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Abstract
Alpha-amylase is a very important enzyme in the starch conversion process. Most of the

α-amylases are calcium-dependent and exhibit poor performance in the simultaneous sac-

charification and fermentation process of industrial bioethanol production that uses starch

as feedstock. In this study, an extracellular amylolytic enzyme was purified from the culture

broth of newly isolated Talaromyces pinophilus strain 1-95. The purified amylolytic enzyme,

with an apparent molecular weight of 58 kDa on SDS-PAGE, hydrolyzed maltopentaose,

maltohexaose, and maltoheptaose into mainly maltose and maltotriose and minor amount

of glucose, confirming the endo-acting mode of the enzyme, and hence, was named Talaro-
myces pinophilus α-amylase (TpAA). TpAA was most active at pH 4.0–5.0 (with the temper-

ature held at 37°C) and 55°C (at pH 5.0), and stable within the pH range of 5.0–9.5 (at 4°C)

and below 45°C (at pH 5.0). Interestingly, the Ca2+ did not improve its enzymatic activity,

optimal temperature, or thermostability of the enzyme, indicating that the TpAA was

Ca2+-independent. TpAA displayed higher enzyme activity toward malto-oligosaccharides

and dextrin than other previously reported α-amylases. This highly active Ca2+-independent

α-amylase may have potential applications in starch-to-ethanol conversion process.

Introduction
Starch is a kind of macromolecule carbohydrate that is composed of glucose units connected
by α-1,4-glycosidic bonds in linear chains and α-1,6-glycosidic bonds in branching points [1].
The enzymes that degrade starch are called amylases and are classified into four groups, i.e.
exoamylases, endoamylases, debranching enzymes, and transferases [2]. The α-amylase (EC
3.2.1.1) is a type of endoamylase that mainly breaks the internal α-1,4-α-D-glucan bonds of the
substrate [1,2], and is widely applied in biorefinery, detergent manufacturing, food, medicine,
textile and paper industries [2–4].

Fossil oil is a kind of nonrenewable resource. One of the alternatives to fossil oil is ethanol,
which is a clean and renewable fuel [5,6]. The production and use of ethanol as fuel have been
well developed in several countries such as Brazil, the United States of America and Canada [7–9].
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The traditional ethanol-producing industry that uses starch as a feedstock employs a sepa-
rate hydrolysis and fermentation (SHF) process. This process includes three sequential steps:
liquefaction, saccharification and fermentation. In the first step of liquefaction, the gelatinized
starch is liquefied to malto-oligosaccharides by the Ca2+-dependent dextrinizing α-amylase
from Bacillus licheniformis [10–12] or related species at about 90°C and near neutral pH, with
the addition of Ca2+ to enhance the enzyme activity and thermostability of the α-amylase
[10,13–16]. Recently, some Ca2+-independent α-amylases, which are active and stable at high
temperature and near neutral pH, have been reported to be candidates for possible substitution
of the commercial Ca2+-dependent dextrinizing α-amylases [17–21]. The application of these
enzymes would eliminate the adverse effects of the addition of Ca2+, since Ca2+ accelerates the
deterioration of industrial equipments by forming the precipitate calcium oxalate, which blocks
pipes and heat exchangers, inhibits the isomerization of glucose, and accumulates in the end
product in the fructose production industry [14,15]. In the second step of saccharification, the
malto-oligosaccharides (containing approximately 12% maltotriose and approximately 55%
malto-oligosaccharides with higher degree of glucose polymerization (DP) [13]) are hydro-
lyzed to glucose by glucoamylase from Aspergillus niger or related species at about 60°C and
pH 4.0–5.0 [22,23]. In the third step of fermentation, the glucose is converted to ethanol by
Saccharomyces cerevisiae at 30–35°C and pH 4.0–5.0 [13,22,24].

During the last decade, the saccharification step and fermentation step of the SHF process
were combined by directly adding glucoamylase and yeast after the malto-oligosaccharides
syrup had been cooled down to 30–35°C, so that the hydrolysis of malto-oligosaccharides to
glucose by glucoamylase and the fermentation of glucose to ethanol were simultaneously con-
ducted at 30–35°C and pH 4.0–5.0 [22]. This new process was called simultaneous saccharifica-
tion and fermentation (SSF) process [22]. The SSF process was proven to be better than the
SHF process [25,26] and was applied in the starch-to-ethanol industry [22,24,27].

Since the present used glucoamylases exhibit poor performance at 30–35°C due to their high
temperature optima [28,29], a much larger amount of glucoamylase is added in the SSF step
converting malto-oligosaccharides to ethanol than was required in the SHF process. To reduce
the cost of using glucoamylase, some Ca2+-dependent α-amylases can be added to accelerate the
hydrolysis of malto-oligosaccharides as they act synergistically with glucoamylase [10,30].

The α-amylases used currently in industry [10–12,30] and their Ca2+-independent possible
candidates [17–21] exhibit poor performance in hydrolyzing the malto-oligosaccharides, with low
specific and relative activity at 30–35°C and pH 4.0–5.0 due to their high temperature optima and
neutral pH optima. Although several Ca2+-independent α-amylases have been reported to display
high relative activity at 30–35°C [31–34], their low enzymatic activities toward malto-oligosaccha-
rides and near neutral pH optima have limited their potential application in the SSF step of malto-
oligosaccharides-to-ethanol conversion, which is conducted at 30–35°C and pH 4.0–5.0 [22,24,27].

In this study, we purified and characterized one α-amylase from the newly isolated Talaro-
myces pinophilus strain 1–95. This α-amylase showed collectively good properties as it is
Ca2+-independent, has high specific and relative activity at 30–35°C and an optimal pH of
4.0–5.0, and exhibits higher enzyme activity than other reported α-amylases in hydrolyzing
malto-oligosaccharides and dextrin.

Materials and Methods

Ethics statement
No animal or protected plants were involved in this study, and the ecosystem was not compro-
mised by the collection of experimental samples. This study did not harm the natural environ-
ment or the health of humans.
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Materials
Microorganism-containing samples were collected from the suburbs of Wuzhou city (Guangxi
Zhuang Autonomous Region, China). These samples included soil, rotten starchy materials,
rotten fruits and plants, and fermented Chinese pickled vegetables.

Soluble cassava starch was bought from the Mingyang Biochemistry Co., Ltd. (Nanning,
China), and other carbohydrates were all purchased from Sigma Co., Ltd (Saint Louis, USA).
Unless otherwise stated, all chemicals used in this study were of analytical grade.

ÄKTA purifier 100 instruments, HiPrep 16/10 phenyl fast flow hydrophobic interaction
chromatography (HIC) column, HiPrep Q XL 16/10 sepharose anion exchange chromatogra-
phy (AEC) column, and Sephadex G25 HiPrep 26/10 desalting column were all purchased
from GE Co., Ltd. (Uppsala, Sweden). High performance liquid chromatography instrument
was purchased from Shimadzu Co., Ltd. (Kyoto, Japan). Hypersil NH2 column (4.6 mm×250
mm) was purchased from Dalian Elite Analytical Instrument Co., Ltd. (Dalian, China).

Screening and identification of amylolytic microorganisms
The isolating medium used for isolation of amylolytic microorganisms contained (g/L): soluble
starch 10, tryptone 5, K2HPO4 3, (NH4)2SO4 2.5, MgSO4�7H2O 0.2, CaCl2 0.13, FeSO4 0.0255,
Trypan Blue 0.06, and agar 30, at pH 5.0. The liquid cultivation medium did not contain Try-
pan Blue or agar; other components were the same as in the isolating medium. To release the
microorganisms in sample, one gram of sample was thoroughly ground and submerged in 50
mL of sterile distilled water, and then was shaken at 28°C and 180 rpm for 30 min. The suspen-
sion was serially diluted, and then 50 μL of each dilution were evenly spread onto one isolating
medium agar plate. After cultivating at 28°C for 5 days, microorganisms with a clear halo
around the colony were inoculated into the liquid cultivation medium (100 mL of medium in a
500-mL Erlenmeyer flask). After 5 days of cultivation at 28°C and 180 rpm, the amylolytic ac-
tivity in the supernatant was measured at 30°C and pH 4.0 by using the dinitrosalicylic acid
(DNS) method [35]. Finally, fungal strain 1–95 was found to display the highest amylolytic ac-
tivity and was chosen for further study. Fungal strain 1–95 was preserved by dispersing the
spores in 20% glycerol and storage at –80°C, and was deposited at the China General Microbio-
logical Culture Collection Center under the accession number of CGMCC 2645.

The fungal strain 1–95 was identified by analyzing its morphological and molecular data.
For morphological observation, strain 1–95 was three-point inoculated on Czapek-Dox agar
plate in 9-cm petri dish and incubated in dark at 25°C and 37°C, and morphological and mi-
croscopic examinations (using Optical Microscope with 400 times magnification) were per-
formed. The Czapek-Dox agar media contained (g/L): sucrose 30, NaNO3 3, K2HPO4•3H2O
1.3, MgSO4•7H2O 0.5, KCl 0.5, FeSO4•7H2O 0.01, ZnSO4•7H2O 0.01, pH 7.0, agar 1.5% [36].

For molecular data analysis, the partial internal transcribed spacer (ITS) sequence, and the
partial coding sequences of the β-tubulin gene and calmodulin gene of the fungal strain 1–95
were amplified using the corresponding primer sets of ITS1 and ITS4 [37], Bt2a and Bt2b [38],
and CMD5 [39] and PoCMDR1 (5’-CGCCAATCGAGGTCATGACATGG-3’), respectively.
The PCR procedure was according to that described by Lin et al. [40]. The amplified products
were sequenced by Sangon Biotechnology Co., Ltd. (Shanghai, China), and then the sequences
were analyzed using BLASTN online tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Enzyme and protein assays
The amylolytic activity was determined by measuring the reducing sugars released by substrate
hydrolysis. Before enzyme and protein assays, the culture supernatant of fungal strain 1–95
and the purified amylolytic enzyme solutions were desalted using a HiPrep 26/10 desalting
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column with deionized water as eluent. In the enzyme assay process, 0.35 mL of 0.1 M citrate-
phosphate buffer with a preset pH value containing 1% (w/v) substrate was preheated at the
preset temperature for 5 min, and then 0.05 mL of appropriately diluted enzyme solution was
added and mixed well. After 10 min of incubation, the hydrolytic reaction was stopped by add-
ing 0.8 mL of DNS reagent (containing (g/L): rochelle salt 200, NaOH 20, dinitrosalicylic acid
10, crystalline phenol 2, Na2SO3 0.5). Then the mixture was incubated in boiling water for 5
min followed by cooling down to room temperature. The absorbance value of the mixture
under 540 nanometer was read and the amylolytic activity was calculated using a glucose stan-
dard curve constructed by using DNS method [35]. One unit of enzyme activity was defined as
the amount of enzyme required to release 1 μmol of glucose equivalents per minute under the
assay conditions.

Protein concentration was determined via the BCA method [41] using a Micro BCA protein
assay reagent kit (Pierce Co., Ltd., Rockford, USA). The molecular weight and purity of the
protein were determined by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE). Both SDS-PAGE and native PAGE were carried out using 5% stacking gel and
12% separating gel [42] with a Bio-Rad minigel system at 100 V and 4°C. A modified gel-
staining water solution containing 0.25% Coomassie Blue R 250 (W/V), 45% methanol (V/V)
and 10% acetic acid (V/V) [43] was used to stain the gel, and a simple gel-destaining water so-
lution containing 20% acetic acid (V/V) was used to remove the background.

Zymogram analysis
For zymogram analysis using native PAGE, denaturant and reductant were excluded in the
electrophoresis system, and 1 g/L soluble starch was contained in the separating gel [44]. When
the electrophoresis was completed, the gel was divided into two parts. One part was stained by
gel-staining solution then de-stained by gel-destaining solution for observation of the protein
band; the other part was incubated at 37°C for 1h and the amylolytic activity was observed by
staining with a water solution containing 0.2% I2 (W/V) and 2% KI (W/V), a transparent zone
appeared with a deep blue background indicating the location of amylolytic enzyme.

Enzyme purification
The culture broth of fungal strain 1–95 displaying amylolytic activity was obtained by liquid
cultivation using the method described above. The cell-free culture supernatant was gently
mixed with a 33% volume of 4 M ammonium sulfate solution (pH 6.5) and incubated at 4°C
for 24 h. After centrifugation at 8000×g for 10 min (4°C) and followed by filtration with a 0.22-
μm filter membrane, the supernatant was applied to HIC using a HiPrep 16/10 phenyl fast flow
column, and the bound proteins were eluted with a linear gradient of ammonium sulfate from
1 M to 0 M (in 0.02 M sodium phosphate buffer, pH 6.5). The eluted fractions displaying amy-
lolytic activity were combined and desalted using a HiPrep 26/10 desalting column with 0.02
M Tris-HCl (pH 8.0) as eluent, and then subjected to AEC using a HiPrep Q XL 16/10 sephar-
ose column. The bound proteins were eluted with a linear gradient of NaCl from 0 to 1 M (in
0.02 M Tris-HCl buffer, pH 8.0), and the eluted fractions displaying amylolytic activity were
subjected to native PAGE and zymogram analysis to determine the protein band correspond-
ing to the amylolytic enzyme. To obtain large amount of the amylolytic enzyme, the remaining
eluent fractions containing the amylolytic enzyme were combined and subjected to native
PAGE at 4°C for 4 h. After electrophoresis, the zone of unstained gel containing the protein
band of the amylolytic enzyme, which was localized by native PAGE and zymogram analysis,
was cut and ground, and then dispersed in 0.02 M Tris-HCl (pH 8.0) at 4°C for 24 h to allow
the amylolytic enzyme to permeate into the buffer.
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The enzyme solution was concentrated by using a 10 kDa cutoff ultra-filtration membrane,
and then the purity of enzyme was determined by using SDS-PAGE. The purified enzyme was
desalted and used for all the experiments described below.

Analysis of the products of enzymatic hydrolysis of malto-
oligosaccharides
The purified enzyme was used at a dose of 0.2 U/mg substrate (measured at pH 5.0 and 55°C,
with soluble starch as substrate) to hydrolyze the linear malto-oligosaccharides with the degree
of glucose polymerization from 3 to 7 (DP3 to DP7) at 30°C and pH 5.0 for 12 h. The hydroly-
sates were filtered through a 0.2-μm filter membrane and analyzed by high performance liquid
chromatography (HPLC) using a Hypersil NH2 column. A water solution containing 74% ace-
tonitrile (V/V) was used as the mobile phase with a flow rate of 1 mL/min. The hydrolysis
products were detected using a RID-10A SHIMADZU refractive detector, with a solution con-
taining glucose and DP2 to DP7 as standards.

Effects of pH and temperature on the amylolytic activity and stability of
the enzyme
The effect of pH on the enzyme activity was determined by measuring the enzyme activity at
pH 3.0–7.0 (in 0.1 M citrate-phosphate buffer) and 37°C. The effect of temperature on the am-
ylolytic activity was determined by measuring the enzyme activity at pH 5.0 and temperatures
from 25°C to 75°C (with or without 5 mM CaCl2) [17]. The highest enzyme activity was de-
fined as 100%, and other enzyme activities were calculated as relative activities.

The effect of pH on enzyme stability was determined by mixing 0.1 mL of enzyme solution
with 0.9 mL of 0.1 M buffers with different pH values. The buffers used were citrate-phosphate
buffer (pH 3.0–7.0), Tris-HCl buffer (pH 7.0–9.0), and glycine-NaOH buffer (pH 8.5–11.0).
After incubating at 4°C for 24 h, the residual enzyme activities were measured at pH 5.0 and
55°C. The effect of temperature on enzyme stability was tested by incubating the enzyme at
40–65°C for 1 h (without substrate, with or without 5 mM CaCl2) [18,19,34], and the residual
enzyme activities were measured at pH 5.0 and 55°C. The activity of the untreated enzyme was
defined as 100%; other enzyme activities were calculated as relative activities.

Kinetic parameters
The kinetic parameters of the α-amylase with respect to different soluble starches were mea-
sured at pH 5.0 and 55°C, with the concentration of the substrate ranging from 1.25 to 10 g/L,
All experiments were performed in triplicate, and mean values were used to calculate the Km
and Vmax values using the Lineweaver-Burk plotting method.

Effects of metal ions and chelating reagents on the enzyme activity
The enzyme activity was measured at pH 5.0 and 55°C in the presence of different individual
additives of CaCl2, CoCl2, CrCl3, CsCl2, CuCl2, FeCl2, FeCl3, KCl, LiCl, MgCl2, MnCl2, NaCl,
NiCl2, Pb(NO3)2, ZnCl2, AgNO3, ethylenediaminetetraacetic acid (EDTA), disodium ethylene-
diaminetetraacetic acid (Na2EDTA), and ethylene glycol tetraacetic acid (EGTA). These addi-
tives were widely used in many previous reports of α-amylase, and thus were selected for this
study. These additives were individually added into the enzyme assay system to reach final con-
centration of 1, 2.5, 5, and 10 mM, and then the enzyme assay was conducted. The enzyme ac-
tivity without additives was defined as 100%, and the enzyme activities measured with different
additives were calculated as relative activities.

Highly Efficient Calcium-Independent α-Amylase
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Effects of low-molecular-weight organic solvents on the activity of the
enzyme
The organic solvents methanol, ethanol, ethylene glycol, acetonitrile, ethyl acetate, n-propanol,
isopropyl alcohol, acetone, glycerol, and n-butanol were used to determine the effects of low-
molecular-weight organic solvents on the enzyme activity at pH 5.0 and 55°C. The concentra-
tion of ethanol was 5, 10, or 15% (V/V), respectively. The concentration of other additives was
5% (V/V). The enzyme activity without additives was defined as 100%, and the enzyme activi-
ties measured with different additives were calculated as relative activities.

Substrate specificity
Enzyme activities were measured toward different substrates at a concentration of 1% (w/v) at
pH 5.0 and 55°C. The enzyme activity on soluble starch was defined as 100%, and the enzyme
activities on other substrates were calculated as relative activities.

Nucleotide sequence accession number
The partial ITS sequence, partial coding sequences of the β-tubulin gene and calmodulin gene
of the fungal strain 1–95 were deposited into the GenBank database under accession numbers
FJ795356, KP342453, and KP342454, respectively.

Results and Discussion

Screening of microorganisms for amylolytic activity and identification of
the fungal strain 1–95
To obtain mesophilic and acidic amylolytic enzymes, amylolytic microorganisms were isolated
from the 115 collected samples at pH 5 and 28°C. Among the 115 samples, 99 microbial strains
showing a clear hydrolyzing halo around the colony were isolated and screened by inoculating
into liquid cultivation medium at pH 5 and 28°C for 5 days. Among these microbial strains, a
filamentous fungal strain 1–95 was found to produce the highest amylolytic activity of 1.49 U/
mL (measured at 30°C and pH 4.0) in the culture broth and was selected for further study.

The fungal strain 1–95 grew well at both 25°C and 37°C, but for ease of comparison with
other strains, the morphological data for its growth at 25°C was described here. The newborn
hyphae of fungal strain 1–95 were white, loose and floccose, and then turned yellow after 3
days of cultivation. Yellow color dominated the colony after 4 days cultivation, then the strain
entered conidia generation phase, and the center of the colony began to turn green. After 9
days of cultivation, the diameter of the colony reached 4.5 cm (Fig. 1A). During these 9 days,
the color of the reverse face of colony changed from white to golden brown (Fig. 1B). The colo-
ny had no conspicuous odor. As cultivation continued to 12 days, red pigment would be pro-
duced by the colony, and the red pigment was also produced after only 3 days of cultivation
using the liquid isolation medium containing 1% soluble starch (Fig. 1C). Microscopic exami-
nation showed that the hyphae of fungal strain 1–95 were septate. The spore generation struc-
ture (including aerial hyphae, metuales and phialides) form a broom-like structure, with spore
generation at the end of phialide (Fig. 1D), which is the distinctive characteristic of species be-
longing to Talaromyces. The conidia are globose to elliptical with smooth surface (Fig. 1D).
The morphological data of fungal strain 1–95 are closely related to those of Talaromyces pino-
philus (anamorph: Penicillium pinophilus) [45–47].

The ITS sequence of fungal strain 1–95 shared 100% identity with the ITS sequence of
Talaromyces pinophilus (anamorph: Penicillium pinophilus [46]) (GenBank accession number
AF176660) and 99.8% identity with the ITS sequences of five strains of Talaromyces pinophilus
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(GenBank accession numbers JQ776546, HM469418, GU566197, GU566200, and AB369480).
The partial coding sequence of the β-tubulin gene of fungal strain 1–95 shared higher than
99% identity with those of the β-tubulin genes of eight strains of Talaromyces pinophilus (Gen-
Bank accession numbers JX091621, JX091381, KC992266, KM066145, KM066144, KM066143,
KM066141, and KM066142). The partial coding sequence of the calmodulin gene of fungal
strain 1–95 shared higher than 99% identity with those of the calmodulin genes of three
strains of Talaromyces pinophilus (GenBank accession numbers AY678604, JX140697, and
KF741964).

Based on the morphological and molecular data, fungal strain 1–95 was identified as Talaro-
myces pinophilus.

Purification of an extracellular amylolytic enzyme from T. pinophilus
1–95
As shown in Table 1, an extracellular amylolytic enzyme produced by T. pinophilus 1–95 was
purified 130.77 folds from the liquid culture broth with a yield of 4.45%. The low yield was un-
avoidable because other proteins in some eluent fractions containing amylolytic enzyme had

Fig 1. Morphological observation of fungal strain 1–95. Fungal strain 1–95 was cultivated using solid or liquid media, and then the morphological data
were collected. (A) The obverse side of fungal strain 1–95. (B) The reverse side of fungal strain 1–95. (C) Fungal strain 1–95 produced red pigment when it
was cultured using liquid isolating medium (containing 1% soluble starch). (D) The broom-like conidia generating structure and conidia of fungal strain 1–95.

doi:10.1371/journal.pone.0121531.g001
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mobility similar to the amylolytic enzyme in native PAGE; these eluent fractions had to be
discarded to avoid contamination of the purified enzyme. The purified amylolytic enzyme
from T. pinophilus 1–95 displayed a single protein band on SDS-PAGE and native PAGE, and
a single amylolytic band in separating gel of zymogram analysis (Fig. 2); these results con-
firmed the purity of the enzyme. Basing on the result of SDS-PAGE, the apparent molecular
weight of the purified enzyme was estimated to be 58 kDa, which was similar to the α-amylases

Table 1. Summary of the purification procedure of an amylolytic enzyme from Talaromyces pinophilus 1–95.

Procedure Total activity (U) Total protein (mg) Specific activity (U/mg) Purification fold Enzyme recovery (%)

Culture broth 3095.76 1145.48 2.70 1.00 100.00

(NH4)2SO4 precipitation 2480.65 518.59 4.78 1.77 80.13

HIC 1141.45 46.58 24.51 9.07 36.87

AEC 594.73 6.41 92.78 34.33 19.21

Native PAGE 137.83 0.39 353.41 130.77 4.45

doi:10.1371/journal.pone.0121531.t001

Fig 2. SDS-PAGE and native PAGE analysis of the purified amylolytic enzyme from Talaromyces
pinophilus 1–95. Lane 1: protein molecular weight ladder on SDS-PAGE. Lane 2: the purified amylolytic
enzyme from Talaromyces pinophilus 1–95 on SDS-PAGE. Lane 3: the purified amylolytic enzyme from
Talaromyces pinophilus 1–95 on native PAGE. Lane 4: zymogram analysis of the purified amylolytic enzyme
from Talaromyces pinophilus 1–95 on native PAGE.

doi:10.1371/journal.pone.0121531.g002
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from Bacillus licheniformis NH1 (58 kDa) [48], Bacillus sp. KR-8104 (59 kDa) [20], Bacillus
sp. TM1 (59 kDa) [31], and Aspergillus niger CBS 513.88 (63 kDa) [33]. The purified amylolytic
enzyme from T. pinophilus 1–95 had a specific activity of 353.41 U/mg protein toward soluble
starch at 30°C and pH 4.0.

Hydrolysis of malto-oligosaccharides by the purified amylolytic enzyme
from T. pinophilus 1–95
By comparing their retention times to those of the standard sugars in HPLC (Fig. 3A), it was
found that the purified amylolytic enzyme could partially hydrolyze maltotriose (Fig. 3B), and
could completely hydrolyze DP4 releasing mainly maltose and trace amounts of glucose and
maltotriose (Fig. 3C). The enzyme hydrolyzed DP5, DP6, and DP7 releasing mainly maltose
and maltotriose, and a small amount of glucose (Fig. 3D, 3E, 3F). These results confirmed that
the enzyme acted in the endo-hydrolyzing mode, thus was an α-amylase [1–3], and was named
Talaromyces pinophilus α-amylase (TpAA).

In the ethanol-producing industry using starch as feedstock, a dextrinizing α-amylase is re-
quired in order to reduce the DP of starch at high temperature [13,23,24], and a saccharifying
α-amylase is required in order to accelerate the complete hydrolysis of the malto-oligosaccharides
to reduce the cost of using glucoamylase because it works synergistically with glucoamylase
[10,30]. The α-amylase from Penicillium expansum [49] showed similar weak activity toward
DP3 as TpAA. Unlike some α-amylases which could not hydrolyze DP3 [12,33], weakly hydro-
lyzed DP4 [48], or were strongly inhibited by the end products of DP2, DP3, and DP4 [18],
TpAA showed superior ability to partially hydrolyze DP3 and completely hydrolyze DP4. Fur-
thermore, the TpAA dose (0.2 U/mg substrate) used in this study was lower than those of some
previously reported α-amylases [44,49–51]. Alpha amylase such as TpAA, which can efficiently
hydrolyze malto-oligosaccharides to glucose, DP2 and DP3, may have potential industrial appli-
cations in that they accelerate the process by acting synergistically with glucoamylase [10,30].

Effects of pH and temperature on the enzyme activity and stability of
TpAA
TpAA displayed pH optima within the range of 4.0–5.0 (Fig. 4A) and was stable within the pH
range of 5.0–9.5 (Fig. 4B). It displayed temperature optima of 55°C (Fig. 4C) and was stable at tem-
peratures below 45°C (Fig. 4D). It was also noted that the temperature optimum (Fig. 4C) and
thermostability (Fig. 4D) of the enzyme were not enhanced by 5 mMCaCl2, indicating that the
temperature optimum [17] and the thermostability [18,19,34] of TpAA were Ca2+-independent.

Alpha-amylases having different pH and temperature characteristics have different applica-
tions. Thermostable α-amylases are used to degrade gelatinized starch at high temperature
[23,24,52], whereas detergent-stable and alkaline α-amylases are used in the washing industry
[4,53]. Alpha-amylases acting well at low temperatures and acidic pH may have potential appli-
cations in the SSF step of the starch-to-ethanol conversion [10,26,30]. TpAA, which exhibited
high relative activity and stability at pH 4.0–5.0 and 35°C, might be a potential enzyme candi-
date for applications in starch-to-ethanol processing at pH 4.0–5.0 and 30–35°C [22,24,27].

Kinetic parameters
TpAA showed Km values from 2.51 to 6.70 mg/L toward six kinds of soluble starches (Table 2),
which were similar to those of most previously reported α-amylases [17,34,44,54]. TpAA dis-
played Vmax values from 877.19 to 1051.52 U/mg for six kinds of soluble starches (Table 2).
Moreover, the Vmax values of TpAA were higher than those of most reported α-amylases
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Fig 3. HPLC analysis of hydrolysates of malto-oligosaccharides produced by the purified amylolytic
enzyme from Talaromyces pinophilus 1–95. The malto-oligosaccharides were hydrolyzed by the purified
amylolytic enzyme at 30°C and pH 5.0 for 12 h at an enzyme dose of 0.2 U/mg substrate. The hydrolysates
were analyzed by HPLC with a mixture of glucose, maltose (DP2), maltotriose (DP3), maltotetraose (DP4),
maltopentaose (DP5), maltohexaose (DP6), and maltoheptaose (DP7) as standards. (A) Mixture of glucose,
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[17,34,55], and only lower than those of a few α-amylases, such as the Ca2+-dependent
α-amylase from Aspergillus oryzae S2 [51]. The Km of TpAA toward dextrin from corn (linear
glucose polymers with DP of approximately 10) was 2.34 mg/L, which was lower than that of
McAA (6.40 mg/L) [21]; and the Vmax of TpAA toward dextrin was 684.93 U/mg, which was
higher than that of McAA (175.4 U/mg) [21]. These results indicated that TpAA hydrolyzed
dextrin more efficiently than McAA.

Effects of metal ions and chelating reagents on the enzyme activity of
TpAA
As shown in Table 3, 1, 2.5, 5, or 10 mM Ca2+ did not enhance the enzyme activity, indicating
that the enzyme activity of TpAA was Ca2+-independent [17,20,32,56]. Further, 10 mM of Li+,
Mg2+, and Na+ did not affect the enzyme activity, which was similar to BsAA [56]; 5 mM of
Zn2+ did not affect the enzyme activity, which was similar to TLYAA [57]. The stimulating ef-
fect of 10 mM Cr3+ on the enzyme activity of TpAA was similar to that on BTMAA [31], and

DP2, DP3, DP4, DP5, DP6, and DP7. (B) The hydrolysate of DP3. (C) The hydrolysate of DP4. (D) The
hydrolysate of DP5. (E) The hydrolysate of DP6. (F) The hydrolysate of DP7.

doi:10.1371/journal.pone.0121531.g003

Fig 4. Effects of pH and temperature on the enzyme activity and stability of TpAA. (A) Effects of pH on the enzyme activity. The enzyme activities were
measured at 37°C and pH 3.0–7.0 in 0.1 M citrate-phosphate buffer. (B) Effects of pH on the enzyme stability. The enzyme was mixed with 0.1 M buffers at
pH 3.0–11.0 (pH 3.0–7.0, citrate-phosphate buffer; pH 7.0–9.0, Tris-HCl buffer; pH 8.5–11.0, glycine-NaOH buffer) and incubated at 4°C for 24 hours. The
residue activities were measured at 55°C and pH 5.0. (C) Effects of temperature on the enzyme activity in the presence (�) or absence (□) of 5 mM CaCl2.
The enzyme activities were measured at 25–75°C and pH 5.0 in the presence (�) or absence (□) of 5 mM CaCl2. (D) Effects of temperature on the enzyme
stability in the presence (�) or absence (□) of 5 mM CaCl2. The enzyme was incubated at 40–65°C for 1 hour in the presence (�) or absence (□) of 5 mM
CaCl2. The residue activities were measured at 55°C and pH 5.0. All values are expressed as percentages of the activity of untreated enzyme.

doi:10.1371/journal.pone.0121531.g004
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the stimulating effect of Co2+ on the enzyme activity of TpAA was similar to that on McAA
[21] and AnAA [55]. The inhibitory effects of 10 mMMn2+, Cu2+, Ag+, and Pb2+ on the en-
zyme activity of TpAA were similar to those on AtAA [54]. EDTA, Na2EDTA and EGTA had
no effects on the enzyme activity of TpAA.

In previous reports, the effect of Ca2+ and chelating reagents on the activity of α-amylase var-
ied. In general, Ca2+ stimulates the enzyme activity of or stabilizes α-amylases [10,16,30,51,55,57].
However, some α-amylases are Ca2+ insensitive [17,20,32,33,50,56]. Furthermore, in a few cases,
Ca2+ inhibits the activity of α-amylase [21,31,58,59]. Although EDTA and Na2EDTA usually act
as inhibitors of the activity of α-amylase [19,48,56,58], in a few cases, EDTA had been noted to

Table 2. Km and Vmax values of the TpAA to different soluble starches and dextrin.

Soluble
starch

Soluble starch
(from corn)

Soluble starch
(from wheat)

Soluble starch
(from cassava)

Soluble starch
(from rice)

Soluble starch
(from potato)

Dextrin (from
corn)

Km (mg/
mL) a

2.51 6.70 5.37 2.64 4.90 2.64 2.34

Vmax (U/
mg) a

918.27 1016.26 1051.52 900.90 949.67 877.19 684.93

aAll experiments were performed in triplicate and mean values were used to calculate the Km and Vmax values using the Lineweaver-Burk plotting

method. The experiments were repeated three times and similar results were obtained.

doi:10.1371/journal.pone.0121531.t002

Table 3. Effects of metal ions on the enzyme activity of TpAA.

Inorganic metal salts Relative activitya (%)

Concentration (mM)

1 2.5 5 10

None 100.00±1.32 100.00±1.16 100.00±1.20 100.00±0.63

CaCl2 100.87±1.71 99.47±0.91 99.74±1.18 99.41±1.44

CoCl2 156.46±0.22 146.60±3.25 126.99±3.35 103.72±1.31

CrCl3 100.64±0.19 107.08±0.83 104.05±4.43 89.55±1.72

CsCl2 99.50±1.18 102.24±0.79 105.60±0.48 105.78±0.14

CuCl2 99.45±1.44 94.28±1.69 77.84±1.19 48.42±1.23

FeCl2 128.91±1.11 152.95±1.69 142.34±1.15 102.58±3.16

FeCl3 117.52±1.01 121.46±0.56 110.57±3.91 79.84±3.70

KCl 98.75±1.25 100.07±1.17 99.23±1.28 99.56±0.68

LiCl 99.83±0.36 98.07±0.78 97.68±0.23 97.28±0.58

MgCl2 97.99±0.29 98.25±1.59 99.74±0.80 99.15±0.51

MnCl2 96.91±0.89 88.39±2.66 75.63±1.54 60.01±1.16

NaCl 98.51±0.98 97.93±0.90 98.12±0.43 97.94±0.50

NiCl2 99.39±0.46 100.18±0.35 96.61±0.76 92.64±0.43

Pb(NO3)2 95.19±0.16 92.39±0.72 89.06±0.34 78.48±2.67

ZnCl2 99.21±0.11 102.00±3.44 101.55±3.74 101.21±5.37

AgNO3 98.22±0.27 88.11±2.36 77.03±1.64 61.30±4.44

EDTA 99.10±0.66 99.23±2.09 98.78±1.77 100.00±1.09

Na2EDTA 99.13±0.77 98.91±1.36 99.89±1.86 99.63±1.54

EGTA 100.41±0.76 97.02±2.49 100.48±0.41 99.67±0.63

aData are means ± standard deviation from three replicates. The experiments were repeated three times, and similar results were obtained.

doi:10.1371/journal.pone.0121531.t003
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stimulate the activity of α-amylase [31,59]. Nevertheless, some α-amylases had been reported to
be insensitive to EDTA and Na2EDTA [20,33,44,50,54,55]. In the present study, TpAA was insen-
sitive to Ca2+ and EDTA, similar to some α-amylases reported previously [20,33,50].

The enzyme activity of TpAA was insensitive to 10 mM Ca2+, Co2+, Cr3+, Fe2+, K+, Li+,
Mg2+, Na+, or Zn2+; stimulated by 5 mM Co2+, Cs2+, Fe2+, or Fe3+; insensitive to 1 mM and
only partially inhibited by 10 mM Cu2+, Mn2+, Pb2+, or Ag+. Overall, most of the tested metal
ions at various concentrations had no effect on the enzyme activity or even stimulated the en-
zyme activity of TpAA, indicating that the enzyme activity of TpAA was highly compatible
with these metal ions. Some α-amylases were reported to be poorly compatible with metal ions
because their enzyme activities were seriously inhibited by most of metal ions mentioned above
[21,31,51,56]. TpAA might be more suitable to be applied in the starch-to-ethanol process than
these α-amylases [21,31,51,56], because metal ions will be present in the syrup derived from
the starch-containing parts of plants (corn, cassava, potato, etc.) and used tap or river water.

Effects of low-molecular-weight organic solvents on the enzyme activity
of TpAA
TpAA exhibited relative activity of 91.84%, 84.08%, and 69.72% in the presence of 5%, 10%,
and 15% ethanol, respectively, and showed high enzyme performance in the presence of 5% of
other low-molecular-weight organic solvents (Table 4). This characteristic may contribute to
the potential application of TpAA in the SSF step in the presence of gradually increasing con-
centrations of ethanol (up to 15% (V/V)) [27,60], n-butanol [61,62], acetone [61,62], or other
low-molecular-weight organic solvents.

Substrate specificity
TpAA showed higher activity toward amylose than amylopectin (Table 5), which might be due
to the higher number of catalytic sites for an α-amylase in a linear substrate than in a branched
one [63]. TpAA showed a high specific enzyme activity of 523.90 U/mg toward dextrin from
corn. This activity was 2.3 folds of that of BsFAA (226.95 U/mg) [19] and fivefold that of

Table 4. Effects of low-molecular-weight organic solvents on the enzyme activity of TpAA.

Organic solvent Relative activitya (%)

None 100.00±0.81

Methanol 93.52±1.42

Ethanol (5%) 91.84±2.00

Ethanol (10%) 84.08±2.03

Ethanol (15%) 69.72±2.98

Ethylene glycol 91.21±2.94

n-Propanol 83.12±1.20

Isopropyl alcohol 93.46±1.10

Glycerol 114.66±2.88

n-Butanol 75.08±2.11

Acetonitrile 96.22±2.65

Acetone 97.60±1.40

Ethyl acetate 104.53±0.70

aData are means ± standard deviation from three replicates. The experiments were repeated three times

and similar results were obtained.

doi:10.1371/journal.pone.0121531.t004
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McAA (103.44 U/mg) [21], but a comparison with other α-amylases cannot be made since
these data were not included in most previous reports.

TpAA could not hydrolyze α-CD (Cyclodextrin) and β-CD but could hydrolyzed γ-CD.
This might be due to the cyclical shape of CD contributing to the configuration of substrate
and making the substrate low accessibility to the active site of the enzyme, thus making enzyme
catalysis difficult. The cyclical shape of CD with longer chain showed weaker effect on the con-
figuration of the molecule than other CD with shorter chain. McAA displayed similar behavior
with a high activity toward γ-CD and lower activity toward β-CD than γ-CD, and almost no ac-
tivity toward α-CD [21]. Many α-amylases show a substrate bias of amylose> soluble
starch> amylopectin and display no activity toward α-CD and β-CD [19,54].

TpAA exhibited very low activity toward pulullan, perhaps because TpAA prefers α-1,4 gly-
cosidic bond to α-1,6 glycosidic bond, and the abundance of α-1,6-D-glycosidic bonds contrib-
utes to the configuration of the substrate and makes enzyme catalysis difficult [44,63]. Most
other α-amylases showed weak activity toward pullulan [44,54], except for McAA [21], which
showed high activity toward pullulan.

TpAA showed high specific activity toward soluble starches from corn, wheat, cassava, rice,
and potato, and the highest enzyme activity was observed when cassava starch was the sub-
strate. It is well known that corn, wheat, and cassava starches are widely used for fuel ethanol
production [5–9]. The demand for cassava starch keeps increasing since industrial applications
of cassava starch has multiple advantages [64]. Thus, a high activity toward corn, wheat, and
cassava starches highlights the potential industrial applications of TpAA. A comparison of
multiple enzymatic characteristics between TpAA and previously reported α-amylases was
given in Table 6. Compared with other Ca2+-independent α-amylases, TpAA displays excellent
comprehensive characteristics.

Conclusions
In this study, TpAA was purified from a newly isolated filamentous fungal strain, Talaromyces
pinophilus 1–95, and biochemically characterized. The enzyme activity and thermostability of

Table 5. Substrate specificity of TpAA.

Substrate Specific activitya (U/mg) Relative activitya (%)

Soluble starch 673.08±6.59 100.00±0.98

Soluble starch (from corn) 627.60±11.58 93.24±1.72

Soluble starch (from wheat) 635.70±10.88 94.45±1.62

Soluble starch (from cassava) 688.30±8.14 102.26±1.21

Soluble starch (from rice) 632.80±7.27 94.01±1.08

Soluble starch (from potato) 656.88±14.74 97.59±2.19

Amylose 712.76±9.35 105.90±1.39

Amylopectin 459.65±8.40 68.29±1.25

Dextrin 523.90±14.31 77.84±2.13

γ-Cyclodextrin 378.00±5.03 56.16±0.75

β-Cyclodextrin ND ND

α-Cyclodextrin ND ND

Pullulan 44.16±3.22 6.56±0.48

aData are means ± standard deviation from three replicates. The experiments were repeated three times

and similar results were obtained.

ND: Enzyme activity was undetectable toward this substrate.

doi:10.1371/journal.pone.0121531.t005
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TpAA were both found to be Ca2+-independent. When compared with other Ca2+-indepen-
dent α-amylases, TpAA displays excellent comprehensive characteristics including high activi-
ty at pH 4.0–5.0 and high specific and relative activities at 30–35°C; high enzyme activity
toward malto-oligosaccharides, dextrin, and soluble starches from corn, wheat, cassava, rice,
and potato; and high compatibility with metal ions and insensitive to low-molecular-weight or-
ganic solvents. Thus, TpAA has potential applications in the SSF of starch to ethanol.
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Table 6. Comparison of enzymatic characteristics among TpAA and previously reported α-amylases.

Source strain of AA Ca2+-dependence
(enzyme activity)

Ca2+-dependence
(thermostability)

Temperature
optimum (°C)

pH
optimum

Specific activity
toward soluble
starch (U/mg)

Specific
activity toward
dextrin (U/mg)

Reference

Talaromyces
pinophilus 1–95

independent independent 55 4.0–5.0 673.08a 523.90a This
study

Aspergillus niger
CBS 513.88

independent independent 37 6.0 2.5a NM [33]

Bacillus sp. DR90 independent independent 45 4.0 780.79a NM [34]

Bacillus sp.
Ferdowsicous

independent independent 70 4.5 267a 226.95 [19]

Bacillus sp. KR-8104 independent independent 75–80 4.0–6.0 330a NM [20]

Thermococcus sp.
HJ21

NM independent 95 5.0 8.3a NM [18]

Aspergillus tamarii independent NM 55–65 4.5–7.0 778.3a NM [54]

Malbranchea
cinnamomea S168

independent NM 65 6.5 514.6a 103.44a [21]

Meretrix lusoria independent NM 40 6.5 2798.5b NM [32]

Meretrix lusoria independent NM 50 7.5 4711b NM [32]

Bacillus sp. GRE1 independent NM 70 6.0 216.3a NM [17]

Bacillus licheniformis
NH1

independent dependent 90 5.0–10.0 178.5a NM [48]

Bacillus subtilis A28 independent dependent 70 6.0 2814a NM [56]

Aspergillus oryzae
S2

dependent dependent 50 5.6 5089.3a NM [51]

Aspergillus oryzae
S2

dependent dependent 50 5.6 6686.3a NM [51]

Lipomyces
kononenkoae
IGC4052B

dependent NM 40 4.0 1633a NM [44]

Bacillus licheniformis
ATCC 9945a

dependent dependent 90 6.5 3666.7a NM [11]

Bacillus licheniformis
44MB82-A

dependent dependent 90 6.0–6.5 4300a NM [12]

Thalassobacillus sp.
LY18

dependent NM 70 9.0 151.8a NM [57]

aThe enzyme activity was measured using DNS method.
bThe enzyme activity was measured using iodine method, thus the result can’t be directly compared with those measured using DNS method.

NM: Not mentioned in the reference.

doi:10.1371/journal.pone.0121531.t006

Highly Efficient Calcium-Independent α-Amylase

PLOS ONE | DOI:10.1371/journal.pone.0121531 March 26, 2015 15 / 18



References
1. Vihinen M, Mäntsälä P. Microbial amylolytic enzymes. Crit Rev BiochemMol Biol. 1989; 24: 329–418.

PMID: 2548811

2. van der Maarel MJEC, van der Veen B, Uitdehaag JCM, Leemhuis H, Dijkhuizen L. Properties and ap-
plications of starch-converting enzymes of the α-amylase family. J Biotechnol. 2002; 94: 137–155.
PMID: 11796168

3. de Souza PM, de Oliveira Magalhães P. Application of microbial α-amylase in industry—A review. Braz
J Microbiol. 2010; 41: 850–861. doi: 10.1590/S1517-83822010000400004 PMID: 24031565

4. Galante YM, Formantici C. Enzyme applications in detergency and in manufacturing industries. Curr
Org Chem. 2003; 7: 1399–1422.

5. Agarwal AK. Biofuels (alcohols and biodiesel) applications as fuels for internal combustion engines.
Prog Energ Combust. 2007; 33: 233–271.

6. Farrell AE, Plevin RJ, Turner BT, Jones AD, O'Hare M, Kammen DM. Ethanol can contribute to energy
and environmental goals. Science. 2006; 311: 506–508. PMID: 16439656

7. Demirbas A. Political, economic and environmental impacts of biofuels: A review. Appl Energ. 2009;
86: S108–S117. PMID: 21591521

8. Hira A, de Oliveira LG. No substitute for oil? How Brazil developed its ethanol industry. Energ Policy.
2009; 37: 2450–2456.

9. Sánchez ÓJ, Cardona CA. Trends in biotechnological production of fuel ethanol from different feed-
stocks. Bioresour Technol. 2008; 99: 5270–5295. PMID: 18158236

10. Presečki AV, Blažević ZF, Vasić-Rački Ð. Complete starch hydrolysis by the synergistic action of amy-
lase and glucoamylase: impact of calcium ions. Bioproc Biosyst Eng. 2013; 36: 1555–1562. doi: 10.
1007/s00449-013-0926-2 PMID: 23440513

11. Božić N, Ruiz J, López-Santín J, Vujčić Z. Production and properties of the highly efficient raw starch di-
gesting α-amylase from a Bacillus licheniformis ATCC 9945a. Biochem Eng J. 2011; 53: 203–209.

12. Ivanova VN, Dobreva EP, Emanuilova EI. Purification and characterization of a thermostable alpha-
amylase from Bacillus licheniformis. J Biotechnol. 1993; 28: 277–289.

13. Buchholz K, Seibel J. Industrial carbohydrate biotransformations. Carbohydr Res. 2008; 343:
1966–1979. doi: 10.1016/j.carres.2008.02.007 PMID: 18353291

14. Kelly RM, Dijkhuizen L, Leemhuis H. Starch and α-glucan acting enzymes, modulating their properties
by directed evolution. J Biotechnology. 2009; 140: 184–193. doi: 10.1016/j.jbiotec.2009.01.020 PMID:
19428713

15. Haki GD, Rakshit SK. Developments in industrially important thermostable enzymes: a review. Biore-
sour Technol. 2003; 89: 17–34. PMID: 12676497

16. Ghollasi M, Ghanbari-Safari M, Khajeh K. Improvement of thermal stability of a mutagenised α-amylase
by manipulation of the calcium-binding site. EnzymeMicrob Technol. 2013; 53: 406–413. doi: 10.1016/
j.enzmictec.2013.09.001 PMID: 24315644

17. Haki GD, Anceno AJ, Rakshit SK. A typical Ca2+-independent raw-starch hydrolysing α-amylase from
Bacillus sp. GRE1: characterization and gene isolation. World J Microb Biot. 2008; 24: 2517–2524.

18. Wang SJ, Lu ZX, Lu MS, Qin S, Liu HF, Deng XY, et al. Identification of archaeon-producing hyperther-
mophilic α-amylase and characterization of the α-amylase. Appl Microbiol Biotechnol. 2008; 80:
605–614. doi: 10.1007/s00253-008-1561-8 PMID: 18587570

19. Asoodeh A, Chamani J, Lagzian M. A novel thermostable, acidophilic α-amylase from a new thermo-
philic “Bacillus sp. Ferdowsicous” isolated from Ferdows hot mineral spring in Iran: Purification and bio-
chemical characterization. Int J Biol Macromol. 2010; 46: 289–297. doi: 10.1016/j.ijbiomac.2010.01.
013 PMID: 20109486

20. Sajedi RH, Naderi-Manesh H, Khajeh K, Ahmadvand R, Ranjbar B, Asoodeh A, et al. A Ca-indepen-
dent α-amylase that is active and stable at low pH from the Bacillus sp. KR-8104. EnzymeMicrob Tech-
nol. 2005; 36: 666–671.

21. Han P, Zhou P, Hu SQ, Yang SQ, Yan QJ, Jiang ZQ. A Novel Multifunctional α-amylase from the ther-
mophilic fungusMalbranchea cinnamomea: Biochemical characterization and three-dimensional struc-
ture. Appl Biochem Biotechnol. 2013; 170: 420–435. doi: 10.1007/s12010-013-0198-y PMID:
23536251

22. Cardona CA, Sánchez ÓJ. Fuel ethanol production: Process design trends and integration opportuni-
ties. Bioresour Technol. 2007; 98: 2415–2457. PMID: 17336061

23. CrabbWD, Mitchinson C. Enzymes involved in the processing of starch to sugars. Trends Biotechnol.
1997; 15: 349–352.

Highly Efficient Calcium-Independent α-Amylase

PLOS ONE | DOI:10.1371/journal.pone.0121531 March 26, 2015 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/2548811
http://www.ncbi.nlm.nih.gov/pubmed/11796168
http://dx.doi.org/10.1590/S1517-83822010000400004
http://www.ncbi.nlm.nih.gov/pubmed/24031565
http://www.ncbi.nlm.nih.gov/pubmed/16439656
http://www.ncbi.nlm.nih.gov/pubmed/21591521
http://www.ncbi.nlm.nih.gov/pubmed/18158236
http://dx.doi.org/10.1007/s00449-013-0926-2
http://dx.doi.org/10.1007/s00449-013-0926-2
http://www.ncbi.nlm.nih.gov/pubmed/23440513
http://dx.doi.org/10.1016/j.carres.2008.02.007
http://www.ncbi.nlm.nih.gov/pubmed/18353291
http://dx.doi.org/10.1016/j.jbiotec.2009.01.020
http://www.ncbi.nlm.nih.gov/pubmed/19428713
http://www.ncbi.nlm.nih.gov/pubmed/12676497
http://dx.doi.org/10.1016/j.enzmictec.2013.09.001
http://dx.doi.org/10.1016/j.enzmictec.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24315644
http://dx.doi.org/10.1007/s00253-008-1561-8
http://www.ncbi.nlm.nih.gov/pubmed/18587570
http://dx.doi.org/10.1016/j.ijbiomac.2010.01.013
http://dx.doi.org/10.1016/j.ijbiomac.2010.01.013
http://www.ncbi.nlm.nih.gov/pubmed/20109486
http://dx.doi.org/10.1007/s12010-013-0198-y
http://www.ncbi.nlm.nih.gov/pubmed/23536251
http://www.ncbi.nlm.nih.gov/pubmed/17336061


24. Moon SK, Kim SW, Choi GW. Simultaneous saccharification and continuous fermentation of sludge-
containing mash for bioethanol production by Saccharomyces cerevisiaeCHFY0321. J Biotechnol.
2012; 157: 584–589. doi: 10.1016/j.jbiotec.2011.06.009 PMID: 21723335

25. Öhgren K, Bura R, Lesnicki G, Saddler J, Zacchi G. A comparison between simultaneous saccharifica-
tion and fermentation and separate hydrolysis and fermentation using steam-pretreated corn stover.
Process Biochem. 2007; 42: 834–839.

26. Zhu MJ, Li P, Gong XF, Wang JF. A comparison of the production of ethanol between simultaneous
saccharification and fermentation and separate hydrolysis and fermentation using unpretreated cassa-
va pulp and enzyme cocktail. Biosci Biotechnol Biochem. 2012; 76: 671–678. PMID: 22484928

27. Bao YL, Yan ZC, Wang HL, Chen L. Optimization of bioethanol production during simultaneous
saccharification and fermentation in very high-gravity cassava mash. Anton Leeuw Int J G. 2011; 99:
329–339.

28. Bagheri A, Khodarahmi R, Mostafaie A. Purification and biochemical characterisation of glucoamylase
from a newly isolated Aspergillus niger: Relation to starch processing. Food Chem. 2014; 161:
270–278. doi: 10.1016/j.foodchem.2014.03.095 PMID: 24837950

29. Riaz M, Rashid MH, Sawyer L, Akhtar S, Javed MR, Nadeem H, et al. Physiochemical properties and
kinetics of glucoamylase produced from deoxy-D-glucose resistant mutant of Aspergillus niger for solu-
ble starch hydrolysis. Food Chem. 2012; 130: 24–30.

30. Soni SK, Kaur A, Gupta JK. A solid state fermentation based bacterial α-amylase and fungal glucoamy-
lase system and its suitability for the hydrolysis of wheat starch. Process Biochem. 2003; 39: 185–192.

31. Sajedi RH, Naderi-Manesh H, Khajeh K, Ranjbar B, Ghaemi N, Naderi-Manesh M. Purification,
characterization, and structural investigation of a newmoderately thermophilic and partially calcium-
independent extracellular α-amylase from Bacillus sp. TM1. Appl Biochem Biotechnol. 2004; 119:
41–50. PMID: 15496727

32. Tsao CY, Hsu YH, Chao LM, Jiang ST. Purification and characterization of three amylases from viscera
of hard clamMeretrix lusoria. Fisheries Sci. 2004; 70: 174–182.

33. van der Kaaij RM, Janeček Š, van der Maarel MJEC, Dijkhuizen L. Phylogenetic and biochemical char-
acterization of a novel cluster of intracellular fungal α-amylase enzymes. Microbiol-SGM. 2007; 153:
4003–4015. PMID: 18048915

34. Asoodeh A, Alemi A, Heydari A, Akbari J. Purification and biochemical characterization of an acidophilic
amylase from a newly isolated Bacillus sp. DR90. Extremophiles. 2013; 17: 339–348. doi: 10.1007/
s00792-013-0520-1 PMID: 23430382

35. Miller GL. Use of dinitrosalicyclic acid reagent for determination of reducing sugar. Anal Chem. 1959;
31: 426–428.

36. Currie JN, Thom C. An oxalic acid producing Penicillium. J Biol Chem. 1915; 22: 287–293.

37. White TJ, Bruns T, Lee S, Taylor J. Amplification and direct sequencing of fungal ribosomal RNA genes
for phylogenetics. In: Innis MA, Gelfand DH, Sninsky JJ, White TJ, editors. PCR Protocols: A Guide to
Methods and Applications: Academic Press, New York. 1990. pp. 315–322.

38. Glass NL, Donaldson GC. Development of primer sets designed for use with the PCR to amplify con-
served genes from filamentous ascomycetes. Appl Environl Microb. 1995; 61: 1323–1330. PMID:
7747954

39. Hong SB, Cho HS, Shin HD, Frisvad JC, Samson RA. Novel Neosartorya species isolated from soil in
Korea. Int J Syst Evol Micr. 2006; 56: 477–486. PMID: 16449461

40. Lin HJ, Xian L, Zhang QJ, Luo XM, Xu QS, Yang Q, et al. Production of raw cassava starch-degrading
enzyme by Penicillium and its use in conversion of raw cassava flour to ethanol. J Ind Microbiol Biotech-
nol. 2011; 38: 733–742. doi: 10.1007/s10295-010-0910-7 PMID: 21120680

41. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, et al. Measurement of
protein using bicinchoninic acid. Anal Biochem. 1985; 150: 76–85. PMID: 3843705

42. Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Na-
ture. 1970; 227: 680–685. PMID: 5432063

43. James JA, Berger JL, Lee BH. Purification of glucoamylase from Lactobacillus amylovorus ATCC
33621. Curr Microbiol. 1997; 34: 186–191. PMID: 9009073

44. Steyn AJC, Pretorius IS. Characterization of a novel α-amylase from Lipomyces kononenkoae and ex-
pression of its gene (LKA1) in Saccharomyces cerevisiae. Curr Genet. 1995; 28: 526–533. PMID:
8593683

45. Fujii T, Hoshino T, Inoue H, Yano S. Taxonomic revision of the cellulose-degrading fungus Acremo-
nium cellulolyticus nomen nudum to Talaromyces based on phylogenetic analysis. FEMSMicrobiol
Lett. 2014; 351: 32–41. doi: 10.1111/1574-6968.12352 PMID: 24313660

Highly Efficient Calcium-Independent α-Amylase

PLOS ONE | DOI:10.1371/journal.pone.0121531 March 26, 2015 17 / 18

http://dx.doi.org/10.1016/j.jbiotec.2011.06.009
http://www.ncbi.nlm.nih.gov/pubmed/21723335
http://www.ncbi.nlm.nih.gov/pubmed/22484928
http://dx.doi.org/10.1016/j.foodchem.2014.03.095
http://www.ncbi.nlm.nih.gov/pubmed/24837950
http://www.ncbi.nlm.nih.gov/pubmed/15496727
http://www.ncbi.nlm.nih.gov/pubmed/18048915
http://dx.doi.org/10.1007/s00792-013-0520-1
http://dx.doi.org/10.1007/s00792-013-0520-1
http://www.ncbi.nlm.nih.gov/pubmed/23430382
http://www.ncbi.nlm.nih.gov/pubmed/7747954
http://www.ncbi.nlm.nih.gov/pubmed/16449461
http://dx.doi.org/10.1007/s10295-010-0910-7
http://www.ncbi.nlm.nih.gov/pubmed/21120680
http://www.ncbi.nlm.nih.gov/pubmed/3843705
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://www.ncbi.nlm.nih.gov/pubmed/9009073
http://www.ncbi.nlm.nih.gov/pubmed/8593683
http://dx.doi.org/10.1111/1574-6968.12352
http://www.ncbi.nlm.nih.gov/pubmed/24313660


46. Samson RA, Yilmaz N, Houbraken J, Spierenburg H, Seifert KA, Peterson SW, et al. Phylogeny and
nomenclature of the genus Talaromyces and taxa accommodated in Penicillium subgenus Biverticil-
lium. Stud Mycol. 2011; 70: 159–183. doi: 10.3114/sim.2011.70.04 PMID: 22308048

47. Thom C. Cultural studies of species of Penicillium. USDA Bureau of Animal Industry Bulletin. 1910;
118: 37–39.

48. Hmidet N, Bayoudh A, Berrin JG, Kanoun S, Juge N, Nasri M. Purification and biochemical characteri-
zation of a novel α-amylase from Bacillus licheniformis NH1—Cloning, nucleotide sequence and ex-
pression of amyN gene in Escherichia coli. Process Biochem. 2008; 43: 499–510. doi: 10.1016/j.exger.
2008.04.002 PMID: 18474414

49. Doyle EM, Kelly CT, Fogarty WM. The high maltose-producing α-amylase of Penicillium expansum.
Appl Microbiol Biotechnol. 1989; 30: 492–496.

50. Onodera M, Yatsunami R, Tsukimura W, Fukui T, Nakasone K, Takashina T, et al. Gene analysis, ex-
pression, and characterization of an intracellular α-amylase from the extremely halophilic archaeon
Haloarcula japonica. Biosci Biotechnol Biochem. 2013; 77: 281–288. PMID: 23391916

51. Sahnoun M, Bejar S, Sayari A, Triki MA, Kriaa M, Kammoun R. Production, purification and characteri-
zation of two α-amylase isoforms from a newly isolated Aspergillus oryzae strain S2. Process Biochem.
2012; 47: 18–25.

52. Richardson TH, Tan X, Frey G, Callen W, Cabell M, Lam D, et al. A novel, high performance enzyme
for starch liquefaction: Discovery and optimization of a low pH, thermostable α-amylase. J Biol Chem.
2002; 277: 26501–26507. PMID: 11994309

53. Soleimani M, Khani A, Najafzadeh K. α-Amylase immobilization on the silica nanoparticles for cleaning
performance towards starch soils in laundry detergents. J Mol Catal B-Enzym. 2012; 74: 1–5.

54. Moreira FG, Lenartovicz V, Rosane, Peralta M. A thermostable maltose-tolerant α-amylase from Asper-
gillus tamarii. J Basic Microb. 2004; 44: 29–35. PMID: 14768025

55. Silva TM, de Lima Damásio AR, Maller A, Michelin M, Squina FM, Jorge JA, et al. Purification, partial
characterization, and covalent immobilization-stabilization of an extracellular α-amylase from Aspergil-
lus niveus. Folia Microbiol. 2013; 58: 495–502. doi: 10.1007/s12223-013-0230-1 PMID: 23463193

56. Ozturk MT, Akbulut N, Ozturk SI, Gumusel F. Ligase-independent cloning of amylase gene from a local
Bacillus subtilis isolate and biochemical characterization of the purified enzyme. Appl Biochem Biotech-
nol. 2013; 171: 263–278. doi: 10.1007/s12010-013-0331-y PMID: 23832859

57. Li X, Yu HY. Characterization of an organic solvent-tolerant α-amylase from a halophilic isolate, Thalas-
sobacillus sp. LY18. Folia Microbiol. 2012; 57: 447–453. doi: 10.1007/s12223-012-0160-3 PMID:
22581065

58. Okolo BN, Ire FS, Ezeogu LI, Anyanwu CU, Odibo FJ. Purification and some properties of a novel raw
starch-digesting amylase from Aspergillus carbonarius. J Sci Food Agr. 2001; 81: 329–336.

59. Cho HY, Kim YW, Kim TJ, Lee HS, Kim DY, Kim JW, et al. Molecular characterization of a dimeric intra-
cellular maltogenic amylase of Bacillus subtilis SUH4-2. BBA-Protein Struct M. 2000; 1478: 333–340.
PMID: 10825545

60. Zheng DQ, Liu TZ, Chen J, Zhang K, Li O, Zhu L, et al. Comparative functional genomics to reveal the
molecular basis of phenotypic diversities and guide the genetic breeding of industrial yeast strains.
Appl Microbiol Biotechnol. 2013; 97: 2067–2076. doi: 10.1007/s00253-013-4698-z PMID: 23344998

61. Thang VH, Kanda K, Kobayashi G. Production of acetone-butanol-ethanol (ABE) in direct fermentation
of cassava by Clostridium saccharoperbutylacetonicumN1-4. Appl Biochem Biotechnol. 2010; 161:
157–170. doi: 10.1007/s12010-009-8770-1 PMID: 19771401

62. Ezeji TC, Qureshi N, Blaschek HP. Production of acetone butanol (AB) from liquefied corn starch,
a commercial substrate, usingClostridium beijerinckii coupled with product recovery by gas stripping.
J Ind Microbiol Biotechnol. 2007; 34: 771–777. PMID: 17926074

63. Manners DJ. Recent developments in our understanding of amylopectin structure. Carbohyd Polym.
1989; 11: 87–112.

64. Qiu HG, Huang JK, Yang J, Rozelle S, Zhang YH, Zhang YH, et al. Bioethanol development in China
and the potential impacts on its agricultural economy. Appl Energ. 2010; 87: 76–83.

Highly Efficient Calcium-Independent α-Amylase

PLOS ONE | DOI:10.1371/journal.pone.0121531 March 26, 2015 18 / 18

http://dx.doi.org/10.3114/sim.2011.70.04
http://www.ncbi.nlm.nih.gov/pubmed/22308048
http://dx.doi.org/10.1016/j.exger.2008.04.002
http://dx.doi.org/10.1016/j.exger.2008.04.002
http://www.ncbi.nlm.nih.gov/pubmed/18474414
http://www.ncbi.nlm.nih.gov/pubmed/23391916
http://www.ncbi.nlm.nih.gov/pubmed/11994309
http://www.ncbi.nlm.nih.gov/pubmed/14768025
http://dx.doi.org/10.1007/s12223-013-0230-1
http://www.ncbi.nlm.nih.gov/pubmed/23463193
http://dx.doi.org/10.1007/s12010-013-0331-y
http://www.ncbi.nlm.nih.gov/pubmed/23832859
http://dx.doi.org/10.1007/s12223-012-0160-3
http://www.ncbi.nlm.nih.gov/pubmed/22581065
http://www.ncbi.nlm.nih.gov/pubmed/10825545
http://dx.doi.org/10.1007/s00253-013-4698-z
http://www.ncbi.nlm.nih.gov/pubmed/23344998
http://dx.doi.org/10.1007/s12010-009-8770-1
http://www.ncbi.nlm.nih.gov/pubmed/19771401
http://www.ncbi.nlm.nih.gov/pubmed/17926074

