The spots were visualized by 

spraying the silica gel plate with 1% diphenylamine dissolved in acetone 

containing 10% phosphoric acid, followed by heating at 150°C for 10 min.  

A solution comprising of a mixture of 1 mg/mL each of glucose, maltose, 

maltotriose, maltopentaose, maltohexaose and maltoheptaose was used as 

the standard. 

 

7.1.8 Pullulanase assay (qualitative analysis) 

The Pool B enzymes were tested (by agar cup diffusion method) for the 

presence of any pullulanase activity.  The plates were prepared using 
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pullulan and gelrite only.  Pool B as well as the 40-80% ammonium 

sulphate saturated fraction were used in determining pullulanase activity if 

any.  Replicate plates were incubated at RT for 24 h, then stained with 

iodine solution and the clearance zones measured.  

 

7.1.9 Isoelectric focusing 

Isoelectric focusing (IEF) of the unresolved proteins of Pool B amylases 

was carried out at CDFD Instrumentation Facility, Sandor Life Sciences 

Pvt. Ltd., Hyderabad using Ettan IPGphor3 from GE.  The protein sample 

was loaded on to the IEF strips (pH 3-10 linear, 7 cm) and focussed using 

Ettan Dalt Six Gel Electrophoresis Unit of GE.  After the IEF run, the strip 

was treated with DTT to reduce disulphide-linked polymeric forms to 

monomers and further with iodoacetamide.  These strips were then loaded 

onto a 10% SDS-PAGE gel for the second-dimension run.  The gel was 

next silver stained to observe the protein spots.  It was scanned using Epson 

Expression 11000XL Scanner and image analysis of the gel was carried out 

using Image Master 2D Platinum 7 to yield the expression analysis of the 

protein spots. 

 

 

7.2 RESULTS AND DISCUSSION 

7.2.1 Characterization of the three purified amylases ‘Amy a’, ‘Amy c’ 

and ‘Amy h’ 

Studies on the enzyme kinetics of the purified amylases were performed 

with Pools A, C, D as well as Pool B.  Pools A, C and D were proven to 
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comprise of a single pure protein each.  These purified amylases, 

corresponding to ‘a’, ‘c’ and ‘h’ bands from Pools A, C and D, respectively, 

and named ‘Amy a’, ‘Amy c’ and ‘Amy h’ (as stated in Chapter 6) were 

subjected to further characterization. 

 

7.2.1.1 Effect of enzyme concentration 

Varying concentrations of the enzyme were assayed for 10 min at pH 7 

under the standard assay conditions.  The enzyme activity in the reaction 

mixture was found to be linear up to 2.09 µg, 1.14 µg and 1.05 µg enzyme 

protein, respectively, for Amy a, Amy c and Amy h.  Enzyme concentrations 

in this linear range of activity were then used for all further assays. 

 

7.2.1.2 Effect of pH on enzyme activity and stability 

Maximum activity was exhibited at pH 7 by all the three enzymes (Fig 7.1).  

This optimum pH was hence adopted for all further assays.  Enzyme Amy a 

however, had fairly high activity at pH 5 also.  This clearly accounts for the 

peak observed at pH 5 in earlier experiments with crude (Section 4.2.3) as 

well as Pool B (vide section 7.2.2.2) enzymes, Amy a being partly 

distributed in Pool B also.  The enzyme Amy c appeared to have 

comparably high activity at pH 9 also.  

 

The pH optima of amylases are known to vary widely.  That of 7 for 

amylases has been reported in Bacillus sp. I-3 (Goyal et al., 2005), B. 

licheniformis NCIB 6346 (Morgan and Priest, 1981), H. meridian DSM 

5425 (Coronado et al., 2000) and Micromonospora melanosporea (Kelly et 
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Fig 7.1: Effect of assay pH on α-amylase activity 
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al., 1993) while amylases from A. kawachii IFO 4308 (Sudo et al., 1994), A. 

foetidus ATCC 10254 (Michelena and Castillo, 1984), A. awamori 

(Perevozchenko and Tsyperovich, 1972), A. niger (Bhumibhamon, 1983), 

A. oryzae (Sills et al., 1983), S. cerevisiae (Moraes et al., 1999), 

Trichoderma viridae (Schellart et al., 1976) and B. steareothermophillus 

(Vihinen and Mantsala, 1989) have been reported to display optimum 

activity at pH 5.  Such amylases find use in starch liquefying processes.  α-

Amylases with wide pH range are anticipated to fulfil requirements for all 

applications, such as acidic in glucose syrup production or alkaline in the 

detergent industries (El-Fallal et al., 2012). 

 

When the stability of the enzyme at different pH values was studied, all 

three enzymes exhibited maximum stability at pH 7 (Fig 7.2).  It was 

observed that the enzyme Amy a was highly stable at pH 7, with even 

enhancement of activity by 32% upon incubation at this pH.  Further, the 

enzymes Amy a and Amy c continued to be stable even at pH 9.  There have 

been many reports on stability of various amylases in wide as well as 

narrow pH ranges (Gupta et al., 2003).  

 

7.2.1.3 Effect of temperature on amylase activity and stability 

Maximal enzyme activity was elicited at 50oC in the case of all three 

enzymes (Fig 7.3) when the assay was carried out at different temperatures 

for 10 min at pH 7.0.  In fact 0.9, 1.26 and 2.27-fold of this optimal activity 

was detected even at 90oC, for Amy a, Amy c and Amy h, respectively.  Most 

fungal amylases have displayed temperature optima of around 50oC while 
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Fig 7.2: pH stability of the enzyme 

 

 

 

 

Fig 7.3: Effect of assay temperature on amylase activity 
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most bacterial amylases have slightly higher optima (Gupta et al., 2003).  

 

It was observed that all the three amylase activities were also maximally 

stable at 50oC (Fig 7.4 A).  After 60 min of incubation at this temperature, 

Amy a retained 92% activity while Amy h, up to 84% (Fig 7.4 B).  Amy c 

was observed to be heat activated, displaying stimulated activity as high as 

1.68-fold after 1 h and 1.54-fold after 2 h of treatment, thus paving the way 

for several new applications in a wide range of fields. 

 

7.2.1.4 Confirmation of α-amylase activity by CNPG3 method 

Hydrolysis of the substrate CNPG3 and the subsequent release of CNP was 

evident at pH 6 (as per the Thermoscientific protocol) and was observed to 

be linear with time.  This confirmed the presence of α-amylase activities in 

Amy c and Amy h enzymes.  In the Amy a reaction with this substrate no 

significant increase in absorbance was observed, indicating that this 

amylase activity was not due to α-amylase.  The calculated α-amylase 

activities of the enzymes Amy c and Amy h were found to be 103.29 and 

135.08 U/L, respectively.  

 

7.2.1.5 Substrate concentration studies 

All the three purified amylases followed typical Michaelis–Menten kinetics 

in their hydrolysis of soluble starch.   The kinetic constants KM and Vmax for 

all three enzymes were calculated by Lineweaver–Burk analysis (Fig 7.5).  

The calculated Vmax values were 5.69, 0.99 and 46.08 U/mg, respectively. 

Enzymes Amy a, Amy c and Amy h exhibited KM values of 0.025, 0.024 and  



 

242 

 

 

 

 

 

 
A 

 

 

 

 
B 

 

Fig 7.4: Thermal stability of the enzyme 
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Fig 7.5: Lineweaver Burk plots for substrate concentration dependence 

of (A) Amy a (B) Amy c and (C) Amy h 
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0.25 mg/mL, respectively, indicating very strong affinity for soluble starch 

as substrate.  Such low values of KM have not been reported for amylases 

from microbial sources used in industries (Pandey et al., 2000; Gupta et al., 

2003).  

 

7.2.1.6 Effect of salt on enzyme activity 

When NaCl was provided as an additive during the assay, amylase activity 

increased with increase in salt concentration up to 3 M (Fig 7.6A).  Even at 

4 M NaCl, over 100% activity was observed for Amy a, Amy c and Amy h. 

 

In another experiment, when the enzyme was pre-incubated with NaCl at 

final concentrations of 1 M– 4 M for 2 h at 4ºC, maximum stability was 

observed at 3 M NaCl concentration for all the three amylases (Fig 7.6B).  

The residual activities of Amy a, Amy c and Amy h were enhanced by about 

47, 12 and 32%, respectively.  This tolerance to high salt concentrations 

makes the enzymes potential candidates for starch processing under 

extreme conditions. 

 

7.2.1.7 MALDI-MS analysis 

Each of the purified proteins that separated out on native-PAGE (Fig 7.7) 

was subjected to mass analysis using MALDI-MS.   The MS spectra of the 

individual proteins are presented in Fig 7.8.  Direct protein identification 

could not, however, be achieved from the MALDI mass fingerprint of the 

tryptic peptide mixture obtained from the respective gel bands using the 

MASCOT, Matrix Science software (Uniprot and NCBI databases).  None 
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Fig 7.6: Effect of NaCl on enzyme (A) activity and (B) stability 
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Fig 7.7: Native-PAGE profile of the purified amylases used for MS 

analysis 

Lane 1: Amy a  Lane 3: Amy c 

Lane 2: Pool B Lane 4: Amy h 
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Fig 7.8: MS spectra of the proteins (A) Amy a (B) Amy c and (C) Amy h 
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of the observed tryptic peptide masses of Amy a, Amy c or Amy h were 

identical to those of the reported amylases.  This observation could suggest 

that the primary structure of these three amylases is different from those of 

other reported amylases belonging to the GH13 family.  Similar 

observations were also reported on a maltotriose producing amylase, 

ScAmy43 from a phytopathogenic fungus Sclerotinia sclerotiorum 

(Abdelmalek-Khedher et al., 2008).   

 

The tryptic peptide mixture was then analyzed by means of LC-ESI-

MS/MS.  The results of this mass data analysis did not lead to protein 

identification either.  Further, when the 50 kDa α-amylase protein from 

Uniport was used and the theoretically resulting peaks compared with our 

protein peaks, while found matching with amylase protein, they did not 

present any homology with those of other amylases in the databases 

available in MASCOT.  This observation would suggest the primary 

structure originality of amylases from our study. 

 

Although the MALDI-MS provided the initial mass information still the 

non-availability of databases for the Thraustochytriaceae family restricted 

our attempts to obtain detailed information through search on MASCOT.  

The attempted MALDI-MS for accurate measurement and comparisons of 

molecular weights of the different isoforms of amylase from isolate AH-2 

were thus unsuccessful.  Previously Buttimer and Briggs (2000) have also 

reported similar limitations of attempting MALDI-MS analysis on isoforms 

of β-amylases in barley.  To perform de novo identification of the proteins 
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and get sequence information a more detailed mass spectrometry 

investigation like MS/MS will be required using different digested purified 

protein samples that could be a part of future studies.  

 

7.2.2 Characterization of “Pool B” amylases 

The major enzyme activity component “Pool B” comprising of the 

unresolved multiple amylases (major bands as a, b, e, f and g), was 

subjected to more detailed characterization studies.  

 

7.2.2.1 Enzyme Concentration 

The activity of Pool B amylases at pH 7 was found to be linear up to around 10 

μg protein (Fig 7.9).  All further assays were hence carried out in this linear 

range of protein concentrations.  

 

7.2.2.2 Effect of pH on enzyme activity and stability 

Two activity peaks were observed at pH 5 and pH 7, although maximum 

activity was at pH 7 (Fig 7.10).  Hence an assay pH of 7 was adopted as 

optimal for all further analyses.  This observation was similar to that 

obtained for the crude enzyme preparation (Chapter 4).  The peak at pH 5 

could largely be a contribution from Amy a, as observed in section 7.2.1.2.  

 

The activity of Pool B amylases was found to be most stable at pH 7, with a 

30% enhancement upon incubation at this pH (Fig 7.11).  The enzymes 

displayed over 100% activity by treatments ranging from pH 5-9, and 

retained 73% of activity even at pH 10.  Areekijseree et al. (2004) also  
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Fig 7.9: Effect of enzyme concentration on Pool B amylase activity  

 

 

 

 

Fig 7.10: Effect of assay pH on Pool B amylase activity 

 

 

 

Fig 7.11: pH stability of the Pool B amylases 
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reported similar observations for the amylase from Hyriopsis bialatus 

which showed two pH optima for the hydrolysis of its substrate, at pH 4–5 

and pH 6–8; it was also stable over a broad pH range from 2 to 11 in pH 4 

and 6 to 10 in pH 7.  

 

Such stability of the enzyme over a wide pH range is an added advantage 

for application in various industrial processes since it would call for less pH 

adjustments between the sequential treatments of liquefaction and 

saccharification of starch (Michelin et al., 2008). 

 

7.2.2.3 Effect of temperature on amylase activity and stability 

Maximum enzyme activity was observed from 40oC to 60oC (Fig 7.12), 

50oC being therefore identified as the optimal temperature for assays.  Most 

fungal amylases show temperature optima between 40oC and 60oC (Pandey 

et al., 2000; Gupta et al., 2003).  Overall, the temperature optimum for the 

multiple amylase activities constituting Pool B was broader in comparison 

to those for the purified amylases Amy a, Amy c and Amy h.  The individual 

components of the enzyme pool must likely be contributing to this property. 

 

The pool of multiple amylases was found to be most stable at 50oC, with 

stimulation of activity by 18% after 10 min at this temperature (Fig 7.13 A).  

The enzymes were found to retain above 60% activity at all incubation 

temperatures from 25oC to 90oC, this broad range expanding the potential 

for more applications.  When the enzyme was pre-treated at 50oC for 

different time periods, highest activity (stimulated by 37%) was observed at 



 

252 

 

 
 

 Fig 7.12: Effect of assay temperature on Pool B amylase activity  
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Fig 7.13: Thermal stability of Pool B amylases 
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10 min, although about 82% activity was retained even up to the 4 h period 

tested (Fig 7.13 B).  

 

Temperature is generally known to have a complex effect on protein, either 

directly or indirectly, for both physical and chemical induced aggregation 

processes (Wang et al., 2010).  It is therefore considered the most crucial 

environmental factor for to be dealt with while handling proteins 

throughout the development and commercialization processes.  

Thermostable α-amylases augment advantages for usage in industrial 

processes: reduced risk of contamination, better diffusion rate and reduced 

cost of external cooling.  Most industries hence demand thermostable 

amylases (El-Fallal et al., 2012). 

 

7.2.2.4 Confirmation of α-amylase activity 

Alpha-amylases catalyse the hydrolysis of α-(1→4) glucosidic linkages of 

starch and other related polysaccharides to produce maltose and other 

oligosaccharides.  It is this property of the α-amylase which is utilized to 

cleave the chromogenic substrate CNPG3 to release CNP, the absorbance 

increase of which directly related to the α-amylase activity levels in the 

sample.  The amylase activities in Pool B were thus largely due to α-

amylases as indicated by a very high absorbance increase rate at 405 nm, 

which translated to 233 U/L α-amylase activity.   

 

7.2.2.5 Substrate concentration studies  

The α-amylase activity in Pool B followed typical Michaelis–Menten 
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kinetics during hydrolysis of soluble starch (Fig. 7.14).  The calculated Vmax 

was 2000 U/mg and the KM was determined as 0.02 mg/mL (Fig. 7.15).  

 

For the purpose of comparison, Table 7.1 projects variations in KM for 

soluble starch affinity in various other organisms, there being no reports of 

such work to date on thraustochytrid amylases.  These comparative data 

thus reflect the strong affinity of Pool B amylases for the soluble starch as 

substrate, in comparison to other microbial amylases.  

 

7.2.2.6 Effect of salt on enzyme activity 

Due to the enormous interest in developing novel enzymes with better 

properties suitable for various industrial applications, much research has 

been focused on finding halophilic amylases (Pandey et al., 2000; Prakash 

et al., 2009).  Several halophilic bacterial species such as Salinivibrio, 

Bacillus, Marinobacter and Halomonas have been targeted for this (Kumar 

et al., 2016).  In our study, when NaCl was included in the reaction mixture, 

the Pool B amylases displayed increase in activity at up to 2 M NaCl 

concentration, with a stimulated activity of 1.5-fold at 1 M concentration. 

Even at 3 M NaCl, 100% activity was retained (Fig 7.16 A).  

 

When the Pool B amylases were pre-incubated for 2 h at 4oC with NaCl, 

maximal stimulation was observed at 1-2 M NaCl (Fig 7.16 B) and 94% 

activity was retained even at a concentration of 4 M.  The effect of NaCl on 

the multiple amylases of Pool B was distinct from those on the other three 

purified amylases (Section 7.2.1.6).  Shafiei et al. (2011) reported an 
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Fig 7.14: Effect of substrate concentration on Pool B amylase activity 

 

 

 

 

 

 

 
 

Fig 7.15: Lineweaver Burk plot analysis of Pool B amylase data on 

substrate concentrations 
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Table 7.1: Comparison of KM values of purified α-amylases from 

different organisms 

Organism KM (mg/mL) Reference 

U. visurgensis AH-2 

Amy a 

Amy c 

Amy h 

Pool B amylases 

 

0.025 

0.024 

0.250 

0.020 

Current study 

Bacillus sp. TS-23 2.7 Biochem J., 1983 

B. subtilis KIBGE HAS 2.6 AAPS Pharm Sci Tech., 2011 

B. subtilis 3.8 Abacus, 1976 

B. subtilis KCC 103 2.6 Biochem J., 1980 

B. subtilis DM-03 1.2 Appl Environ Microbiol., 1988 

Bacillus sp. ANT-6 3.8 Process Biochem., 2003 

Bacillus sp. NRRL B3881 1.9 Process Biochem., 2003 

Bacillus sp. IMD 434 1.9 Appl Microbiol Biotechnol., 2006 

B. stearothermophilus 14.0 Appl Microbiol Biotechnol., 1996 

B. amyloliquefaciens 2.7 J Biochem Tech, 2012 

B. amyloliquefaciens 

TSWK1-1 
0.6 Int. J Biol Macromol., 2011 

Fusarium solani 3.7 J. Environ Biol., 2013 

Aspergillus flavus 0.6 Int J. Microbiol., 2008 

A. tamarii 0.77 Int J. Microbiol., 2008 

A. niger 1.37 Int J. Microbiol., 2008 

A. fumigatus 0.42 Carbohydr. Res., 1995 

Thermomyces lanuginosus 0.68 Enzyme Microb. Technol., 2002 

Thermomonospora curvata 0.39 Appl Environ Microbiol., 1977 

Lactobacillus brevis 0.27 Folia Microbiol., 1997 
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Fig 7.16: Effect of NaCl on Pool B amylase (A) activity and (B) enzyme 

stability 
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amylase from the moderately halophilic bacterium Nesterenkonia sp. strain 

F exhibiting maximum activity at 0.25 M NaCl and retaining 65% of 

activity in the presence of 4 M NaCl.  Amylase from a marine 

hyperthermophilic Rhodothermus marinus had also shown optimum 

activity at 0.5 M NaCl and stability up to 4 M NaCl (Yoon et al., 2008).  

Such activity of amylases in a high salt environment makes them suitable 

for bioremediation of hypersaline wastes containing starch residues and also 

in the food preservative industry (Kumar et al., 2016).  

 

7.2.2.7 Effect of EGTA and EDTA on enzyme activity 

EDTA as well as EGTA caused concentration-dependant inhibitory effects 

on amylase activity of the Pool B enzymes (Fig 7.17), suggesting a 

requirement of divalent metal ion(s) for activity of the enzymes.  Similar 

observations were made during experiments with the crude amylases 

(section 4.2.7).  While EDTA and EGTA are generally known to inhibit α-

amylase activity (Okolo et al., 2001; Gupta et al., 2003; Hmidet et al., 2008; 

Asoodeh et al., 2010; Ozturk et al., 2013), some amylases from Bacillus sp. 

have also shown resistance to even 100 mM EDTA (Hagihara et al., 2001).   

Many other instances of such insensitivity of amylases have been recorded 

(Steyn and Pretorius, 1995; Moreira et al., 2004; Sajedi et al., 2005; van der 

Kaaij et al., 2007; Onodera et al., 2013; Silva et al., 2013).  In some cases 

the presence of EDTA has also been reported to stimulate amylase activity 

(Cho et al., 2000; Sajedi et al., 2004). 
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Fig 7.17: Effect of EGTA and EDTA on Pool B amylase activity 

 

  

0

20

40

60

80

100

120

0 0.25 0.5 1 5 10

R
e

la
ti

ve
 a

ct
iv

it
y 

(%
)

Chelator conc (mM)

EDTA  EGTA



 

260 

 

7.2.2.8 Effect of metal ions on enzyme activity 

The enzyme activity of Pool B amylases was observed to be insensitive to  

1 mM concentrations of K+, Co2+, Cd+, Cu2+ or Zn2+, while being stimulated 

by 1 mM Na+, Ca2+ or Mg2+ and 10 mM  Cu2+ and partially inhibited by 10 

mM Ca2+, Co2+, Zn2+, Cd2+ or Mg2+ (Fig 7.18).  The amylases could thus 

withstand most of the metal ions tested at their 1 mM concentrations while 

strong inhibition at higher concentration of 10 mM was observed in the case 

of K+, Hg+, Mn2+ or Fe2+.   

 

Taken as a whole, the Pool B amylase activity was stable to most of the 

tested metal ions at various concentrations, indicating compatibility of the 

enzyme with these metal ions.  Some α-amylases have been reported to be 

poorly compatible with the metal ions mentioned above (Sajedi et al., 2004, 

Sahnoun et al., 2012, Han et al., 2013; Ozturk et al., 2013).  The stability of 

our Pool B amylases makes it more attractive to be applied in the starch-to- 

ethanol process, besides throwing up a promising potential for use in 

detergent industries. 

 

Generally, Ca2+ ions are known to stimulate or stabilize α-amylases (Soni et 

al., 2003; Li and Yu, 2012; Sahnoun et al., 2012; Ghollasi et al., 2013; 

Presečki et al., 2013; Silva et al., 2013) while some α-amylases are 

insensitive to Ca2+ (Sajedi et al., 2004; Tsao et al., 2004; van der Kaaij et 

al., 2007; Haki et al., 2008; Onodera et al., 2013; Ozturk et al., 2013).  On 

the other hand, Ca2+ has also been reported to inhibit α-amylase activity in 

some cases (Cho et al., 2000; Okolo et al., 2001; Sajedi et al., 2004; Han et 
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Fig 7.18: Effect of metal ions on Pool B amylase activity 
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al., 2013).  Certain α-amylases insensitive to Ca2+ and EDTA have also 

been reported (Sajedi et al., 2005, van der Kaaij et al., 2007; Onodera et al., 

2013).  In our study, Pool B amylases were observed to be stimulated by 

lower concentrations of Ca2+, while the 10 mM concentration tested proved 

inhibitory.  

 

7.2.2.9 Effect of organic solvents on enzyme stability 

Organic solvent stability has been observed as a generic feature for 

enzymes from halophiles (Kumar et al., 2012).  Halophilic proteins compete 

effectively with salts for hydration, a property that may result in resistance 

to other low-water-activity environments such as the presence of organic 

solvents (Marhuenda-Egea and Bonete, 2002).  This has thus led to a 

postulation that enzymes stable in the presence of salts would also be stable 

in organic solvents.  The amylases from Pool B were observed to be 

extremely stable in the solvents tested (Fig 7.19).  In fact, surprisingly, the 

solvents ethanol, methanol, butanol, acetone, choloroform, toluene and 

hexane were found to actually enhance the activity.  

 

α-Amylase stability in organic solvent has been reported in a few studies 

from halophiles.  A halophilic archaeon, Haloarcula sp. strain S-1 isolated 

from a commercial French solar salt has been reported to produce an 

extracellular amylase with organic solvent tolerance (Fukushima et al., 

2005).   Amylase from Thalassobacillus sp. LY18 displayed stability in 

hydrophobic solvents (Li and Yu, 2012).  Marinobacter sp. EMB8 α-

amylase demonstrated stability in 25% (v/v) concentration of various 
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Fig 7.19: Effect of solvents on Pool B amylase activity 
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organic solvents for up to 24 h and hence the enzyme was effectually 

employed for maltooligosaccharide synthesis in presence of solvents 

(Kumar and Khare, 2012).  Amylase from Halorubrum xinjiangense, stable 

in organic solvents, was able to hydrolyze raw starches in aqueous/ 

hexadecane two phase system (Moshfegh et al., 2013).  Other organic 

solvent tolerant amylases reported were from the halophiles 

Exiguobacterium sp. DAU5 (Chang et al., 2013) and Amphibacillus sp. 

NM-Ra2 (Mesbah and Wiegel, 2014).  Enzymes active in organic solvents 

or with low water activity are of potential benefits in many 

biotransformation processes (Kumar et al., 2016) as well as industrial 

chemical processes (Doukyu and Ogino, 2009).  

 

7.2.2.10 Effect of surfactants on amylase activity 

Amylase activity was enhanced 1.64-fold in the presence of 1% SDS but at 

a higher concentration of 5%, the enzyme activity declined to 33% (Fig 

7.20).  In the case of Tween 80 and Triton X-100, at 1% concentration the 

enzyme could retain its activity at about 70%, while at a higher 

concentration 60% of the enzyme activity was lost.  The enzyme retained 

up to 80% and 60% activity, respectively, in the presence of 1% and 5% 

concentration of hydrogen peroxide.   

 

Many reports exist on stimulation of amylase activity by SDS.  The 

amylase activity in Bacillus tequilensis RG-01 was reported to be 

heightened by 20% with the addition of SDS (Tiwari et al., 2014).   A two- 
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Fig 7.20: Effect of surfactants and oxidising agents on Pool B amylase 

activity 
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fold enhancement in amylase activity of B. subtilis Strain JS-16 was also 

observed with SDS (Menon et al., 2014).  In Nesterenkonia sp. strain F, 

90% activity was retained on incubation with 0.1 - 0.5% SDS (Shafiei et al., 

2010).  A stimulatory effect on amylase activity and stability by 6% SDS 

was documented in Bacillus sp. strain TS-23 by Lo et al. (2001).  Similarly 

82% and 80% activity were demonstrated in Bacillus sp. A 3-15 and 

Bacillus sp. PN5 with 1% SDS, respectively (Saxena et al., 2007; Arikan, 

2008).  Oberoi et al. (2001) reported that the amylase activity of Bacillus 

sp. was stimulated in the presence of Tween-80 (1%), while Arnesen et al. 

(1998) held that amylase activity from Thermomyces lanuginosus was 

marginally inhibited by Triton X-100.   

 

From the present study and earlier reports, it was apparent that the same 

surfactant could have different effects on the activity of the same enzyme in 

the different microorganisms; likewise, different surfactants could have 

different effects on the activity of the enzyme from the same 

microorganism.  The present study reports great enhancement of amylase 

activity with SDS and fair stability in the presence of other surfactants 

(Tween 80 and Triton X-100).  There was less sensitivity to oxidants, a 

property which could help the enzyme work well in detergent formulations, 

enhancing its potential for use in the detergent industry.  

 

7.2.2.11 Effect of reducing agents on amylase activity 

All the three reducing agents tested viz., DTT, β-mercaptoethanol and 

sodium thiosulphate, strongly inhibited the amylase activity in Pool B even  
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at 1 mM concentration (Fig 7.21).  These results are similar to the findings 

of Negi and Banerjee (2009) wherein the thiol activator, β-mercaptoethanol 

(at 0.5%, v/v) greatly inhibited the enzyme, indicating the probability of 

cysteine residue(s) participation in the catalysis.  Daxini and Mistry (2016) 

also reported high inhibition of amylase activity in halophilic bacterial 

isolates ND1 and ND2 by β-mercaptoethanol.   

 

There have also been reports on the stimulatory effects of reducing agents 

on amylase activity.  Liu et al. (2003) noted that the presence of cysteine 

residues at the surface of B. subtilis α-amylase caused formation of 

intermolecular disulfide linkages, which resulted in aggregation of the 

monomers.  This explained how the addition of β-mercaptoethanol 

intensely reduced the enzyme aggregate size, thereby triggering and 

stimulating the activity of α-amylase.  This was also supported by Khedher 

et al. (2008).  Bano et al. (2014) also reported enhancement of amylase 

activity of B. Subtilis KIBGE HAS with β-mercaptoethanol and DTT, up to 

3.0- and 3.8- fold, respectively.  It was reported that DTT could stimulate or 

inhibit α-amylase in hyperthermophilic bacterium Thermotoga maritima 

MSB8 and extreme thermophile Geobacillus thermoeovorans (Ballschmiter 

et al., 2006; Rao and Satyanarayana, 2007b).   

 

The amylase iso-enzymes of Pseudomonas sp. SPH4 remained insensitive 

to β-mercaptoethanol treatment at 2 mM (Aziz and Ali, 2012).  A similar 

observation was also made by Srivastava (1987), Lin et al. (1998) and Liu 

et al. (2006) on α-amylase produced by B. stearothermophilus, Bacillus sp.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4963412/#B15
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4963412/#B182
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Fig 7.21: Effect of reducing agents on Pool B amylase activity 
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TS- 23 and Bacillus sp. WPD616, respectively, signifying either that the —

SH groups in these cases do not play any role in the catalytic activity or that 

these enzymes do not have free and accessible —SH groups.  

 

7.2.2.12 Room temperature stability studies 

Temperature is an important restraining factor in the storage of enzymes.  

As most enzymes are conventionally stored at low temperature to avoid loss 

of activity, it could be beneficial in also considering the stability of 

enzymes at room temperature for commercialization purposes or to 

withstand practical problems associated with transportation.   In the present 

study the Pool B amylases exhibited some degree of tolerance to storage at 

room temperature (25±2oC), retaining 63% activity after one day. 

 

7.2.2.13 Analysis of amylase reaction products by TLC  

The hydrolysis pattern of the purified Pool B amylases was analyzed by 

TLC and compared with that of the 40-80% ammonium sulphate saturated 

fraction that contained all the amylases.  From Fig 7.22, maltose (G2) was 

observed to be the major product of the reaction of Pool B amylases on 

soluble starch, followed by maltotetraose (G4).  The concentration of G2 

was observed to increase with increase in reaction time.  While the G4 spot 

appeared on the chromatogram only after 120 min of reaction time and 

reached a maximum intensity by 7 h, by 24 h it was observed to decrease, 

indicating total conversion to G2. 

 

When the 40-80% ammonium sulphate saturated fraction was treated with  
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Fig 7.22: TLC analysis of hydrolysis products of soluble starch digested 

by amylases from Pool B 

Lane SS: Soluble starch; Lane EB: enzyme blank; Lanes 10, 30, 60, 120, 240, 7 h, 24 h 

: products of hydrolysis after 10 min, 30 min, 60 min, 120 min, 240 min, 7 h and 24 h 

respectively; Lane std: standards of oligosaccharides- G1 (Glucose), G2 (Maltose), G3 

(Maltotriose), G5 (Maltopentaose), G6 (Maltohexaose) and G7 (Maltoheptaose) 

 

  



 

271 

 

soluble starch, the major product observed was maltose (G2), followed by 

glucose (G1) (Fig 7.23).  The concentration of G1 was observed to decrease 

by 24 h, leaving maltose G2 as the major reaction product.  Although 

apparently present in the 40-80% ammonium sulphate saturated fraction, 

glucose as end product was not observed from the Pool B reaction mixture, 

suggesting absence of glucoamylase among the Pool B amylases.  This 

observation suggests the probability that those amylases absent in Pool B 

were glucoamylases. 

 

Glucoamylase hydrolyzes both the α-14 and α-16 glucosidic linkages 

in starch to form glucose as the exclusive product (Libby, 1970).  A novel 

maltose G2 - forming α-amylase has been reported from Lactobacillus 

plantarum subsp. plantarum ST-III expressed in Escherichia coli (Jeon et 

al., 2016).  In another report the saccharifying enzyme from B. subtilis 

yielded mostly glucose and maltose from starch (Demirkan et al., 2005).  

Yun et al. (2004) reported AmyM which hydrolyzed soluble starch to 

produce glucose and maltose.  They further carried out a time course 

analysis with soluble starch which indicated that at the early stage of 

hydrolysis the enzyme hydrolyzed starch to maltose and maltotriose and 

subsequently hydrolyzed maltotriose to accumulate glucose and maltose as 

end products.  The detection of the end products of starch hydrolysis as 

glucose and maltose via TLC analysis suggests an endo- mode of action of 

the amylase (Ray et al., 2008). 
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Fig 7.23: TLC analysis of hydrolysis products of soluble starch digested 

by amylases from 40-80% ammonium saturated fraction 

Lane SS: Soluble starch; Lane EB: enzyme blank; Lanes 10, 30, 60, 120, 240, 7 h, 24 h 

: products of hydrolysis after 10 min, 30 min, 60 min, 120 min, 240 min, 7 h and 24 h 

respectively, Lane std: standards of oligosaccharides- G1 (Glucose), G2 (Maltose), G3 

(Maltotriose), G5 (Maltopentaose), G6 (Maltohexaose) and G7 (Maltoheptaose) 
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7.2.2.14 Pullulanase assay 

The Pool B amylases displayed a clearance zone in the agar cup diffusion 

assay when pullulan was used as sole substrate, as did the 40-80% 

ammonium sulphate saturated fraction, indicating the presence of 

pullulanase as one of its amylases (Fig 7.24).  The zone size was observed 

as 27 mm with the 40-80% ammonium sulphate saturated fraction and 24 

mm with Pool B.  

 

Pullalanases are categorised under debranching enzymes and capable of 

hydrolysing α-1,6 glycosidic linkage in pullulan, producing maltose and 

maltotriose as their main degradation products (Maarel et al., 2002).  

Glucoamylases are said to be employed in combination with amylolytic 

enzymes such as α-amylase and pullulanase that are able to act on complex 

polysaccharides (Kumar and Satyanarayana, 2009).  Pullulanases are used 

together with glucoamylase in the production of glucose from starch 

(Takasaki, 1986).  Our study hints on the presence of both these enzymes in 

the 40-80% fraction, glucoamylase as indicated by the TLC studies and 

pullulanase as observed in the plate assay, projecting the possibility of its 

usage in the food industry, for glucose syrup production. 

 

7.2.2.15 Isoelectric focusing 

When subjected to IEF, proteins present in Pool B displayed pI values 

around 5.5 as observed in Fig 7.25.  The specifically reported pI values 

were deduced to be 5.50, 5.52, 5.55 and 5.60 as per the analysis carried out 

at Sandor Life Sciences, Hyderabad.  Such a closeness of pI values of the 
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A    B 
 

Fig 7.24: Agar cup diffusion analysis of pullulanase activity in amylases 

from (A) the 40-80% ammonium saturated fraction and (B) Pool B 

sample 
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Fig 7.25: IEF of Pool B amylases 
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proteins was suspected and this information could now account for the 

observed difficulty in their resolution through ion exchange 

chromatography, as observed in Chapter 6 (section 6.2.7). 

 

Similar observations on isoelectric pH have been reported for isoforms of 

soluble β-amylases obtained from barley, which had pI values of 4.7, 4.9, 

5.1, 5.5, 5.8 and 6.3 (Buttiner and Briggs, 2000).  Four α-amylase 

isoenzymes from wheat were observed to have pI values between 6.0 and 

6.2 (Tkachuk and Kruger, 1974).  Three variants R, P and S of α-amylases 

from B. subtilis displayed isoelectric points at pH 5.4, 5.6 and 5.1, 

respectively (Bakhmatova et al., 1984). Amylases from Pseudomonas 

stutzeri had isoelectric pH of 5.3, 5.6 and 5.3 (Forgaty and Kelly, 1979).  α-

Amylase and pullulanase activities of Clostridium thermohydrosulfuricum 

showed pI values between 4.15 and 4.55 (Melasniemi, 1987).  Such 

amylases with close pI values do make it difficult to effect charge-based 

separations in the purification strategy. 

 

The present study on the characteristics of multiple amylases from our 

isolate Ulkenia sp. AH-2 revealed some favourable features such as high 

affinity to the substrate (KM = 0.020 mg/mL) as well as stability over a wide 

range of pH (5 - 9), temperature (25 - 80ºC) and salt concentration (0 - 4 

M), making them attractive candidates for future research and process 

development studies.  Such wide pH and thermal stabilities of enzymes are 

most useful in the food, pharmaceutical and detergent industries.   

 



 

277 

 

The broad range salt tolerance of the enzyme could be related to the site of 

sourcing of the isolate AH-2, which was from a mangrove area undergoing 

harsh environmental stress associated with the incessant wide fluctuations 

in temperature, pH and salinity.  The enzymes elaborated by isolates from 

such environments tend to be bestowed with an inherent ability to function 

over a wide spectrum of pH, temperature and salinity.  This would make 

them prospective candidates for screening for enzymes with novel 

properties and widen their potential in various commercial or 

biotechnological applications.  The presence of multiple amylolytic 

enzymes in one system circumvents the need for using multi-systems as 

enzyme source, thereby making it sustainable for use in many industries 

such as the food industry (in glucose syrup production) and for alcohol 

fermentation in the brewing industry, besides various other industries which 

demand the coordinated action of different types of amylases. 

 

Considering the near total lack of reports on physicochemical properties of 

amylases from thraustochytrids, the results from our above attempts appear 

fruitful and encouraging, projecting enzyme production using these protist 

sources as an economically attractive proposition.  In particular, the 

properties of amylases from Ulkenia sp. AH-2 have opened up avenues of 

research on a novel source of enzymes, besides signifying potential for 

biotechnological applications. 
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Hydrolytic enzymes occupy about 75% of the industrial enzyme market, 

of which amylases hold the maximum market share of sales.  Their vast 

commercial potential is indicated by the fact that they alone constitute a 

class of industrial enzymes representing approximately 30% of the world 

enzyme production (Çalık and Özdamar, 2001; Sheoran and Dhankhar, 

2016).  Amylases thus form the second largest group of enzymes used 

worldwide and are of great significance for biotechnology (Sheoran and 

Dhankhar, 2016).  

 

α-Amylases can be obtained from several sources such as plants, animals 

and microorganisms.  At present the large number of microbial amylases 

available commercially have almost totally replaced chemical hydrolysis 

of starch in the starch processing industry.  α-Amylases have potential 

applications in a broad range of industrial processes such as the food, 

fermentation, textile, paper, detergent and pharmaceutical industries. 

Properties such as pH profile, pH stability, thermostability and calcium-

independency of α-amylase have been significantly considered in the 

development of various industrial processes.  Enzymes from fungal and 

bacterial sources have dominated applications in industrial sectors 

finding potential in the pharmaceutical and fine-chemical industries 

(Mobini-Dehkordi and Javan, 2012).   

 

With the developments in biotechnology, amylase applications have 

extended into many fields such as clinical, medicinal and analytical 

chemistry, besides their prevalent application in starch saccharification 
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and in the textile, food, brewing and distilling industries (Souza and 

Magalhães, 2010).  α-Amylases are one of the most popular and 

important classes of industrial amylases and certain applications also 

demand synergistic action of multiple amylase activities for the complete 

breakdown of starch to useful products.  This Chapter presents the study 

of a few of the applications of multiple thraustochytrid amylases in 

various industrial sectors, displaying their prospects for 

commercialization. 

 

 

8.1 MATERIALS AND METHODS 

The enzyme preparation was obtained as detailed in Chapter 6.  The 

partially purified (40-80% ammonium sulphate saturated and dialysed) 

preparation of enzyme or the CS was used for testing potential 

applications.  The values presented are as the mean ± SD of experiments 

conducted in triplicate. 

 

8.1.1 Evaluation of enzyme for use in detergent formulations 

a) Compatibility and stability analysis  

The application of α-amylase as a detergent additive was evaluated as per 

the method of Kuddus and Ramteke (2011).  The detergents used in the 

experiment were Ariel and Tide (Procter and Gamble, India), Surf Excel 

and Wheel (Hindustan Lever Ltd., India) and Chek (Jyothy Laboratories 

Limited, India).  Detergent solution (0.7%, w/v) was prepared with each 

of the above mentioned brands and boiled for 15 min to inactivate any 
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enzymes that could be part of their formulation. The surfactants used for 

the study were Triton X-100 (1% and 5%), Tween 80 (1% and 5%), SDS 

(0.5% and 1%) and the oxidizing agent, hydrogen peroxide (1% and 

5%).  The enzyme  was pre-incubated with these test solutions for 30 

min at 28±1ºC and the residual activity determined in relation to the 

control (without any additive) taken as 100% active. 

 

b) Wash performance analysis 

Wash performance analysis of the enzyme was carried out on white 

cotton cloth swatches (6x6 cm) stained separately with chocolate, 

mixture of baby foods or tomato sauce and then left overnight.  The 

following sets were prepared for testing in a final volume of 10 mL:  

A) Tap water + stained cloth (with chocolate / baby food/ sauce) 

B) Tap water + stained cloth + 1 mL amylase (50 U/mL) 

C) Tap water + stained cloth + 0.2 mL commercial detergent (1%, w/v) 

D) Tap water + stained cloth + 0.2 mL commercial detergent (heat-

treated) + 1 mL amylase (50 U/mL) 

E) Tap water + stained cloth + 0.2 mL commercial detergent (heat- 

treated) + 1 mL commercial α-amylase (HiMedia, 50 U/mL) 

F) Tap water + stained cloth + 1 mL commercial α-amylase (50 U/mL) 

 

The above preparations were incubated for 60 min at RT (28ºC); the 

cloth piece was then rinsed with tap water and oven dried.  The wash 

performance was analysed by visual comparison of the various pieces 

exhibiting the effect of enzyme in the removal of the stains. Unstained 
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cloth pieces were taken as positive control (Beg and Gupta, 2003; 

Adinarayana et al., 2003; Kuddus and Ramteke, 2011).  

 

8.1.2 Enzymatic desizing of cotton fabric 

Organic-cotton-sized fabric swatches were used for the enzyme 

treatments.  The enzymatic desizing process was carried out at 50oC, pH 

6-7 for 45 min.  The swatches were thereafter rinsed thoroughly with tap 

water and dried at 80oC using a hot air oven.  They were then weighed 

on an electronic balance and the efficiency of desizing in terms of weight 

loss (%) was calculated.  The desizing efficiency of the fabric was 

further assessed by the levels of starch on the fabric as per the iodine test 

carried out by dipping the fabric in 1% iodine solution for 5 sec and then 

visually comparing it with the untreated fabric maintained as control.  

 

8.1.3 Evaluation of enzyme for use in bread making 

The dough for the bread was prepared by using 1 kg wheat flour divided 

into two parts.  In one part 4500 U/mL partially purified thraustochytrid 

amylases was added while the other half served as the control with no 

enzyme.  All other ingredients were added as per Ammar et al. (2002).  

The fermentation was carried out at 30±2oC.  The dough was next 

divided into uniform loafs of 75 g each and baked at a local bakery.  The 

bread samples were then examined visually for any texture/color 

variations in comparison to the control and their weights recorded.  The 

loaves were maintained in triplicate to check for any staling over a period 
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of time.  The specific volume of the bread was calculated by seed 

displacement method using rape seeds.   

 

8.1.4 Bio-ethanol production 

Saccharification of the substrate (soluble starch, 5 g) was carried out by 

adding partially purified amylases (4500 U/mL) and incubating at 50oC 

for 30 min.  Active dry yeast (5 g) was then added and fermentation 

carried out at 30oC, 70 rpm for 40 h. The fermented broth was then 

centrifuged to separate out the yeast cells from the ethanol produced, 

followed by distillation at 80oC by Equitron® RotaVap.  The ethanol that 

distilled out was collected and immediately quantified by the CAN (ceric 

ammonium nitrate) method of Reid et al. (1952). 

 

8.1.5 Enzymatic clarification of guava juice 

a) Guava juice preparation 

Ripened guavas at 80-90% maturity and free from visual blemishes and 

bruises were purchased from the local market, washed with tap water, 

blemishes removed (if any) and sliced.  These slices were then blended 

with minimal water in a blender to get a thick puree, which was then 

filtered through a muslin cloth to obtain the juice.  The juice yield was 

calculated as a measure of percentage weight of the juice obtained w.r.t 

the initial puree, using the formula:  

 

𝑌𝑖𝑒𝑙𝑑 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑗𝑢𝑖𝑐𝑒 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑑𝑑𝑒𝑑 𝑤𝑎𝑡𝑒𝑟

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑟𝑢𝑖𝑡 
𝑥 100 
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b) Enzymatic treatment of guava juice 

Equal volumes of guava juice were subjected to different enzyme 

treatments as follows: 

1- Commercial amylase and commercial pectinase  

2- Thraustochytrid amylases and commercial pectinase  

3- Only pectinase  

4- Only thraustochytrid amylases  

5- Only commercial amylase  

6- No enzyme (Control) 

The above treatments were carried out in a water bath at 50oC for 1 h to 

ensure optimal enzyme action.  After the incubation, the reaction tubes 

were heated at 90oC for a minute in order to inactivate the enzyme.  

These experimental tubes were then subjected to various analyses as 

stated below. 

 

c) Clarity measurement 

Clarity of the juice was determined by measuring the absorbance at 660 

nm on a Shimadzu UV–VIS spectrophotometer (Sin et al., 2006).  

Distilled water was used as the reference. 

 

d) Viscosity of fruit juice 

The viscosity of the juice was measured by Ostwald’s viscometer at RT 

(25±2oC) and calculated by the formula: 

 

𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑖𝑛 (𝑐𝑒𝑛𝑡𝑖𝑝𝑜𝑖𝑠𝑒) = 𝑚𝑡 
ŋ𝑟

𝑚𝑟 𝑥 𝑡𝑟
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where, 

 m = Mass of the fruit juice 

 t = Time taken to travel by the fruit juice 

 mr = Mass of the reference liquid (distilled water) 

 tr = Time taken by the reference liquid to travel  

 ŋr = Absolute viscosity of the reference liquid (distilled water = 

0.8007) 

 

e) pH measurement  

The pH of the fruit juice was measured before and after treatment, using 

a pH meter (Model 320, Mettler-Toledo Ltd., Essex, UK) according to 

AOAC (2005) procedure. 

 

f) Titratable acidity 

The total acidity was determined by titrimetric method.  A 2 mL juice 

sample was diluted with 8 mL distilled water and then titrated against 0.1 

N NaOH using phenolphthalein as indicator, as described by Barrett et 

al. (2007).  

 

𝑇𝑜𝑡𝑎𝑙 𝑎𝑐𝑖𝑑𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑟𝑢𝑖𝑡 𝑗𝑢𝑖𝑐𝑒 (%)

=
𝑉𝑜𝑙. 𝑜𝑓 𝑁𝑎𝑂𝐻 (𝑚𝐿) 𝑥 𝑁 𝑥 0.06

𝑉𝑜𝑙 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑚𝐿)
 𝑥 100 

where, 

 N = Normality of NaOH  
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g) Ascorbic acid concentration 

Ascorbic acid concentration in the juice was determined by titrating 1 

mL of  juice sample in 25 mL of 0.5% oxalic acid against 0.001 N 2,6-

dichlorophenolindophenol (DCIP) sodium salt solution as reported in 

AOAC (2005); the colour change noted was from colourless to pink. 

 

h) Sugar estimation  

The sugar present before and after the various enzyme treatments on the 

fruit juice was quantified using the DNS method (Miller et al., 1959).  To 

a suitably diluted juice sample 1 mL of DNS reagent was added and 

heated in a boiling water bath for 10 min.  The above reaction tubes were 

then cooled to RT and the absorbance recorded spectrophotometrically at 

540 nm.  Maltose (0.3 mg/mL) served as the standard.  

 

i) Estimation of total phenolic content 

The total phenolic content was determined according to Emmons and 

Peterson (2001).  The gallic acid standard was prepared by making 

several dilutions of 100 μg/mL gallic acid solution.  To a fruit juice 

sample of 50 μL made up to 1 mL using distilled water, 0.5 mL of Folin - 

Ciocalteau reagent was added, vortexed well and allowed to stand for 5 

min.  To this 2.5 mL of 5% sodium carbonate was added and incubated 

at RT (25±2oC) for 40 min in dark.  Following incubation, the 

absorbance was measured at 725 nm.  The total phenolic content was 

calculated as Gallic Acid Equivalents from the standard curve of Gallic 

acid and expressed as μg/mL Gallic Acid Equivalent (GAE).  
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8.1.6 Biosynthesis of silver nanoparticles 

Partially purified amylase enzyme preparation (4000 U/mL) was added 

to 50 mL of aqueous solution of 2.5 mM silver nitrate prepared in Tris-

HCl buffer, pH 8.0 at RT (25±2oC).  The synthesis of silver nanoparticles 

(SNPs) was monitored by UV-Vis spectroscopy by recording the 

spectrum of aliquots withdrawn at regular time intervals.  A control with 

only silver nitrate solution and without the enzyme was also maintained.  

The solutions were also observed for any visible changes in colour.   

 

a) Purification of silver nanoparticles 

Nanoparticles were separated from the solution by centrifuging at 10,000 

rpm for 20 min.  The supernatant was discarded carefully and the pellet 

obtained washed several times with sterile distilled water, dried and used 

for characterization studies.  

 

b) Characterization of silver nanoparticles 

The synthesized SNPs were subjected to preliminary characterization by 

scanning the solution at wavelengths between 350–600 nm on a UV-

1800 UV-Vis spectrophotometer (Shimadzu, Kyoto, Japan).  SEM 

analysis was also carried out to characterize particle shape, distribution 

and approximate size.  The powdered sample was coated with conductive 

gold/palladium layer using quorum SC7620 sputter coater.  The SEM 

was performed on Zeiss Evo 18, SEM operating at 20 kV. 
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c) Antimicrobial activity evaluation 

The antimicrobial activity of the synthesized SNPs was tested by 

employing well diffusion assay (Sinah et al., 2014).  The pathogens 

tested were Staphylococcus aureus, Escherichia coli, Salmonella 

typhimurium, Pseudomonas aeruginosa and Candida albicans.  The 

incubation was carried out for 24 h at 37°C and the clearance zone then 

measured.  Appropriate controls were also maintained.  

 

 

8.2 RESULTS AND DISCUSSION 

8.2.1 Evaluation of enzyme for use in detergent formulation 

a) Compatibility and stability analysis 

All modern commercial detergents contain hydrolytic enzymes as one of 

the ingredients and these enzyme-based detergents known as “green 

chemicals” find a wide range of applications in laundry, dishwashing, 

textile and other related industries (Mukherjee et al., 2009).  The main 

advantage of enzyme application in detergents is due to the much milder 

conditions required for effective cleaning, in comparison with enzyme-

free detergents.  Enzymes specifically permit lowering of wash 

temperatures (Gupta et al., 2003).  

 

α-Amylases have been used in powder laundry detergents since 1975.  

The demand for α-amylases for automatic dishwashing detergents is still 

growing.  One of the limitations of α-amylase use in detergents is that 

most α-amylases are sensitive to oxidants which are generally a 
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component of detergent formulations (Gupta et al., 2003).  In order to be 

effective during washing, a good detergent enzyme must be compatible 

and stable with all commonly used detergent compounds such as 

surfactants, oxidizing agents and other additives which might be present 

in the detergent formulation (Gupta et al., 2002). 

 

Upon testing the amylases from our isolate AH-2 for compatibility with 

commercial detergents, it was observed that the enzyme activity was 

retained above 90% in commercial detergent solutions of Tide, Chek, 

Ariel, Wheel and Surf (Fig 8.1).  This clearly indicates the stability and 

compatibility of this thraustochytrid enzyme for use in detergent 

formulations. 

 

When the enzyme was tested in the presence of surfactants also, it was 

found to retain more than 90% of activity in the strong anionic surfactant 

SDS even at the 1% concentration tested (Fig 8.2).  The stability towards 

SDS is important because SDS-stable enzymes have been rarely  

reported(Hmidet et al., 2009).  While in the case of non-ionic surfactants 

the nzyme activity was found to be stable in 1% Triton X-100, retaining 

about 93% of its activity, at a higher concentration of 5% Triton X-100 

the activity was reduced to 36%.  With 1% and 5% Tween 80, about 

40% inhibition of the enzyme activity was observed at both the 

concentrations.  In addition, when the effects of oxidizing agent H2O2 

was investigated on amylase stability, the activity of the enzyme was 

found to be reduced only by 10% at 1% H2O2 concentration; at a 
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Fig 8.1: Stability of amylases from isolate AH-2 in the presence of 

various commercial laundry detergents 

 

 

 

 

Fig 8.2: Stability of amylases from isolate AH-2 in the presence of 

various detergent components 
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concentration of 5%, however, the enzyme activity was reduced by 35% 

(Fig 8.2).  

 

In conclusion, the amylases from isolate AH-2 proved fairly stable and 

compatible with commercial laundry detergents, favouring their 

inclusion in such detergent formulations. 

 

b) Wash performance analysis 

The wash performance with respect to starch-based stains on fabrics is 

dependent on the efficiency of their removal by amylases.  The results of 

the present study suggest that these thraustochytrid amylases were highly 

efficient in the removal of stains when used in combination with 

detergent at RT (26±2ºC).  As observed in Fig 8.3, the wash performance 

analysis on chocolate, baby food and tomato sauce stained on cotton 

fabric showed limited performance with detergent only but when washed 

with detergent supplemented with enzyme, improved stain removal was 

clearly observed.  In fact the fabric swatch washed with thraustochytrid 

amylases in combination with detergent showed the best wash 

performance (Fig 8.3: 1D, 2D and 3D) even in comparison to the 

commercial amylase tested.  Similar observation was also noted in the 

case of cold-active detergent-stable extracellular α-amylase from 

Bacillus cereus GA6 (Roohi et al., 2013) in terms of resistance ability 

against chemical denaturants.  Since the supplementation of amylase in 

detergents significantly improved the cleaning of starch-based stains they 

could be considered a potential candidate for use as cleaning additive in 
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(1) 
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(2) 

 

(3) 

Fig 8.3: Wash performance of amylase 

(1) Cloth stained with chocolate (2) cloth stained with baby food (3) cloth stained 

with sauce: (A) washed with tap water only (B) washed with thraustochytrid 

amylase only (C) washed with commercial detergent only (D) washed with 

thraustochytrid amylase and heat-treated commercial detergent (E) washed with 

commercial amylase and heat-treated commercial detergent (F) washed with 

commercial amylase only. 
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detergents to facilitate the release of such stains. 

 

8.2.2 Enzymatic desizing of cotton fabric 

Enzymatic desizing is advantageous as it involves no usage of aggressive 

chemicals and hence no damage to the fibres.  It also involves targeted 

action in removal of the particular sizing material.  Various starches have 

been conventionally used for sizing warp yarns.  An enzymatic desizing 

agent is mainly composed of amylase.  The partially purified amylases 

from AH-2 isolate efficiently desized the fabric as clearly indicated by 

the iodine test (Fig 8.4).  A weight loss of 10% was observed in the 

desized fabric as compared to the control.  This observation suggested 

the potential of amylases from isolate AH-2 for use in enzymatic 

desizing of starches on cotton fabric, on a commercial scale.  

 

8.2.3 Evaluation of enzyme for use in bread making 

Around the world, bread is one of the most common, relatively low cost, 

traditional foods.  For decades enzymes such as malt and fungal alpha-

amylase have been used in bread making.  Due to rapid changes in the 

baking industry and the ever increasing demand for more natural 

products, enzymes have gained real importance in bread formulations. 

Also, the advances in biotechnology have made a number of exciting 

new enzymes available to the baking industry.  These enzymes have 

been used in bread to give it a higher volume, better colour and a softer 

crumb (Gupta et al., 2003).  It is the malt preparation that has led the way 

and opened the opportunities for many enzymes to be used commercially 
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Fig 8.4: Enzymatic desizing of starches on cotton fabric 
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in baking.  α-Amylase supplementation in flour not only enhances the 

rate of fermentation and reduces the viscosity of dough (ensuing 

improvements in the volume and texture of the product) but also 

generates additional sugar in the dough, which improves the taste, crust 

colour and toasting qualities of the bread (Van and Hille, 1992).  One of 

the highly considered applications of α-amylase in the industry has been 

in retarding the staling of baked products which reducees their shelf life.  

Pullulanases and α-amylase combinations are used for efficient 

antistaling property (Gupta et al., 2003).  The use of intermediate 

temperature stable (ITS) α-amylases is preferred in the industry as these 

are active after starch gelatinisation and become inactive much before the 

completion of the baking process (Gupta et al., 2003). 

 

When our thraustochytrid amylases were tested for their potential in 

bread making, they were was found to have good impact on bread 

characteristics such as softness and texture.  The bread with enzyme 

supplemented in the dough was found to show more browning and 

puffiness as compared to the one without the enzyme (Fig 8.5).  

Furthermore, the bread baked with enzyme addition exhibited higher 

resistance towards fungal growth as compared to that without enzyme, 

clearly indicating the antistaling effect on the bread (Fig 8.6).  The 

specific volume calculated by rape seed method revealed that the bread 

baked with enzyme had marginally higher specific volume and lower 

weight when compared with the control.  A maltose forming α-amylase 

from Streptomyces sp.,  giving high specific volume and softness to the  



 

297 

 

 

 

CONTROL    TEST 

Fig 8.5:  Comparison of the bread characteristics between control 

(without enzyme addition) and test (with thraustochytrid amylase 

addition) samples 

 

 

 

Fig 8.6: Anti-staling effect of amylase on baked bread 
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bread even after days of storage, was reported by Ammar et al. (2002) 

for its possible utilization in the bread-bakery process,.  Overall, the 

amylase from isolate AH-2 disclosed interesting results pertaining to its 

likely application in the baking industry, yielding fairly enhanced bread 

characteristics. 

 

8.2.4 Bio-ethanol production 

For the bioconversion of starch into ethanol, the conventional process 

implicates saccharification followed by fermentation.  During 

saccharification the starch is converted into sugars by amylolytic 

microorganisms or enzymes such as glucoamylase and α-amylase.  These 

sugars are then converted into ethanol by fermentation using a 

microorganism such as yeast (Inlow et al., 1988; Nakamura et al., 1997).   

 

A worldwide quest for cheap substitutes both price- and availability-wise 

has led to many recent developments in crude oil research.  Due to the 

global availability of starch in large quantities as well as it being 

renewable, it has been largely considered as an alternate energy source.  

A wide variety of products can be obtained from starch biomass through 

its hydrolysis, alcohol being one of the dominant products.  Much 

research is being actively carried out to achieve an increase in ethanol 

yield via fermentation or immobilized cell techniques (Banerjee et al., 

1988). 

 

In our study using amylases from isolate AH-2, we succeeded in 
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producing bio-ethanol from starch.  The concentration of ethanol 

produced was calculated as 32 g %, as estimated by ceric ammonium 

nitrate (CAN) method.  This study, though preliminary, thus presents a 

basis for utilizing thraustochytrid amylases in the biofuel industry for 

production of bioethanol.  Undoubtedly, to be exploited commercially, 

much research on optimising the conditions suitable for maximum 

ethanol production is required.  Nevertheless, this preparation of crude 

thraustochytrid amylases containing multiple activities (thus avoiding the 

need to additionally provide other types of amylases) could be promising 

for industrial ethanol production.  

 

8.2.5 Enzymatic clarification of guava juice 

Enzymes stand as vital components of the current fruit juice 

manufacturing methods.  They mainly function to increase juice 

extraction from raw material, increase processing productivity (pressing, 

solid settling or removal) and to generate a final product which is clear 

and visually attractive (Sharma et al., 2014).  The enzymatic hydrolysis 

of the cell walls would increase extraction yield, reducing sugars and 

soluble dry matter content, besides the galacturonic acid content and 

titratable acidity of the products (Joshi et al., 1991).   

 

Enzymatic degradation of biomaterial depends upon the type of enzyme, 

its concentration, different enzyme combinations, pH, agitation, 

incubation time and temperature (Bauman, 1981).  The use of enzymes, 

mainly pectinases, cellulases and amylases, alone or in combination, 
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could provide better juice yield with superior quality of the fruit juices 

(Sharma et al., 2014).  The present study discusses the use of pectinase 

and amylase enzymes in fruit juice treatment with respect to its clarity 

and the effect on the biochemical properties of the juice. 

 

a) Guava juice preparation 

The tropical fruit guava, usually consumed fresh, is rich in lycopene and 

ascorbic acid, vitamin A, omega-3 and omega-6 polyunsaturated fatty 

acids, dietary fibre, potassium, magnesium and antioxidant pigments 

such as carotenoids and polyphenols (Mahattanatawee et al., 2001).  The 

ripened guava, being highly perishable at ambient temperature, is 

processed into various commercial products such as puree, paste, canned 

slices in syrup and juice.  Amongst these, guava juice has become 

economically important in the market.  Of late the consumption of such 

tropical fruit juices has been increasing due to their natural, high 

nutritional values and as an alternative to other beverages such as soft 

drinks, tea and coffee (Akesowan and Choonhahirun, 2013).   

 

The incorporation of enzyme treatment in the juice industry is at present 

crucial as it increases the yield and ascorbic acid in the juice and also 

promotes its clarification in a short processing (Sarioglu et al., 2001; 

Demir et al., 2004).  In our study the juice yield was calculated to be 

97.72%.   The extraction using macerating enzymes of various juices 

claim to increase the juice recovery from different fruits.  However, 

much optimized enzymatic treatment is required with respect to 
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incubation temperature, time and enzyme concentration to maximize 

yield and quantity of several fruit juices (Sharma et al., 2014).  

 

b) Enzymatic treatment and its effect on various physicochemical 

properties 

Clarification is a process by which the semi-stable emulsion of colloidal 

plant carbohydrates which supports the insoluble cloud material of a 

freshly pressed juice is “destroyed”.  In this process, the viscosity of the 

juice is decreased and the opacity of the cloudy juice is changed to an 

‘open splotchy look’ (Sharma et al., 2014). 

 

Clarity (expressed as %T660 nm) is an important index of a clarified juice.  

The measurements carried out as described under section 8.1.5 c) are 

represented in Table 8.1.  The results indicated that 53% increased 

clarification of the guava juice was obtained by treatment with 

commercial amylase in combination with commercial pectinase.  Only 

commercial amylase gave about 49% clarity, while the combination of 

thraustochytrid amylases with commercial pectinase followed by giving 

42% clarity. 

 

Fruit juices with high viscosity lead to problems during the filtration 

process (Alvarez et al., 1998; Kashyap et al., 2001; Vaillant et al., 2001). 

The soluble pectinacious materials, hemicellulose, soluble 

polysaccharides and colloids are accountable for this high viscosity.  

Enzymes are hence used to degrade these materials through hydrolysis, 
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Table 8.1: Clarification of guava juice upon various enzymatic 

treatments  

Treatment 

Tube No. 

Additive A660 nm 

1 Commercial amylase and commercial pectinase 0.345 

2 

Thraustochytrid amylase and commercial 

pectinase 

0.425 

3 Only pectinase 0.538 

4 Only thraustochytrid amylase 0.480 

5 Only commercial amylase 0.373 

6 No enzyme (Control) 0.738 
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easing the juice filtration.  The reduction in fruit juice viscosity by 

enzymatic hydrolysis of pectin was reported by Urlaub (1996).  Starch is 

also responsible for the slow filtration or high viscosity of juice (Dey and 

Banerjee, 2014).  In the present study, α-amylase synergistically acted 

with pectinase for the reduction of viscosity of the guava juice.   As 

observed in Fig 8.7, treatment with pectinase alone reduced the viscosity 

of the juice from 47 cP (centipoise) to 10.38 cP.  A higher reduction in 

viscosity was observed when pectinase was used in combination with the 

amylase.  The thraustochytrid amylases here proved to be able to reduce 

the viscosity more as compared with the commercial amylase.  

 

Pectinase addition causes decrease in puree viscosity, thus resulting in an 

ease in process juice filtration but it lowers the pH of the juice.  This can 

be explained as the pectinases include pectin methyl esterase and 

polygalacturonase, which assist in pectin hydrolysis, releasing carboxylic 

acids and galacturonic acids which lead to a decrease in puree viscosity 

and pH of juice (Akesowan and Choonhahirun, 2013).   Table 8.2 depicts 

the pH values of the guava juice upon various enzyme treatments.  A 

slight decrease in the pH values was recorded upon treatment. 

 

A significant increase in titratable acidity is expected due to pectinase 

action on the fruit juice (Tadakittisarn et al., 2007).  Our study also 

exhibited a substantial increase in the acidity of the guava juice i.e., to 

0.21% from the 0.15% of the untreated guava juice.  The ascorbic acid 

content of clarified guava juice decreased to 0.030 mg/mL as compared 
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Fig 8.7: Effect of enzyme action on viscosity of guava juice 

 

 

 

Table 8.2: Effect of enzyme treatment on pH of the guava juice 

Treatment 

Tube No. 

Treatment pH 

0 Untreated juice 4.92 

1 Commercial amylase and commercial pectinase 4.38 

2 Thraustochytrid amylase and commercial pectinase 4.38 

3 Only pectinase 4.46 

4 Only thraustochytrid amylase 4.58 

5 Only commercial amylase 4.59 

6 No enzyme (Control) 4.83 

 

 

 

0

10

20

30

40

50

60

1 2 3 4 5 6

V
is

co
si

ty
 (

ce
n

ti
p

o
is

e
)

Treatment tube no.



 

305 

 

to that of the untreated juice (0.045 mg/mL), which could be due to the 

oxidation of ascorbic acid during the clarification (Joshi et al., 2011).   

 

Pectinase hydrolysis on the guava pomace generally releases ascorbic 

acids into the juice (Kuar et al., 2009), the processed juice thus tending 

to contain high ascorbic acid.  The decrease in ascorbic acid content can 

be attributed to the increase in temperature and time in fruit juice 

processing (Paul et al., 2011).  The decrease observed in our study could 

hence probably be due to the increase in temperature experienced by the 

fruit juice during the enzyme action (500C) and/or the high temperature 

(900C) used to stop the enzyme action. 

 

The pectinase enzyme hydrolyses the soluble polysaccharides (high 

viscosity) present in the puree to soluble sugars and short chain 

molecules (low viscosity) (Abdullah et al., 2007).  As depicted in Fig 8.8 

B, more sugars were apparently released into the treated juice.  Also, 

among the different enzyme treatments exposed to, the juice treated with 

thraustochytrid amylases in combination with commercial pectinase 

yielded high sugars (23.04 mg/mL).   This demonstrated that the pectin 

and starch present in the guava juice contributing to the cloudy nature 

and debris formation with storage, were converted into soluble solids 

which enhanced the quality and sweet taste of the guava juice. 

 

As reported by Sharma et al. (2017), increase in enzyme dosage and 

maceration time along with increase in maceration temperature, would 
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Fig 8.8: (A) Standard curve for maltose estimation  

    (B) Sugar content of the guava juice 
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generally increase the yield of total phenols.  While the findings of 

Landbo et al. (2007) state that total phenol yields increases with 

maceration temperature, increase in enzyme dose and maceration time 

does not affect total phenol yield (Landbo and Meyer, 2004).  The 

phenolic content of the treated juice was found to be marginally 

increased in comparison to that of the untreated fresh juice (Fig 8.9).  

The total phenolic content present in fresh guava juice as reported by 

Lek et al. (2011) is 15.74 ± 1.79 GAE mg/L, which was comparable to 

that of the fresh juice as determined in our study (16.03 mg/L).  

 

In conclusion, enzymes in combination proved more efficient to increase 

the clarity and decrease viscosity and turbidity, as also to increase 

ascorbic acid content and soluble solids, thus sweetening the juice, as 

compared to the untreated juice.  Thraustochytrid amylases could hence 

be recommended for use in the juice industry for improving the juice 

quality, although much detailed studies on optimising the varying 

parameters are called for, besides other factors related to human 

consumption suitability. 

 

8.2.6 Biosynthesis of silver nanoparticles 

Nanotechnology in terms of nanoparticles has considerably attracted 

attention in recent years, due to the various applications.  Nanoparticle 

synthesis is most widely and traditionally carried out by chemical 

methods.  However, the chemically synthesized nanoparticles would 

have contamination from precursor chemicals and involve generation of  
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Fig 8.9: (A) Standard curve for Gallic acid estimation  

   (B) Total phenolic content of the guava juice 
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hazardous by-products (Mallick et al., 2004), rendering its medical 

application difficult.  There is therefore an increasing demand for 

developing high yield, low cost, non-toxic, biocompatible and 

environmentally gentle processes for synthesis of metallic nanoparticles, 

wherein the biological approach gains importance (Kalishwaralal et al., 

2010). 

 

Silver is a nontoxic, inorganic, safe, antibacterial agent, active against 

about 650 pathogens (Jeong et al., 2005).  There has been growing 

interest in SNPs on account of their antimicrobial properties (Choi et al., 

2008).  They are also being proposed as future generation antimicrobial 

agents (Rai et al., 2009).  SNPs have recently been studied extensively 

and are known to possess unique optical, electrical as well as biological 

properties.  Due to these they are being applied in drug delivery, 

catalysis, bio-sensing, imaging, nanodevice fabrication and in medicine 

(Jain et al., 2008; Nair and Laurencin 2007).  SNP synthesis has been 

extensively studied using chemical and physical methods.  The use of 

microorganisms and enzymes as biological methods of SNP synthesis 

has been suggested as a possible eco-friendly alternative (Mohanpuria et 

al., 2008).   

 

In our study the thraustochytrid amylases used for SNP synthesis was 

capable of reducing the aqueous silver ions to SNPs.  This reduction was 

observed as a colour change to dark brown when compared with that of 

the AgNO3 solution without the enzyme (Fig 8.10).  The UV-Vis spectra  
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A     B 

Fig 8.10: The color change from (A) aqueous AgNO3 solution to (B) 

biosynthesized SNPs in a colloidal solution 
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of the solution recorded displayed an absorbance maxima at 425 nm (Fig 

8.11), characteristic of the surface plasmon resonance of SNPs (Mishra 

and Sardar, 2012).  The observation of a broad surface plasmon peak in 

the 400-450 nm range as a characteristic of SNPs, has also been reported 

by Seshadri et al. (2012), further confirming the synthesis of SNPs in the 

present investigation. 

 

The thraustochytrid amylases mediated SNPs were purified by 

centrifugation and a dark brown pellet was obtained, the clear 

supernatant indicating complete nanoparticle recovery in the pellet.  The 

dried pellet was then used for characterisation studies.  Further insights 

into the features of synthesised SNPs were obtained by performing SEM 

analysis which clearly showed the monodispersed 40-50 nm diameter 

spherical shaped particles, in agreement with the shape of surface plasma 

resonance band in UV-visible spectra (Moideen and Lakshmi, 2014).  

Fig 8.12 shows individual SNPs as well as aggregates. 

 

Antimicrobial assay using the synthesized SNPs solution revealed 

resistance against all the tested pathogens (Fig 8.13) viz., S. aureus, E. 

coli, S. typhimurium, P. aeruginosa and C. albicans, in this order.  Table 

8.3 shows the inhibition zone size of each pathogen.  This substantiates 

the significant broad spectrum antimicrobial property of silver 

(Kanchana and Zantye, 2016).  Silver ions from SNPs interact with 

phosphorus moieties in the DNA of the microorganism resulting in 

inactivation of DNA replication and eventually cell death (Sulaiman et 
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Fig 8.11: UV-Vis spectra of amylase-mediated synthesized silver 

nanoparticles 
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Fig 8.12: SEM image of amylase-mediated biosynthesized SNPs 
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Fig 8.13: Antimicrobial activity of biosynthesized SNPs from AH-2 

amylases 

C1: AgNO3 solution, C2: Amylase and T: biosynthesized SNPs solution 

  



 

315 

 

 

 

 

 

 

Table 8.3: Antimicrobial activity of biosynthesized SNPs 

Test pathogen 

Diameter of inhibition zone 

(mm) 

S. aureus 21 

E. coli 17 

S. typhimurium 17 

P. aeruginosa 11 

C. albicans 10 
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al., 2013). 

 

This green synthesis approach appears to be a cost-effective, non-toxic, 

eco-friendly alternative to the conventional methods.  The results of the 

present study suggest that amylases from isolate AH-2 can be exploited 

as a potential bio-source for the eco-friendly synthesis of SNPs.  These 

SNPs may be used in effluent treatment for reducing the microbial load 

from the ecosystem.  Enzyme mediated synthesis could be the foremost 

method for large-scale production of nanoparticles in future. 

 

From the results put forth in this Chapter it is evident that amylases from 

the thraustochytrid isolate AH-2 have potential in many biotechnological 

applications and hence could be explored further for usage on larger 

scale.  While the results obtained here do display favourable properties 

of amylases for use in industrial processes, however, much further 

refinement in terms of optimization with respect to desired output in 

every application must be attempted to consider its commercial 

implementation. 
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Summary:  

Thraustochytrids are a diverse group of marine, osmo-heterotrophic 

straminopilan protists with about 40 identified species (Raghukumar, 

2002; Liu et al., 2013) occurring in marine and estuarine waters 

(Naganuma et al., 1998; Kimura et al., 1999), besides being found in 

association with plant detritus and fecal pellets of zooplankton 

(Raghukumar and Raghukumar, 1999).  Studies on thraustochytrids have 

been largely focused on their high accumulation of polyunsaturated fatty 

acids (PUFAs), essentially docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA).  Besides, their production of up to 90% 

monounsaturated fatty acids (MUFAs) such as palmitoleic, oleic, 

eicosenoic and erucic acids provides added relevance to them as a fatty 

acid source for biodiesel production (Fisher et al., 2008).  They have 

been demonstrated to be actively involved in the breakdown, scavenging 

and mineralization of highly refractory organic matter by producing a 

variety of extracellular enzymes (Bongiorni et al., 2005).  Ectoplasmic 

nets surrounding their cells harbour hydrolytic enzymes which are either 

surface bound or extracellularly secreted, thus helping them to degrade 

organic matter (Raghukumar et al., 2002) and raising the likelihood of 

their being an important component of the microbial food webs of 

marine ecosystems (Raghukumar and Raghukumar, 1999). 

 

The controversies impeding an unambiguous and systematic 

classification continue to be an obstacle in thraustochytrid research (Mo 

et al., 2002) although newer molecular tools have helped to characterize 
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isolates suspected of belonging to the thraustochytrid assemblage.  

Earlier, this relatively unknown protist had been identified mainly by 

follow-ups of developmental stages in cultures, by the form of sorus, 

ectoplasmic nets and zoospore type (Porter, 1990).  As typical 

morphological conditions are unstable under different nutritional 

conditions, recent studies have evaluated the use of molecular markers 

such as 18S rDNA sequence profiles (Rabinowitz et al., 2006).  

 

Thraustochytrids, generally considered saprophytic (Raghukumar, 2002), 

harbour unique degradative enzymes despite competition with the native 

bacterial population.  Investigations on extracellular enzymes produced 

by six strains of thraustochytrids, Schizochytrium, Thraustochytrium and 

Aurantiochytrium, producing five to eight kinds of extracellular enzymes 

have been reported by Taoka et al. (2009), of which only the genus 

Thraustochytrium produced amylase.  While several reports on 

extracellular production of enzymes are available, detailed studies on 

such enzymes from thraustochytrids are numbered.  Optimization of 

physicochemical parameters for the production of alkaline lipases by 

thraustochytrids was first reported from our own laboratory (Kanchana et 

al., 2011), closely followed by a study on extracellularly produced 

cellulase, xylanase and pectinase enzymes (Devasia and Muraleedharan, 

2012).  Specific information on kinds of enzymes produced by each 

strain of thraustochytrids is but wanting.  From physiological as well as 

industrial viewpoints it would thus appear very important to conduct 

research on enzymes from thraustochytrids.  In the present study, 
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extracellular polysaccharide-degrading enzymes and in particular, 

amylases produced by various strains of thraustochytrids have been 

investigated. 

 

α-amylases are among the most important and widely used of industrial 

enzymes.  With the advent of new frontlines in biotechnology, their 

realm of applications has gone far afield in sectors such as medicinal and 

analytical chemistry.  Although their commercial production is limited to 

only a few fungal and bacterial strains (Gupta et al., 2003), amylases 

have been produced efficiently by a wide spectrum of microorganisms.  

Each source produces biochemical phenotypes of the enzyme that 

significantly differ in parameters such as pH and temperature optima as 

well as metal ion requirements.  Moreover, the interest and demand for 

efficient amylases with novel properties has logged an upsurge in various 

industries, encouraging the discovery of various types of amylases with 

unique properties.  

 

The present research therefore focusses on isolating thraustochytrids as a 

novel source of polysaccharide-degrading enzymes from the marine 

environment, with detailed studies on the biochemical characteristics and 

potential biotechnological applications of their amylases.  An attempt has 

also been made to project the ecological significance of such enzyme 

production in the marine ecosystem. 
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The results on isolation of thraustochytrids from various mangrove and 

coastal ecosystems of Goa, India and their screening for six 

polysaccharide-degrading activities using qualitative assays showed the 

potential of these protists as multiple polysaccharase producers. A more 

complete enzyme profile of these isolates was evaluated using the API-

ZYM kit, a semi-quantitative approach.  Amylases as a class was then 

focussed on and two of the most promising isolates (AH-2 and TZ) were 

singled out for further investigations on enzyme production and 

quantification of the α-amylase activity.   

 

A likely role of thraustochytrids in the marine food web can not be 

underplayed, they being predominantly saprotrophic and producing a 

variety of extracellular hydrolytic enzymes (Raghukumar et al., 2002).  

Based upon the mixed-bag of polysaccharide-degrading enzymes 

elaborated by the two thraustochytrid isolates selected in this study, 

investigations on natural substrate utilization with a view to gauge the 

ecological role of thraustochytrids in the marine environment are 

described.  Further, a comparison is drawn of the polysaccharase 

activities from fungi, bacteria and thraustochytrids sourced for from the 

mangrove ecosystem.  These data on polysaccharide-degrading enzymes 

have yielded encouraging insights into the purported role of 

thraustochytrids as marine degraders.  

 

 The basic properties of the crude amylases obtained from culture 

supernatants of the two selected thraustochytrid isolates were studied.  
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Their stability at high temperature and over a broad pH range as well as 

favourable starch degradation under conditions suited to biotechnological 

applications would put the α-amylases from both these thraustochytrid 

isolates on par with those sourced from other microbes.  The isolate AH-

2 which was a better amylase producer was then characterized and 

identified by morphological, microscopic and 18S rRNA gene sequence 

based analyses as Ulkenia sp.  More detailed characterization of the 

enzyme from this selected isolate indicated an exceptional salt tolerance, 

further opening up avenues for novel applications.  It also displayed a 

very low KM in comparison to the amylases from other known microbial 

sources. 

 

A detailed study on optimization of various process parameters 

influencing amylase production by the selected thraustochytrid isolate 

was carried out in two ways viz., the classical approach to optimisation 

using OVAT as well as a statistical approach involving RSM coupled 

with GA.  This appears to be the first report on optimizing any enzyme 

activity from thraustochytrids using statistically based experimental 

designs.  

 

Optimization of media components and also process variables such as 

harvesting time and inoculum size as carried out by the OVAT approach 

considerably increased amylase activity.  It reduced the levels of glucose 

in the production medium, cut down on one nitrogen source and also 

incorporated a much cheaper substrate for production of the enzyme, 
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thereby reducing overall production cost.  Maximal extraction of the 

enzyme from thraustochytrid cells was also attempted by pellet- freeze-

thaw and sonication methods for cell disruption but it was found that the 

enzyme was largely secreted extracellularly, thus favouring reduction of 

downstream processing.   

 

The Ulkenia isolate was also efficient in producing high yields of α-

amylase and growing on almost all of the low- or zero- cost substrates 

tested, thus paving the way to eco-friendly, cost-effective α-amylase 

production.  The statistically based media optimization approach applied 

to the α-amylase production from our isolate proved to be efficient, 

relatively simple as well as time and material saving. While the RSM 

approach determined the optimal levels of the factors which significantly 

influenced amylase activity, the GA tool delivered the best optimal 

solution for maximum enzyme activity.  The use of these statistical tools 

aided to validate the results of the OVAT approach and also served to 

enhance amylase production.   

 

Various strategies were applied for purification of amylase activity from 

the thraustochytrid isolate.  Subjecting the crude enzyme to ammonium 

sulphate fractionation, dialysis and further visualization of the activity 

bands through a zymogram had revealed the presence of multiple 

amylases.  Three amylases out of the eight isoforms produced could be 

successfully purified to homogeneity by gel chromatography.  Ion 

exchange chromatography could not further resolve the other five 
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isoforms that eluted as a single broad peak upon gel filtration, probably 

due to closeness of their isoelectric points.  Molecular weight estimates 

of the purified proteins were derived.  The purification strategies adopted 

have yielded insights into the various amylases that apparently function 

synergistically in starch degradation by the thraustochytrid isolate. 

 

The physicochemical properties of the partially separated multiple 

amylases project their potential in biotechnology.  The three pure 

proteins as well as the unresolved major enzyme activity pool 

comprising of multiple amylases were subjected to characterization 

studies.  Some valuable properties of the amylases were high affinity to 

the substrate, stability over a wide range of pH 5 - 9, temperature of 25 - 

80ºC and salt concentrations of 0 - 4 M.  These properties of the enzymes 

might be attributable to the mangrove environment from which the 

organism was isolated, the numerous harsh environmental pressures 

therein possibly endowing its enzyme with such tolerance.  The 

prospects in various industrial applications or for entirely new research 

areas have thus been widened. 

 

The possibilities for applications of the partially purified as well as crude 

amylases in various biotechnological sectors were explored.  The results 

obtained through laboratory scale experiments indicated their wide-

ranging potential in the detergent as well as baking industries, in desizing 

of cotton fabrics, bioethanol production and clarification of fruit juice, 

besides in the biosynthesis of silver nanoparticles.  These studies project 
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a hitherto undocumented competency of thraustochytrid amylases as 

prospective candidates and paved the way for future explorations on 

cost-effective larger scale production. 

 

Conclusion: 

This research brings to the fore the presence of multiple polysaccharide-

degrading enzymes produced by individual thraustochytrid isolates.  The 

findings explicitly project their polysaccharide-degrading ability as 

contributing to the role of thraustochytrids as marine bio-degraders and 

natural agents of the mangrove environmental cleaning system.  The 

study more specifically reports amylase production by these marine 

protists, serving as the first significant and comprehensive contribution 

in this area. In addition, detailed studies on optimising process 

parameters as carried out by the conventional OVAT as well as 

statistically based RSM and GA approaches paved the way to eco-

friendly, cost effective α-amylase production now by thraustochytrids 

too, which stands as a novel contribution arising out of the present work. 

 

One of the most promising isolates which was short-listed for further 

studies has been identified as Ulkenia sp. The production of multiple 

amylases by this isolate, with eight isoforms that synergistically carry out 

starch degradation were evident.  Three of these enzymes were purified 

to homogeneity and characterized in terms of their significant properties.   
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The biochemical characteristics of the α-amylases revealed interesting 

properties of the enzyme and wide potential in many of the applications 

tested, thus projecting thraustochytrids as a novel potential source of 

industrial amylases and opening up new frontiers in biotechnology 

research. 
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Leads for Future Research…… 

 The present study has unveiled isolates with many polysaccharide-degrading 

activities which could be further studied in detail, there being very few 

reports on enzyme activity studies from thraustochytrids.  

 

 The unresolved amylases could be subjected to separation using advanced 

chromatographic techniques/facilities. 

 

 Proteomic approach could be opted for, to deduce amino acid sequences of 

the purified amylases through MS/MS analysis. 

 

 Biophysical characterization of the resolved amylases using circular 

dichroism for secondary structure as well as in silico possible 3D structure 

and function prediction using bioinformatics tools. 

 

 Scale-up to pilot or large scale media optimization for bulk production of 

amylases can be addressed using fermentors.  Commercialization of these 

enzymes can be looked into as they have presented potential in many 

biotechnological applications. 

 

 Molecular tools could be employed to study the ecological significance of 

the isolates and their enzymes. Seasonal investigations could be carried out 

to study the enzyme profile of the different microbial communities existing 

in the same niche at a given time.   
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APPENDIX – I 

 

Modified Vishniac’s medium (MV medium)  

Glucose     0.4% 

Peptone    0.15% 

Yeast extract   0.1% 

Crude salt    3.4% 

Dissolved in 100 mL distilled water.  

 

MV agar medium  

Glucose     0.4% 

Peptone    0.15% 

Yeast extract   0.1% 

Crude salt    3.4% 

Agar    0.8% 

Dissolved in 100 mL distilled water and autoclaved.  

Antibiotics     1.0%   

Streptomycin and Penicillin was added to the medium.  

 

MV agar medium for qualitative amylase assay  

Soluble starch    0.4%  

Peptone    0.15% 

Yeast extract   0.1% 

Crude salt    3.4% 
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Gelrite    0.7% 

Dissolved in 100 mL distilled water and autoclaved.  

 

ASW (artificial sea water)  (g/l)  

Tris base      6.05  

Mg2SO4             12.32  

KCl       0.74 

(NH4)2HPO4     0.13  

NaCl             17.52 

CaC12     0.14 

pH      7.0 
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APPENDIX - II 

 

Iodine solution 

20 g potassium iodide was dissolved in 500 mL of D/W, 10 g of iodine 

crystals were added to above solution, dissolved and the volume made up 

to 1 L with D/W. 

 

Folin Lowry assay reagents     

 

Solution A (100mL)    Stock solution  

CuSO4 5H20        1.0 g - I  

Sodium potassium tartrate                 2.0 g - II  

Before experiment, mix 500 µL each of I and II to get 1 mL of solution 

A  

 

Solution B  

Na2CO3      20 g  

NaOH        4 g  

D/W      100 mL  

 

Solution C  

1 mL      solution A  

50 mL      solution B  

 

Solution D  

Folin Ciocalteu’s phenol reagent, at 1:1 dilution with D/W  
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Bradford reagent 

Brilliant blue dye     100 mg 

Ethanol (95%)       50 mL 

Phosphoric acid (85%)    100 mL 

All the above ingredients mixed, volume made up to 1 L with D/W, 

filtered through Whatman filter paper No. 1 and stored in Amber colour 

glass bottle at 4oC. 

 

3,5-dinitrosalicylic acid (DNSA reagent) (100 mL)  

1g of 3,5-dinitrosalicyclic acid was dissolved in 50 mL of 1 M NaOH. 

Sodium sulphite (0.05%, w/v) and 0.2% phenol (v/v) were added with 

continuous stirring. Sodium potassium tartrate (20 g) was added finally 

to the solution and volume was made up to 100 mL with D/W.  

 

Borate buffer (Na2B407.10 H2O) (50 mM)  

19.05 g was dissolved in 500 mL D/W.  The pH was adjusted to 8 and 9 

with 0.1 N HC1 and the volume made up to 1000 mL with D/W. For pH 

10 and 11, the pH was adjusted with 0.1 N NaOH and made up to 1000 

mL with D/W.  

 

Sodium phosphate buffer 

Solution A: 0.1 M sodium di hydrogen phosphate   

1.2 g in 100 mL D/W  

Solution B:  0.1 M Disodium hydrogen phosphate   

1.42 g in 100 mL D/W  
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For pH 7.0, mix 38.5 mL of solution A with 61.5 mL of solution B. 

 

Sodium acetate buffer (200 mM)  

Solution A: 0.2 M acetic acid and Solution B: 0.2 M sodium acetate.  

X mL of solution A and Y mL of solution B were mixed and the volume 

made up to 100 mL with D/W.  

 

Solution A (mL)   Solution B (mL)    pH  

46.3      3.7     3.6  

44.0      6.0    3.8  

41.0      9.0     4.0  

36.8               13.2     4.2 

30.5     19.5     4.4  

25.5     24.5     4.6  

14.8     35.2     4.8  

10.5     39.5    5.0  

  8.8     41.2    5.2  

    4.8     45.2    5.6  

 

 

Britton and Robinson Universal Buffer Solutions (pH 1.81 to 11.98) 

Prepared by adding the following volumes of sodium hydroxide solution 

(0.2 N) to 100 mL of a solution of mixed acid, being 0.04 M with respect 

to phosphoric acid, 0.04 N with respect to both acetic and boric acids. 
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Volume of Sodium 

Hydroxide 

Solution 

(mL) 

pH 

 

  0.0 

  2.5 

  5.0 

  7.5 

10.0 

12.5 

15.0 

17.5 

20.0 

22.5 

25.0 

27.5 

30.0 

32.5 

35.0 

37.5 

40.0 

42.5 

45.0 

47.5 

50.0 

52.5 

55.0 

57.5 

60.0 

62.5 

65.0 

67.5 

 1.81 

 1.89 

 1.98 

 2.09 

 2.21 

 2.36 

 2.56 

 2.87 

 3.29 

 3.78 

 4.10 

 4.35 

 4.56 

 4.78 

 5.02 

 5.33 

 5.72 

 6.09 

 6.37 

 6.59 

 6.80 

 7.00 

 7.24 

 7.54 

 7.96 

 8.36 

 8.69 

 8.95 
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Reagents for PAGE  

Tank buffer  

Glycine    14.4 g  

Tris         3.0 g  

Volume made up to 1000 mL with D/W.  

For SDS-PAGE, SDS added to a final concentration of 0.1%.  

 

Separating gel buffer (4X)  

Tris base    36.3 g  

pH (adjusted with HCl)       8.8  

Volume made up to 200 mL with D/W.  

 

 

70.0 

72.5 

75.0 

77.5 

80.0 

82.5 

85.0 

87.5 

90.0 

92.5 

95.0 

97.5 

100.0 

 9.15 

 9.37 

 9.62 

 9.91 

10.38 

10.88 

11.20 

11.40 

11.58 

11.70 

11.82 

11.92 

11.98 
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Stacking gel buffer (4X)  

Tris base     3.0 g  

pH (adjusted with HC1)   6.8  

Volume made up to 50 mL with D/W. 

 

Ammonium persulphate (APS) (10%)  

APS     0.1 g  

D/W    1.0 mL 

Prepared fresh before use.  

 

Gel loading buffer for native PAGE (4X)  

Glycerol     2.0 mL  

4X Separating gel buffer   2.5 mL  

Bromophenol Blue (1%)   1.0 mL 

Volume made up to 10 mL with D/W.  

 

Gel loading buffer for SDS-PAGE (2X)  

Glycerol    2.0 mL  

4X Stacking gel buffer  2.5 mL  

SDS (10% stock)   4.0 mL  

Bromophenol Blue (1%)  1.0 mL  

Volume made up to 10 mL with D/W.  

 

Acrylamide stock solution (30%)  

Acrylamide    29.2 g  
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N, N'-Methylenebisacrylamide   0.8 g 

Volume made up to 100 mL with D/W  

Stored at 4°C in dark.  

 

Staining solution  

Coomassie Brilliant Blue R-250  0.25 g  

Methanol    45 mL  

D/W    45 mL  

Acetic acid    10 mL 

Filtered through Whatman No.1 filter to remove any particulate matter.  

 

Destaining solution  

Methanol    45 mL  

D/W    45 mL 

Acetic acid    10 mL 

 

TLC spraying solution  

Aniline    (1.0%, v/v)  

Diphenylamine   (1.0%, w/v) 

Orthophosphoric acid   (10%, v/v) in acetone  

 

Cerric Ammonium Nitrate reagent 

20 g of CAN dissolved in 100 mL of 4 N HNO3. 
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ABSTRACT 

 
Thraustochytrids, a once obscure group of straminipilan protists, are now increasingly coming into the 
limelight by virtue of the diverse industrial potential of their cell products which include polyunsaturated 
fatty acids (PUFAs) and hydrolytic enzymes. The present study dwells on production of extracellular 
polysaccharide-degrading enzymes by isolates from various coastal and mangrove habitats of Goa. 
Extensive screening has yielded strains that produce enzymes with multiple hydrolytic activities and 
potential in diverse industrial applications. They produced a plethora of enzymes that included agarases, 
amylases, pectinases, chitinases and carrageenases, many of which appeared to be secreted 
constitutively. Agarase and amylase activities predominantly observed in most isolates from mangrove 
habitats had special characteristics that would favor commercial applications. This therefore stands as the 
first detailed report on extracellular amylase production by thraustochytrids. Amylases produced by two 
isolates, viz., TZ (ATCC#PRA-295) and AH-2 (ATCC#PRA-296) were confirmed to be α-amylases, 
enzymes of great significance in present day biotechnology.  
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INTRODUCTION 
 

Thraustochytrids are marine, osmo-heterotrophic 
straminopilan protists with about 40 identified species. 

1-

4
 They occur in marine and estuarine waters 

5,6
 and also 

in association with plant detritus (such as mangrove 
leaves and brown algae) and fecal pellets of 
zooplankton. 

7-10
 They have been demonstrated to be 

actively involved in the breakdown, scavenging and 
mineralization of highly refractory organic matter by 
producing a variety of extracellular enzymatic activities. 
3
 They form ectoplasmic nets around the cell, which 

harbor hydrolytic enzymes that are either surface bound 
or secreted into the surroundings, thus helping them to 
degrade organic matter 

2,11
 and raising the likelihood of 

their being an important component of the microbial food 
webs of marine ecosystems. 

10,12
 Studies on 

thraustochytrids have been largely focused on their high 
accumulation of polyunsaturated fatty acids, chiefly 
docosahexaenoic acid. Investigations on extracellular 
enzymes produced by six strains of the thraustochytrids, 
Schizochytrium, Thraustochytrium and Aurantiochytrium 
producing five to eight kinds of the extracellular 
enzymes have been reported. 

13 
Only the genus 

Thraustochytrium produced amylase. Given the 
prevalence of thraustochytrids as saprobes in the 
marine environment, it is likely that they harbor unique 
degradative enzymes, despite competition with bacteria. 
There are several reports on extracellular production of 
enzymes but detailed studies on such enzymes from 
thraustochytrids are numbered. Optimization of 
cultivation conditions for the production of alkaline 
lipases by thraustochytrids was first reported from our 
own laboratory 

14
, closely followed by a study on 

extracellularly produced cellulase, xylanase and 
pectinase enzymes.

15 
Overall, however, specific 

information on kinds of enzymes produced by each 
strain of thraustochytrids is lacking. Alpha amylases, 
one of the most important and widely used enzymes, 
were first isolated and identified in the year 1894 from a 
fungal source used as additives in pharmaceutical 
digestive formulations.

16  
Ever since and with the advent 

of new frontiers in biotechnology, their ambit of 
applications has gone a long way in many sectors such 
as medicinal and analytical chemistry.  Amylases are 
produced by a wide spectrum of organisms and each 
source produces biochemical phenotypes of the enzyme 
that significantly differ in parameters such as pH and 
temperature optima as well as metal ion requirements. 

�-Amylases specifically act on long-chain 
carbohydrates, yielding the breakdown products maltose 
(from amylose) or maltose, glucose and limit-dextrin 
(from amylopectin). Of late, the interest and demand for 
enzymes with novel properties has recorded an upsurge 
in various industries, encouraging the discovery of 
various types of the amylases with unique properties. 
Besides a major application in starch saccharification, 
they also find significant use in the food, brewing, 
baking, distilling, textile, detergent as well as the pulp 
and paper industries.

 17
  

 

MATERIALS AND METHODS 
 

Sample Collection 
Samples were collected at low tide from various coastal 

and mangrove habitats of Goa during the period 
February to December 2013. Decaying mangrove 
leaves, water, macroalgae and sediment samples were 
collected in sterile glass vials and immediately 
transferred to the laboratory. Physico-chemical 
parameters of the environment such as pH and salinity 
were recorded each time. 
 
Isolation of thraustochytrids 
The pine pollen baiting method 

18,19
 was adopted for 

isolation of thraustochytrids.  Samples were inoculated 
in vials containing sterile sea water, followed by dusting 
with pine pollen. They were then incubated at room 
temperature for 3-4 days and examined under the 
microscope. Those found to contain thraustochytrids 
were then streaked onto Modified Vishniac’s (MV) agar 
medium plates (0.15% peptone, 0.1% yeast extract, 
0.4% glucose, 3.4% crude salt and 0.8% agar) 
containing 1% antibiotics (streptomycin and penicillin). 
Thraustochytrid colonies observed under the 
microscope were purified by repeated transfer on fresh 
solid MV medium to obtain axenic cultures. 
 
Screening for polysaccharase activities in 
thraustochytrids  
Preliminary screening for enzyme activities was carried 
out by qualitative plate assays. The isolates were tested 
for amylase, agarase, alginate lyase, chitinase, 
pectinase and carrageenase activities, using starch, 
agar, sodium alginate, chitin, pectin and carrageenan, 
respectively, as substrates. Two methods were used: (a) 
Culture plates were prepared with the respective 
substrates and the isolates were spot inoculated on 
these plates. They were then incubated at room 
temperature for 3-4 days. Amylase activity was checked 
for by flooding the assay plates with Grams Iodine 

20
, 

agarase activity with Lugol’s iodine 
21

, alginate lyase 
activity by using 10% sulphuric acid, chitinase and 
pectinase with Congo Red 

22
 and carrageenase by using 

Phenol Red; halo formation around the spotted culture 
indicated the production of the respective enzyme. (b) 
Plates were prepared with the respective substrates as 
described above. Culture supernatant of the isolates 
grown for 3-4 days in broth culture was used to analyze 
the polysaccharide-degrading activities by agar cup 
diffusion method, for which plates were incubated at 
room temperature or at 50

o
C for 24 h. They were then 

stained for the respective enzyme activities.  All assays 
results are the mean of replicate analyses in a single 
experiment and the data presented are representative of 
two/three independent experiments. 
 
Enzyme production 
The culture medium used for α-amylase production 
contained (as %, w/v): yeast extract (0.1), peptone 
(0.15), glucose (0.4) and sea salt (3.4) at a pH of 6.8-
7.0.  A 1% inoculum of a 3-day old broth culture was 
added and incubated at 25 – 28ºC in a rotary shaker at 
120 rpm for 96 h.  The turbidity of the cultures was 
gauged at regular time intervals by measuring the 
optical density at 660 nm. The cells were separated by 
centrifugation for 10 min at 10,000 rpm and 4ºC; the 
clear supernatant served as the crude enzyme 
preparation. 
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Effect of substrate added in the growth medium 
Amylase activity was analyzed after growing the isolates 
in medium containing varying combinations of glucose 
and starch, or glucose and maltose at pH 7.  
 
α-Amylase Assay 
The activity of α-amylase was assayed by incubating 0.5 
mL of suitably diluted enzyme with 1.0 mL soluble starch 
(0.3 mg/mL) prepared in 0.1 M acetate buffer, pH 5. 
After incubation at 40ºC for 10 min the reaction was 
stopped by adding 0.2 M NaOH and the rate of starch 
disappearance was measured spectrophotometrically at 
578 nm after the addition of 1% iodine solution. One unit 
of alpha amylase activity is defined in terms of milligram 
starch digested per min by 1 mL of the enzyme.

23 

Protein concentration was measured in triplicate, 
following the procedure of Lowry et al. 

24
 using bovine 

serum albumin as standard. 
 
Analysis of hydrolysis products of α-amylase 
Thin layer chromatography (TLC) was carried out to 
identify the products of starch hydrolysis by the crude 
enzyme extract. The silica plates were developed in a 
solvent system consisting of n-butanol:acetic acid (1:1).  
Reducing sugars were determined by spraying a 
solution consisting of 0.5 g aniline hydrochloride, 0.5 g 
diphenylamine in 50 mL acetone and 5 mL ortho-
phosphoric acid, followed by baking at 150

o
C for 5 min. 

 
Determination of α-amylase by CNPG3 method 
For confirming the presence of α-amylase in the crude 

enzyme extract, 2-chloro-4-nitrophenyl-α-D-
maltotrioside (CNPG3) was used as substrate. The 
release of 2-chloro-4-nitrophenol (CNP) and the 
resulting absorbance increase at 405 nm per minute is 

directly related to the α-amylase activity in the sample 
(Thermoscientific Protocol). 

25
 

 
Effect of pH on activity and stability of α-amylase 

Effect of pH on α-amylase activity was measured using 
various buffers: acetate buffer (0.5 M, pH 3.5 – 5.0), 
phosphate buffer (0.1 M, pH 6.0 -8.0) or borate buffer 
(12.5 mM, pH 8.0 -10.0). Stability of the enzyme at 
different pH values was studied by incubating the 
enzyme with an equal volume of the respective buffer at 
pH 3-9 for 10 min at room temperature (25± 2°C) and 
then estimating the residual activity as measured under 
the standardized reaction conditions.  
 
Effect of temperature on amylase activity and 
stability 
To determine the optimum assay temperature, amylase 
activity was measured at different temperatures for a 10 
min reaction at pH 7.0. For thermal stability studies, the 
enzyme solution was pre-incubated at different 
temperatures for 10 min in phosphate buffer (0.1 M, pH 
7.0) before measuring the residual activity under the 
optimum conditions. 
 

RESULTS AND DISCUSSION 
 
Thraustochytrids isolated from various coastal habitats 
of Goa, India (mangrove area, seawater and sediment) 
were screened for their potential for extracellular 
production of six different polysaccharide-degrading 
enzymes.  A total of 18 thraustochytrid isolates were 
obtained by the pine pollen baiting technique (Fig 1a) of 
which only one (isolate TPU 8) was from coastal waters 
while all the others were from mangrove sites in Goa.  
The various sampling locations (between 15.3-15.6

 o
N 

and 73.8-73.9 
o
E) are depicted in Fig 2. The salinity of 

the sites varied from 10 to 32 psu and pH from 6.7 to 
7.6.  Of the 18 isolates, 12 were obtained from decaying 
mangrove leaves while six were from sediment samples 
(Table 1). Axenic cultures obtained by repeated 
streaking on MV agar medium were then observed for 
their colony characteristics. 
 

Effect of pH on α-amylase activity was measured using 
 

 
 

Figure 1 
Thraustochytrids growing (a) on pine pollen and (b) in broth, as seen under the compound microscope (40X) 
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Figure 2 

Sampling sites in Goa, India 
 

Table 1 
Thraustochytrid isolates obtained primarily from mangrove habitats of Goa, India 

 
Isolate No. Location Source pH Salinity (psu) 

TPU 1 Sao Pedro Leaf 7.0 10 

TPU 2 Sao Pedro Leaf 6.7 10 

TPU 3 Ribandar Leaf 6.9 10 

TPU 4 Ribandar Sediment 6.7 10 

TPU 5 Diwar Leaf 7.3 25 

TPU 6 Panaji Leaf 7.4 29 

TPU 7 Betim Leaf 7.3 31 

TPU 8 Dona Paula Sediment 7.6 32 

TPU 9 Moira Sediment 7.2 13 

TPU 10 Moira Sediment 7.2 13 

TPU 11 Moira Sediment 7.2 13 

TPU 12 Moira Leaf 7.2 13 

TPU 13 Aldona Sediment 7.1 11 

TPU 14 Aldona Leaf 7.1 11 

TPU 15 Poira Leaf 7.0 10 

TPU 16 Poira Leaf 7.0 10 

TPU 17 Chodan-Madel Leaf 7.2 12 

TPU 18 Chodan-Madel Leaf 7.2 12 

 
In addition to the 18 isolates listed in Table 1, seven 
others from our laboratory collection were also screened 
for their polysaccharide-degrading ability. All 25 isolates 
were tested for amylase, agarase, chitinase, pectinase, 
carrageenase and alginate lyase activities using both 
spot inoculation as well as culture supernatant assays. 
Of these, 10 isolates tested positive for multiple 

polysaccharase activities (Fig 3). In all, 10 isolates were 
found to produce amylase, 15 agarase, 7 pectinase and 
one, low amounts of chitinase, based on the spot 
inoculation technique (Fig 4). The above activities were 
elicited in the presence of the respective polysaccharide 
substrate, raising a possibility that the systems might be 
inducible in nature. 

 

 
 

Figure 3 
Plate assay showing multiple polysaccharide-degrading activities of the isolates by  

the spot inoculation technique 
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Figure 4 
Polysaccharide-degrading activities from different isolates as determined  

by the spot inoculation technique 
 
During qualitative analysis of the activities using culture 
supernatant, however, all the isolates that showed 
polysaccharase activity as depicted in Figs 5 and 6 did 
so when grown in the absence of the polysaccharide 
substrate also, indicating the constitutive nature of the 
enzyme production in these cases: Ten isolates were 
found to produce agarase and nine produced chitinases. 
There were two amylase, two pectinase and two 

carrageenase producers while two isolates produced 
small amounts of alginate lyase.  In particular, chitinase 
production in the above isolates, with the exception of 
isolate TPU 9, was observed to be constitutive rather 
than inducible.  This feature could well afford a 
competitive advantage to isolates for immediate 
substrate utilization during their encounter with such 
substrates in nature. 

 
Figure 5 

Multiple polysaccharide-degrading activities of the isolates in plate assay by culture supernatant analysis 
 

 

 
Figure 6 

Polysaccharide-degrading activities from different isolates by culture supernatant analysis on plates 
 

When all the 10 isolates chosen (on the basis of size of 
clearance zones in plate assays) were grown in MV 
medium for 96 h, highest activity (5.02 and 6.62 U/mg, 
respectively) was recorded in  culture supernatants from 
our isolates TZ (ATCC #PRA-295™) and AH-2 
(ATCC® PRA-296™), under the assay conditions of pH 

5 and 40
o
C (Fig 7). These isolates were hence selected 

for further optimization studies. 
 
Amylase activity was significantly higher in both the 
isolates TZ and AH-2, when a combination of starch and 
glucose (1:1) served as carbon source in the growth 
medium (Fig. 8). Replacement of starch by maltose also 
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yielded similar results (Fig. 9). Thin layer 
chromatographic separation of  products of soluble 
starch hydrolysis by the crude enzyme extract showed 
maltose as the end product in reaction mixtures 
containing culture filtrates from isolates TZ as well as 

AH-2 (Fig. 10). The CNPG3 assay measurements at 
37

o
C and pH 6 recorded α-amylase activities of 36 and 

47 U/L, respectively, from isolates TZ and AH-2, 
confirming the enzyme activity in the crude enzyme 
extracts as due to α-amylase. 

 

 
Figure 7 

Specific activities of α-amylases produced by different isolates 
 

 
Figure 8 

Effect of starch on α-amylase production by isolates (a) TZ and (b) AH-2 
 

 
   

Figure 9 
Effect of maltose on amylase activity of isolate (a) TZ and (b) AH-2 
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Figure 10 
TLC based identification of products of starch hydrolysis by crude enzyme extracts from isolates AH-2 & TZ. 

 

Lane S: soluble starch substrate, Lane G: glucose, Lane M: maltose, Lane CF1: culture filtrate of AH-2, Lane RM1: reaction mixture with 
CF1, Lane CF2: culture filtrate of TZ and Lane RM2: reaction mixture with CF2 

 
The enzymes from both the isolates were optimally 
active at pH 7 (Fig 11). Two peaks were observed in 
both cases, one at pH 5 and the other at pH 7. Although 
enzyme activity diminished beyond pH 7, isolate AH-2 
showed significant activity (60 % of the highest activity) 
even at pH 10. While the amylases exhibited maximum 
stability as well as activity at pH 7, they were 
significantly stable over a wide pH range (Fig 12).  At pH 

7 the activity from isolate AH-2 increased by 1.43-fold 
over the control while that from isolate TZ was 
unchanged by the treatment. More than 50% activity 
was retained after treatment at all pH values ranging 
from 3 to 9.  Such amylases with wide pH stability 
ranges would have huge potential in the detergent 
industry.  

 

 
 

Figure 11 
Dependence of assay pH on α-amylase activity from isolates AH-2 and TZ 

 

 
 

Figure 12 
pH stability of the enzymes from isolates AH-2 and TZ 
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Amylases are the second type of enzymes used for 
formulation of enzymatic detergents 

26,27
 and 90% of all 

liquid detergents contain α-amylase. 
28 

Currently, such 
enzyme formulations are widely used in laundry and 
automatic dish washing for removal of starchy food 
substances derived from gravies, potatoes, chocolate, 
custard and  smaller oligosaccharides 

29
.  When 

assayed at pH 7.0 over a temperature range of 25-80ºC 
the optimum activity of the enzyme from both isolates 
was found to be at 50ºC (Fig 13).  That the decline in 
activity beyond this temperature was due to enzyme 
protein degradation was supported by thermal stability 

studies (Fig 14a). The enzyme was stable at 50°C for up 
to 60 min in case of isolate AH-2 and up to 30 min in 
case of isolate TZ; the stability decreased upon further 
incubation. From Fig 14b, it was evident that a 50°C 
treatment for 10 min elevated the activity by 1.9- and 
1.33- fold, respectively, for the enzymes from isolates 
AH-2 and TZ. Mohamed et al.

30
 reported that some 

wheat α-amylases were stable up to 50°C and some at 
40°C after incubation for 15 min, whereas in P. erosus 
tubers α-amylase was stable up to 40°C for 30 min 
incubation, beyond which there was rapid inactivation.

 

 
 

Figure 13 
Effect of assay temperature on α-amylase activity from isolates AH-2 and TZ 

 
Figure 14 

Thermal stability studies on the enzymes from isolates AH-2 and TZ when treated (a) for 10 min at various 
temperatures and (b) at 50

o
C for various time periods 

 

CONCLUSION 
 
In summary, this research throws light on the presence 
of multiple polysaccharide-degrading enzymes produced 
by thraustochytrid isolates.  While there are several 
reports on the biological production of amylases from 
various microorganisms, the present study specifically 
reports production of amylases by the marine protists. 
Amylases are among the most important enzymes used 
in industrial processes, with their major application being 
in the starch industry, besides their well-known usage in 
the baking industry. They can also be of potential use in 
the food, pharmaceutical and fine chemical industries.  
The observed optimal thraustochytrid amylase activity at 

pH 7 and 50ºC from both the potential isolates AH-2 and 
TZ was found to be contributed by alpha amylases.  
Preliminary studies have indicated that the amylases 
from these isolates showed promise in degrading starch 
and that they could thus have practical applications in 
the starch industry in view of their favorable temperature 
and pH characteristics. Under optimum conditions, 
isolate TZ produced 20 U/mL and isolate AH-2 30 U/mL 
of α-amylase, respectively, which could probably be 
enhanced by further refinement of media components 
and conditions. Besides, several other isolates too 
exhibited starch degrading ability, projecting 
thraustochytrids as a novel potential source of industrial 
amylases. 
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ABSTRACT 
Amylases are a group of enzymes with a wide variety of industrial applications. Enhancement of 
α-amylase production from the marine protists, thraustochytrids has been attempted for the first time by 
applying statistical-based experimental designs using response surface methodology (RSM) and genetic 
algorithm (GA) for optimization of the most influencing process variables. A full factorial central 
composite experimental design was used to study the cumulative interactive effect of nutritional 
components viz., glucose, corn starch, and yeast extract. RSM was performed on two objectives, that is, 
growth of Ulkenia sp. AH-2 (ATCC® PRA296) and α-amylase activity. When GA was conducted for 
maximization of the enzyme activity, the optimal α-amylase activity was found to be 71.20 U/mL which 
was close to that obtained by RSM (71.93 U/mL), both of which were in agreement with the predicted 
value of 72.37 U/mL. Optimal growth at the optimized process variables was found to be 1.89A660nm. The 
optimized medium increased α-amylase production by 1.2-fold. 

KEYWORDS  
α-Amylase; central 
composite design; genetic 
algorithm; medium 
optimization; response 
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thraustochytrid   

Introduction 

Microbial enzymes have been used in numerous industries for 
several centuries, and with the dawn of biotechnology, interest 
in and demand for enzymes with unique properties is fast 
developing. Marine microorganisms, by virtue of a number 
of distinctive characteristics, hold massive potential for the 
production of various enzymes. Microbial enzymes widely 
used in various industries are largely sourced from terrestrial 
microorganisms such as bacteria and/or fungi[1] but despite 
the extensive work carried out on these sources, the tireless 
search for newer and better sources continues. One microbial 
community which had hardly been explored systematically for 
enzyme production in terms of nature, purification, and 
applications are the marine protists, the thraustochytrids. 
Studies on thraustochytrids have been largely focused on their 
high accumulation of fatty acids, especially docosahexaenoic 
acid (DHA),[2] while investigations on detailed enzyme 
characterization from this class of protists have been minimal. 
The present study serves to demonstrate the optimal pro-
duction of α-amylases from these organisms, thereby support-
ing their projection as a new marine microbial source. 

Alpha amylases (E.C. 3.2.1.1) are starch-degrading enzymes 
that catalyze the endohydrolysis of α-1,4-O-glycosidic bonds 
in polysaccharides. Amylases are one of the most important 
industrial enzymes that have a wide variety of applications 
in various pharmaceutical and fine-chemical industries and 
with the advent of new frontiers in biotechnology, the use of 
amylase has broadened in clinical research, medical chemistry, 
and starch analytical chemistry. Amylases are also used in the 
brewing, textile, paper, detergent, distilling, and baking 
industries.[3] Alpha amylases are produced by plants, animals, 

and microbes, where they play a principal role in carbohydrate 
metabolism. The enzymes from plant and microbial sources 
have been engaged for centuries as food additives. Barley 
amylases have been used in the brewing industry. For the 
preparation of oriental foods, fungal amylases have been 
widely used.[4] Despite the wide distribution of amylases, 
microbial sources (more precisely fungal and bacterial) are 
used for their industrial production due to advantages such 
as consistency, cost-effectiveness, decreased time and space 
requirement for production and ease of process optimization 
and modification.[5] 

Alpha amylases from thraustochytrids have not been 
reported so far in any detail. This therefore stands as the first 
report on optimized production of a-amylases from the 
marine protists, thraustochytrids. Taoka et al.,[6] in a report 
on screening for extracellular enzymes produced by six 
strains of thraustochytrids, had stated that only the genus 
Thraustochytrium produced amylase. There are no reports 
on optimization of cultivation conditions for the production 
of enzymes from thraustochytrids, except for the one from 
our own laboratory on alkaline lipases.[7] 

Optimization of culture conditions by the conventional 
“one-variable-at-a-time” (OVAT) approach involves changing 
one independent factor at a time, keeping other variables 
constant. This simplest to implement strategy primarily helps 
in selection of parameters affecting the enzyme production 
significantly but is time-consuming and incapable of detecting 
the combined interaction(s) between several nutritional and 
physical parameters.[8] This limitation can be overcome by 
the use of a response surface methodology (RSM). It is an 
efficient statistical technique for the modeling and 
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optimization of several variables influencing the bioprocess 
and predicting the best conditions through minimum number 
of experiments. The RSM includes factorial designs and 
regression analyses for generating empirical models, making 
it an excellent statistical tool. Optimization of enzyme 
production is very crucial not only to enhance the enzyme 
yield, but also to minimize production cost for use on an 
industrial scale. 

With the advent of biotechnology, many evolutionary 
algorithms (EAs) have been developed and extensively used 
by several researchers for optimization studies. Such EAs have 
been used for solving both the problems of nonlinear 
estimation as well as of product maximization.[9] Their role 
in solving optimization problems involves the development 
of models for the objective function(s) and constraint(s) using 
mathematical programming techniques. One such EA is 
genetic algorithm (GA), a stochastic optimization technique 
that searches for an optimal value of a complex objective func-
tion to solve complicated optimization problems by simulation 
or mimicking the metaphor of natural biological evolution 
process.[10] It functions on an initial population of potential 
solutions, a fitness evaluation via the application of genetic 
operators, and the development of a new population.[11] The 
present study is an attempt to enhance α-amylase production 
by an Ulkenia sp. through optimization of various nutritional 
parameters by statistical approaches, RSM and GA at shake 
flask level. 

Materials and methods 

Organism 

One of our promising isolates, Ulkenia sp. AH-2 (ATCC1�PRA-
296) was selected for this study. While evaluating α-amylase 
activity and properties such as temperature and pH stability 
of the enzyme from several isolates obtained during the screen-
ing, the amylase from this isolate had outshone others. In 
addition, reports on isolate AH-2 from our laboratory by Deva-
sia and Muraleedharan,[12] Shirodkar et al.,[13] and Kanchana 
et al.[7] have established it as a known producer of cellulases, 
agarases, and amylases, besides proteases and lipases. 

Amylase production 

Modified Vishniac’s (MV) medium containing (as %, w/v) 
yeast extract (0.1), peptone (0.15), glucose (0.4), and crude salt 
(3.4), known for thraustochytrid growth in culture was used in 
the study. As amylase production by isolate AH-2 was 
observed to be constitutive, this medium was used as such 
for enzyme production and further refined for the optimiza-
tion studies. Growth was gauged by monitoring optical density 
(at 660 nm) at regular time intervals. The culture broth was 
centrifuged at 10,000 rpm, 4°C for 10 min and the supernatant 
obtained used for α-amylase assays. 

α-Amylase assay 

Alpha amylase activity was measured by incubating a suitable 
dilution of the enzyme (0.5 mL) with 1.0 mL soluble starch 

(0.3 mg/mL) in 0.1 M phosphate buffer, pH 7 at 50°C for 
10 min. The reaction was stopped by adding 0.2 M NaOH 
and the rate of starch disappearance was measured at 
578 nm by addition of 1% iodine solution. One unit of 
α-amylase activity is defined in terms of milligram starch 
digested per min by 1 mL of the enzyme.[14] Bovine serum 
albumin was used as a standard for protein estimations 
performed as per Lowry et al.[15] All values reported are 
means � SD of triplicate measurements. 

Statistical optimization of factors affecting α-amylase 
production by RSM 

The technique of RSM was used to enhance and study the 
interactions of the most significant conventionally optimized 
variables affecting the enzyme activity, viz., glucose (A), the 
substrate corn starch (B), and yeast extract (C). The experi-
mental design was generated and analyzed using statistical 
software Design Expert-7.0.0. Optimization of these three vari-
ables was conducted through central composite design (CCD). 
The effect of each variable on amylase production was moni-
tored at three different levels (� 1, 0, and þ1) with minimum, 
central, and maximum value (Table 1) and 20 experimental 
setups were obtained (Table 2). Out of these, 14 were the com-
binations of the actual level of the experimental variables, 
while the remaining six were replications at the central points. 
The experiments at the central points were conducted to deter-
mine the curvature and to compensate for the lack of fit values 
which indicated the significance of the model. To explain the 
behavior of the system, second-order polynomial coefficients 
were calculated and analyzed using the software. Analysis of 
variance (ANOVA) was used to evaluate the responses under 
different combinations as defined by the design. 

Optimization by genetic algorithm 

Genetic algorithm was used to evaluate the target function 
to be optimized at some arbitrarily selected points of the 
definition domain. It involves construction of a population 
of individuals, evaluation of these individuals, assortment of 
best experiments, and breeding from there, supported by 
genetic manipulation to generate a new population. Actual 
variables are encoded in the form of binary strings called 
chromosomes.[16] Each bit location in the string is called a 
gene and the individual starting solution is identified as popu-
lation. While solving the problem, every population is assessed 
for its fitness. A new population is created from the primary 
population of chromosomes by means of three genetic opera-
tions: reproduction (generation of new population), mutation 
(flipping of bits in offspring), and crossover (exchange of bits 
in a chromosome pair), as detailed by Rao et al.[17] Optimum 

Table 1. Coded and actual values (in %) of variables for experimental design. 

Variables (%, w/v) Code 

Levels of variables 

� 1 0 þ1  

Glucose A  0.15  0.20  0.25 
Substrate B  0.15  0.20  0.25 
Yeast extract C  0.15  0.30  0.45   
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conditions were selected after evaluation of GA to attain 
adjusted fermentation conditions in the specified range of 
input parameters. The GA toolbox of MATLAB 7.8.0 (The 
MathWorks, Inc., Natick, MA, USA) was used in modeling 
studies. 

Results and discussion 

Statistical optimization by RSM 

The OVAT approach of improving production media and 
physical conditions was effectively applied for the production 
of α-amylase by Ulkenia sp. AH-2 by which the enzyme 
activity increased from 25 to 60.5 U/mL. This approach of 
optimization does, however, have some limitations as it cannot 
be used for studying the mutual effects of various parameters 
simultaneously. To overcome this, CCD was applied on the 

most influencing media components selected from the OVAT 
experimental observation. The runs were performed as per 
Table 2. 

The experimental design for the various runs was based on 
preliminary work by OVAT method, which defined that the 
optimum could be found within the range of parameters 
studied. 

The application of RSM yielded the following quadratic 
regression equations for growth of the isolate (Eq. 1) and 
enzyme activity (Eq. 2). 

Growth ¼þ 1:84þ 0:079�Aþ 0:080�Bþ 0:15�

C þ 0:072�A�B � 0:087�A�C þ 0:028�B�C � 0:14�

A2 � 0:23�B2 � 0:37�C2

ð1Þ

Table 2. Central composite experimental design for media optimization. 

Run 

Factor 1 Factor 2 Factor 3 

A:Glucose B:Substrate C:Yeast extract 

% % %   
1  0.25  0.15  0.15  
2  0.20  0.20  0.30  
3  0.25  0.25  0.45  
4  0.15  0.25  0.45  
5  0.20  0.20  0.30  
6  0.20  0.20  0.15  
7  0.15  0.20  0.30  
8  0.15  0.15  0.15  
9  0.25  0.20  0.30 

10  0.20  0.15  0.30 
11  0.15  0.25  0.15 
12  0.20  0.25  0.30 
13  0.25  0.15  0.45 
14  0.20  0.20  0.45 
15  0.20  0.20  0.30 
16  0.20  0.20  0.30 
17  0.20  0.20  0.30 
18  0.25  0.25  0.15 
19  0.20  0.20  0.30 
20  0.15  0.15  0.45   

Table 3. Predicted and actual responses of the process variables for optimization of growth and enzyme production from isolate AH-2. 

Run Order 

Variables (%, w/v) Growth (A660nm) α-Amylase activity (U/mL) 

Glucose Substrate Yeast extract Actual Predicted Actual Predicted   
1  0.25  0.15  0.15  1.06  1.00  30.24  29.98  
2  0.20  0.20  0.30  1.80  1.84  71.19  70.53  
3  0.25  0.25  0.45  1.47  1.43  52.73  51.68  
4  0.15  0.25  0.45  1.25  1.30  48.82  49.31  
5  0.20  0.20  0.30  1.82  1.84  69.70  70.53  
6  0.20  0.20  0.15  1.27  1.32  47.39  45.09  
7  0.15  0.20  0.30  1.65  1.62  60.58  59.15  
8  0.15  0.15  0.15  0.78  0.81  17.05  18.34  
9  0.25  0.20  0.30  1.70  1.78  65.63  66.15 

10  0.20  0.15  0.30  1.50  1.53  56.11  55.90 
11  0.15  0.25  0.15  0.80  0.77  15.59  15.95 
12  0.20  0.25  0.30  1.68  1.69  66.31  65.60 
13  0.25  0.15  0.45  1.05  1.07  30.00  29.88 
14  0.20  0.20  0.45  1.62  1.62  60.34  61.73 
15  0.20  0.20  0.30  1.85  1.84  67.12  70.53 
16  0.20  0.20  0.30  1.89  1.84  71.50  70.53 
17  0.20  0.20  0.30  1.86  1.84  70.20  70.53 
18  0.25  0.25  0.15  1.24  1.25  44.55  45.47 
19  0.20  0.20  0.30  1.89  1.84  71.60  70.53 
20  0.15  0.15  0.45  1.25  1.23  46.11  45.41   

Table 4. ANOVA for response surface quadratic model (for response  
1 - growth). 

Source 
Sum of  
squares 

Degrees of  
freedom 

Mean  
square 

F  
value 

p-value  
Prob > F  

Model  2.46  9  0.270  93.57  <0.0001 
Residual  0.029  10  0.003   
Lack of Fit  0.023  5  0.004  3.38  0.1039 
Pure Error  0.006  5  0.001   
Cor Total  2.49  19    

C.V. % ¼ 3.68; R2 ¼ 0.98; Adj R2 ¼ 0.97; Pred R2 ¼ 0.88. 
ANOVA, Analysis of variance.   

Table 5. ANOVA for response surface quadratic model (for response 2 - amylase 
activity). 

Source 
Sum of  
squares 

Degrees  
of freedom 

Mean  
square 

F  
value 

p-value  
Prob > F  

Model  6127.22  9  680.80  230.12  <0.0001 
Residual  29.58  10  2.96   
Lack of Fit  15.22  5  3.04  1.06  0.4756 
Pure Error  14.37  5  2.87   
Cor Total  6156.81  19    

C.V. % ¼ 3.24; R2 ¼ 0.99; Adj R2 ¼ 0.99; Pred R2 ¼ 0.97. 
ANOVA, Analysis of variance.   
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Figure 1. Normal plot of residuals for growth and enzyme activity.  

Figure 2. Response surfaces and contour plots showing the mutual effect of glucose and substrate (a and b), glucose and yeast extract (c and d), and yeast extract 
and substrate concentration (e and f) on growth, other variables being held at constant level.  
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a-Amylase activity ¼þ 70:99þ 3:50�Aþ 4:85�Bþ 8:32�C
þ 4:47�A�B � 6:79�A�C þ 1:57�B�C
� 8:06�A2 � 9:96�B2 � 17:30�C2

ð2Þ

where A, B, and C are values of the independent variables 
glucose, substrate-corn starch, and yeast extract, respectively. 
The average of triplicate values obtained for each parameter 
was taken as the dependent variable or “response.” The com-
bination of variables and experimental results is presented in 
Table 3. The second-order polynomial equations (expressed 
in terms of coded values) fitted to the experimental data of 

the CCD for predicting growth and enzyme activity are given 
in Eqs. (1) and (2), respectively. 

The test for goodness of fit of the regression equations was 
done by examining the adjusted determination coefficient, 
R2Adj. The values of R2 Adj were 0.97 and 0.99 for Eqs. (1) 
and (2), respectively, which indicated good agreement between 
the observed and predicted values for all responses examined 
(i.e., growth and enzyme activity). This suggested that the pro-
posed model equations provided satisfactory and accurate 
results. Statistical testing of the model to assess the significance 
and adequacy was conducted in the form of ANOVA (Tables 4 
and 5). Here, the ANOVA of the regression model demon-
strated that the model was highly significant, as indicated by 
the calculated F-value of 93.57 for growth and 230.12 for 

Figure 3. Response surfaces and contour plots showing the mutual effect of glucose and substrate (a and b), glucose and yeast extract (c and d), yeast extract and 
substrate concentration (e and f) on amylase activity, and other variables being held at constant level.  
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enzyme activity. This high F-value and a very low probability 
(p > F ¼ 0.0001 for growth as well as amylase activity) indi-
cated that the present model was in good prediction of the 
experimental results. Also, high value of multiple correlation 
coefficients (R2 for growth was 0.98 and for enzyme activity 
was 0.99) indicated suitability of the models to predict these 
responses in terms of independent variables. There is an 
excellent agreement between the predicted and experimental 
data (Table 3). A low value of coefiicient of variable (3.68 
and 3.24% for the respective responses) demonstrated that 
the experiments conducted were precise and reliable. The 
normal plot of residuals (Figure 1) was linear, demostrating 
that the error terms were normally distributed and indicating 
no signs of problem in the data. 

The 3D response surface curves and the 2D contour plots 
are the graphical representations of the regression Eqs. (1) 
and (2), which are presented in Figures 2 and 3 for growth 
and enzyme activity, respectively. The response surface aims 
to efficiently pursue for the optimum values of the variables 
so as to maximize the enzyme activity. The 3D response sur-
face curve was observed to be convex and the elliptical shape 
of the 2D contour plots indicated that the interactions between 
the corresponding variables were significant. The optimal 
combination of the major media constituents for growth of 
the isolate and amylase production as evaluated from the 
response surface and contour plots was glucose 0.21%, sub-
strate 0.21%, and yeast extract 0.33%. The model predicted 
optimum growth to be 1.87 A660nm and activity of the enzyme 
to be 72.43 U/mL using the above-mentioned optimum con-
centrations of the variables. When verification experiments 
were carried out by the use of the optimum concentrations 
of the parameters as predicted by the model, growth was 
observed to be 1.89 A660nm and activity was 71.93 U/mL, 
which was significantly close to the predicted response. A 
1.2-fold increase in amylase activity was observed after 
optimization with RSM, thereby proving the effectiveness of 
the model in media optimization for the present enzyme 
production studies. 

Genetic algorithm 

The RSM output enzyme production data were further opti-
mized using GA to get the best fermentation parameters. 
The nonlinear regression Eq. (2) of enzyme activity was opti-
mized using GA optimization tool. Fitness of the individual 
population is represented in Figure 4. The enzyme activity 

was found to be 71.20 U/mL at optimum process conditions, 
close to that predicted by RSM. The application of RSM–GA 
hybrid statistical approaches thus resulted in a significant 
enhancement in the α-amylase production by Thraustochytrium 
sp. AH-2. 

Conclusion 

Application of the statistical-based media optimization 
approach for α-amylase production from the thraustochytrid 
proved to be efficient, relatively simple as well as time and 
material saving. The response surface analyses were useful in 
determining the optimal levels of the factors that significantly 
influenced enzyme activity. Genetic algorithm provided the 
best optimal solution for maximum enzyme activity. To the 
best of our knowledge, there are no reports on optimizing 
any enzyme activity from thraustochytrids using statistical- 
based experimental designs which stand as valuable tools in 
optimizing media for enzyme production. 
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