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Bioenergy is of increasing interest as a renewable, environ-
mentally friendly alternative to energy derived from fossil
fuels. Through a variety of processes, biomass can be con-
verted to solid, liquid, or gaseous biofuels. However, various
challenges persist to the maintenance and development of
biomass-to-energy utilization. This special issue focuses on
themost recent advances in the frontier research of bioenergy
and biomass utilization and features six selected papers with
high quality.

The paper titled “Nanofibrillated Cellulose and Copper
Nanoparticles Embedded in Polyvinyl Alcohol Films for
Antimicrobial Applications” by T. Zhong et al. develops a
method to produce hybrids of TEMPO nanofibrillated cellu-
lose (TNFC) and copper nanoparticles. The hybrid material
is embedded in polyvinyl alcohol thermoplastic resin and the
films are produced using a solvent casting method. The
authors evaluate the films in terms of its morphology and
thermal and antimicrobial properties and prove that TNFC-
copper nanoparticles as antimicrobial nanofillers are valuable
for PVA applications.

The paper titled “Response of Arbuscular Mycorrhizal
Fungi to Hydrologic Gradients in the Rhizosphere of Phrag-
mites australis (Cav.) Trin ex. Steudel Growing in the Sun
Island Wetland” by L. Wang et al. assesses the variations of
hydrologic gradients in the relationships among AM fungi,
reed, and rhizosphericmicroorganisms.The authors discover
water content in soil and reed growth parameters are both
positively associated with AM fungi colonization, but only
the positive correlations between reed biomass parameters

and the colonization could be expected, or both the host plant
biomass and the AM fungi could be beneficial. This study
could shed light on the mechanisms inside AM fungi-reed
symbioses and would be referred to for optimizing the
combined phytorhizoremediation.

The paper titled “Production by Tobacco Transplas-
tomic Plants of Recombinant Fungal and Bacterial Cell-
Wall Degrading Enzymes to Be Used for Cellulosic Biomass
Saccharification” by L. Paolo et al. presents work on saccha-
rification of plant biomass. The authors express in tobacco
chloroplasts microbial genes encoding five cellulases and a
polygalacturonase. Leaf extracts containing the recombinant
enzymes show the ability to degrade various cell-wall compo-
nents under different conditions. In addition, a thermostable
xylanase is also tested in combination with a cellulase
and a polygalacturonase to study the cumulative effect on
the depolymerization of a complex plant substrate. Results
demonstrate the feasibility of using transplastomic tobacco
leaf extracts to convert cell-wall polysaccharides into reduc-
ing sugars, fulfilling a major prerequisite of large scale
availability of a variety of cell-wall degrading enzymes for
biofuel industry.

The paper titled “Enzymatic Saccharification of Ligno-
cellulosic Residues by Cellulases Obtained from Solid State
Fermentation Using Trichoderma viride” by T. Sartori et al.
presents an approach that uses cellulolytic complex produced
byTrichoderma viride in solid state fermentation to hydrolyze
lignocellulosic residues. This produced enzyme shows viabil-
ity in comparison with the commercial cellulase enzyme.The
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synthesis of cellulases by microorganisms from lignocellu-
losic residues is a process of great interest, representing the
search for renewable sources to replace the fossil energetic
matrix.

The paper titled “Improving Biomethane Production and
Mass Bioconversion of Corn Stover Anaerobic Digestion by
AddingNaOHPretreatment and Trace Elements” by C. Liu et
al. describes an approach to improve biomethane production
from corn stover. The authors use NaOH pretreatment and
trace elements supplementation as a strategy to enhance the
biodegradability of corn stover for biomethane production.
The approach is compared with only NaOH-pretreated and
untreated corn stover, and the paper highlights the supple-
mentation of trace elements.

The paper titled “Biochemical Modulation of Lipid Path-
way inMicroalgaeDunaliella sp. for Biodiesel Production,” by
A. F. Talebi et al., explores the use of myoinositol to modulate
LP and biodiesel quality. Inclusion of myoinositol in the
media indeed improves the total lipid accumulation and
biodiesel quality parameters, and this work highlights the fact
that the biochemical modulation strategies should be pro-
gressively considered in the hope of finding more efficient
and economically feasible strategies leading to more viable
production systems.
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Within the rhizosphere, AM fungi are a sensitive variable to changes of botanic and environmental conditions, and they may
interact with the biomass of plant and other microbes. During the vegetative period of the Phragmites australis growing in the Sun
Island Wetland (SIW), the variations of AM fungi colonization were studied. Root samples of three hydrologic gradients generally
showed AM fungi colonization, suggesting that AM fungi have the ability for adaptation to flooded habitats. There were direct
and indirect hydrological related effects with respect to AM fungi biomass, which interacted simultaneously in the rhizosphere.
Though water content in soil and reed growth parameters were both positively associated with AM fungi colonization, only the
positive correlations between reed biomass parameters and the colonization could be expected, or both the host plant biomass and
the AM fungi could be beneficial. The variations in response of host plant to the edaphic and hydrologic conditions may influence
the effectiveness of the plant-mycorrhizal association. This study included a hydrologic component to better assess the role and
distribution of AM fungi in wetland ecosystems. And because of that, the range of AM fungi was extended, since they actually
showed a notable adaptability to hydrologic gradients.

1. Introduction

Interactions between plants and their rhizosphere microor-
ganisms can significantly affect the corresponding ecosystem
function. One key microbial component of the rhizosphere
is the arbuscular mycorrhizal fungi (AM fungi), which can
form symbiotic relationships with the majority of terrestrial
plant roots [1]. These ubiquitous fungi are grouped into
the phylum Glomeromycota. They can form living root-soil
links and a specific zone of soil, which is called mycorrhizo-
sphere [2]. The AM fungi can have an effect on rhizosphere
through various mechanisms, such as alterations in soil
properties, microbial community, and/or root exudates [3–
5]. The symbiosis may help plants to thrive by colonizing
a wide soil volume, accelerating photosynthesis, protecting
plants against plant pathogens and pests in soil, absorbing
resources efficiently, and dissipating of pollutants from the
soil [4, 6–8]. They also have the ability for adaptation to

different conditions and being synergistic with indigenous
soil microorganisms [9]. It has also been proposed that AM
fungi can increase the solubility of some immobile nutrients
by releasing certain enzymes [10].

AM fungi can form symbiotic relationships with the
majority of terrestrial plant biomass. But because the soils of
wetlands are often saturated and subsequently lack available
oxygen for aerobic soil microorganisms, AM fungi were
historically thought to be rare in wetland ecosystem [1, 11].
As a result, although the effects of AM fungi on plant and soil
in terrestrial ecosystems are well known [12, 13], these fungi
in aquatic andwetland habitats have gotten little attention [14,
15]. Recently, an increasing number of studies have revealed
that AM fungi exist in wetland habitats [16, 17]. Stevens
et al. [17] found AM fungi colonization in 31 plant species
in a bottomland hardwood forest. Besides, several wetland
plant species that were thought to be nonmycorrhizal have
been found to have high levels of AM fungi colonization
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[18]. It is now recognized that AM fungi are prevalent in
wetlands [14]. It has been also suggested that the success
of ecosystem reforestation efforts is likely to depend on the
establishment of mycorrhizas, and AM fungi should receive
special attention in indigenous plant biomass production and
restoration [19]. However, the factors which affect the levels
of AM fungi colonization and the relationships between plant
biomass, native rhizospheric microorganism communities,
and AM fungi in wetland habitats are poorly understood [15].

Because Phragmites australis (Cav.) Trin ex. Steudel is a
widespread helophyte characteristic of the ecotone between
terrestrial and aquatic environments in freshwater to brackish
water bodies [20], exhibiting a wide tolerance to the condi-
tions [21], especially to water depth [22], it was chosen as the
object plant of this research. AM fungi have been reported
on reed [1], and one of the important reasons may be that
reed can vent its underground tissues [23]. However, previous
researchers have rarely clarified the relationship between AM
fungi and reed establishment in wetlands and investigated
whether this symbiotic phenomenondepended on the habitat
conditions [24]. Though these studies differ greatly with
respect to sampling time and venue, it is still difficult to
identify which is the primary factor influencing the patterns
of AM fungi colonization across different hydrologic gradi-
ents, because the fungi in aquatic and wetland habitats have
been paid little attention for the reasons mentioned above.
Therefore, the specific aims were (1) to assess the variations
of hydrologic gradients in the relationships among AM fungi,
reed, and rhizospheric microorganisms; (2) to investigate
the possible factors that affect AM fungi colonization and
determine the primary one among them. The main findings
could shed some light on the mechanisms inside AM fungi-
reed symbioses and would be referred to optimize the
application of phyto-rhizoremediation.

2. Materials and Methods

2.1. Sample Collection and Analysis. The Sun Island Wetland
(SIW) is located at 126∘31–126∘36E, 45∘41–45∘47N on the
north shore of Songhua River (Harbin, China). SIW is in the
temperate continental monsoon climate zone. During June
(summer) and October (autumn) of both 2010 and 2011, the
mean daily air temperatures ranged from 16.0 to 26.0∘C in
June and from 2.6 to 11.2∘C in October, while the mean daily
relative humidity ranged from 46.7 to 88.7% in June and
from 48.2 to 80.7% in October. The Sun Island Wetland is
in a triple functional zone overlapped by urbanization areas,
development zones, and scenic spots [25].

Three sampling areas were chosen along the hydrologic
gradients of SIW (about 50 meters apart). Point SIW1 is
flooded with water, the reeds growing in this area are
frequently submerged to a depth of up to 15 cm and the soil is
always waterlogged. Point SIW2 is located in the river bank,
where flooding rarely occurs but where the soil is frequently
waterlogged during the wet period. Point SIW3, only water
saturated, is located at the outermost bank of the river, where
the reeds still have a sufficient water supply from the river
during the dry period. During the summer and autumn of
2010-2011, ten samples (including reed plant and rhizospheric

soil) were selected from each of the three sampling areas
randomly, and each sample was collected within a plot (about
30 × 30 × 30 cm3).

Sampling was conducted during 2010 and 2011, the
samples were analyzed immediately after they were col-
lected and the backup samples were temporarily stored in
a refrigerator to keep them fresh. Each rhizospheric soil
sample was divided into 3 parts; one part was stored in
4∘C to keep fresh for Biolog, the second part was stored
in −20∘C for DGGE, and the third part was dried to a
constant weight for element analysis. Each plant sample was
divided into two parts; one part was stored in refrigerator
temporarily to keep fresh and the other part was dried to a
constant weight for element analysis. Fine fresh roots were
carefully separated from the soil and fixed in ethanol for later
studies of AM fungi colonization.The organic matter content
of soil was determined by the wet combustion method
[26]. The content of organic C was determined by Total
Organic Carbon Analyzer (SSM-5000A; Shimadzu Corp.,
Kyoto, Japan). The content of total N and total S in the
soil was determined by a Carbon/Nitrogen/Oxygen/Sulphur
Analyzer (Vario EL; Elementar Analysensysteme GmbH,
Hanau, Germany). The dried samples were homogenized
and subsequentlymineralizedwithHNO

3
(67%)-HCl (30%)-

HF (49%) acids (5 : 2 : 2, V/V/V) in Microwave Digestion
System (MARS-5; CEM, Matthews, North Carolina), and
then themineralized samples were analyzed for total P, K, Ca,
andMg, using Inductively Coupled Plasma-Atomic Emission
Spectrometry (ICP-AES) (Perkin Elmer Optima 5300DV,
Waltham, Massachusetts).

2.2. Rhizospheric Microbial Characteristics Analysis. Com-
munity level physiological profiles (CLPPs) were assessed by
the Biolog EcoPlateTM system (Biolog Inc., CA, USA) as
described by Gomez et al. [27]. The color development in
each well was recorded as optical density (OD) at 590 nm and
750 nm with a plate reader at regular 24-hour intervals [28].
All work during plate preparation was done under a laminar-
flow hood to minimize the risk of contamination.

Microbial activity in each microplate, expressed as aver-
age well-color development (AWCD), was determined as
follows [27]:

AWCD =
∑OD

𝑖

31
, (1)

where OD
𝑖
is the optical density value from each well [28].

The Shannon-Weaver diversity index (𝐻) and richness
index (𝑆) were calculated using an OD of 0.25 as threshold
for positive response, which was described by Garland and
Derry et al. [29, 30]:

𝐻 = −∑𝑝
𝑖
(ln𝑝
𝑖
) , (2)

where 𝑝
𝑖
is the ratio of the activity on each substrate to the

sum of activities on all substrates.
The DGGE profiles were assessed by the DCode sys-

tem (BioRad Co., Ltd., USA). The DNA of rhizospheric
microbes was extracted with a FastDNA Spin Kit for Soil
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Table 1: Characteristics of arbuscular mycorrhizal fungi colonization of Phragmites australis. Area SW1 is flooded with water sometimes;
the reeds growing in this area are frequently submerged to a depth of up to 15 cm and the soil is always waterlogged. Area SW2 is located in
the river bank, where flooding rarely occurs but the soil is always saturated during the wet period. Area SW3, only humid, is located at the
outermost bank of the river, where the reeds still have a sufficient water supply from the river during the dry period. S: summer; A: autumn.

S A
SIW1 SIW2 SIW3 SIW1 SIW2 SIW3

Hyphae 19.2 ± 3.56A 17.7 ± 2.18A 13.2 ± 2.19A 21.6 ± 3.51b 16.6 ± 2.34b 9.3 ± 2.2a

Vesicles 5.6 ± 0.65B 3.7 ± 0.45A 2.9 ± 0.29A 4.7 ± 0.59c 3.6 ± 0.53b 2.3 ± 0.38a

Arbuscules 3.5 ± 0.35B 2.9 ± 0.3AB 2.7 ± 0.35A 7.9 ± 1.1a 7.2 ± 1.33a 6.3 ± 0.9a

Frequency 26.3 ± 2.38B 23.2 ± 3.64B 16.1 ± 2.7A 33.2 ± 4.92b 27.2 ± 4.29a 16.9 ± 1.99a

Intensity 7.4 ± 0.62B 6.3 ± 0.95AB 5.4 ± 0.78A 11.7 ± 2.5b 9.2 ± 1.76a 5.5 ± 0.91a

Different letters in uppercase indicate significant difference between three hydrologic gradients in summer (S) (𝛼 = 0.05) after one-way ANOVA (Duncan
test). Different letters in lowercase indicate significant difference between three hydrologic gradients in autumn (A) (𝛼 = 0.05) after one-way ANOVA (Duncan
test). Data are mean ± SD (𝑛 = 30).

(Q-Biogene, Vista, CA, USA). The extracted DNA was
used as a template for PCR. The primers of bacteria,
actinomycetes, and fungi for the PCR amplification were
designed, respectively, and the corresponding thermocy-
cling conditions were set. Genes of bacteria were amplified
with primers GC-341F (5-CCTACGGGAGGCAGCAG-3)
and 534R (5-ATTACCGCGGCTGCTGG-3). The thermo-
cycling conditions were (touchdown PCR) 3min at 95∘C,
followed by 20 cycles of 30 s at 95∘C (annealing for 30 s
with a 0.5∘C/cycle decrement until the 56∘C is reached),
1min at 72∘C, 35 cycles of 30 s at 95∘C and 30 s at 56∘C
and 1min at 72∘C, and a final extension for 5min at
72∘C [31, 32]. Genes of fungi were amplified with primers
GC-FR1 (5-AICCATTCAATCGGTAIT-3) and FF390 (5-
CGATAACGAACGAGACCT-3).The thermocycling condi-
tions were 8min at 95∘C, followed by 30 cycles of 30 s at
95∘C and 45 s at 50∘C, 2min at 72∘C, and a final extension
for 10min at 72∘C [33]. Electrophoresis was performed in
a DCode system (Bio-Rad Co., Ltd., Hercules, California).
The DGGE profiles were analyzed by software “Quantity One
version 4.6.2” (BIO-RAD Laboratories, Inc., USA).

The Shannon-Weaver diversity index (𝐻) and richness
index (𝑆) were determined according to the following equa-
tion as described by Yang et al. [34]:

𝐻 = −∑𝑝
𝑖
(ln𝑝
𝑖
) = −∑(

𝑁
𝑖

𝑁
) ln(
𝑁
𝑖

𝑁
) , (3)

where 𝑝
𝑖
is the percentage of the DGGE band gray degree

to each DNA sample, 𝑁
𝑖
is the net gray degree quantity

(subtracted by the background gray degree quantity of a gel)
of the DGGE band to each DNA sample, 𝑁 is the total net
gray degree quantity, and 𝑆 is the number of DGGE bands to
each DNA sample (richness index).

2.3. Assessment of AM Fungi Colonization. Samples of fine
roots were cleared in 10%w/vKOH and stained with 0.5%
acid fuchsin as described by Li et al. [35]. Root colonization
described as the percentage of root length with hyphae
or vesicles was estimated using a line intercept approach
and determined using procedures described by McGonigle
et al. [36]. Root segments were examined under a micro-
scope (Olympus CX31, Olympus). For assessment of AM

colonization levels, the variables considered to characterize
AM colonization were the percentages of arbuscules (𝐴%),
hyphae (𝐻%), vesicles (𝑉%), mycorrhizal frequency (𝐹%),
and mycorrhizal intensity (𝑀%) [37]. Hyphae were only
scored if attached to other AM fungi structures [38]. Thirty
root fragments of each plant individuals were used to estimate
AM fungi colonization parameters of reed.

2.4. Statistics and Data Analyses. Standard error (SD) was
used as a measure of variance. One-way ANOVA (Duncan
test) was performed to ascertain whether parameters were
significantly different among treatments (𝛼 = 0.05). The
bivariate correlations (Pearson correlation coefficient) were
performed, via using SPSS Statistical Software Package (ver-
sion 17.0) (SPSS Inc., Chicago, Illinois) for Windows.

3. Results

AM fungi colonization was observed through a microscope
(Figure 1). Regardless of the hydrologic gradient, mean values
for the proportion of root segment colonized by hypha ranged
from 13% to 20%, which were less variable than the vesicle
colonization (ranged from 2% to 6%) and the arbuscules
colonization (ranged from 2% to 8%) (Table 1). Despite
the AM fungi structures (hypha, vesicle, and arbuscules)
intensity in roots of Ph. australis was not high, it showed
a tendency to change along with the hydrologic gradient,
with the general order: SIW1 > SIW2 > SIW3. The AM
fungi hypha colonization varied significantly between SIW1
and SIW3 (autumn), but no significant difference was found
between SIW1 and SIW2 (autumn). In contrast, the AM
fungi arbuscules colonization varied significantly between
SIW1 and SIW3 (summer), but no significant difference was
found between SIW1 and SIW2 (summer). In addition, the
frequency and intensity of AM fungi colonization also varied
significantly between SIW1 and SIW3 both in summer and
autumn, but there were no significant differences between
SIW1 and SIW2 (summer).

Correlation analyses were performed between the AM
fungi colonization and the rhizosphere soil physicochemical
properties of Ph. australis (Table 2). Note that the moisture
content had significant positive relationships with arbuscular
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Table 2: Coefficients of Pearson’s correlations between the characteristics of arbuscular mycorrhizal fungi colonization and the rhizosphere
soil physicochemical properties of Phragmites australis (MC: moisture content; OM: organic matter; OC: organic carbon).

pH MC
(%)

OM
(%)

OC
(%)

N
(mg kg−1)

P
(mg kg−1)

S
(mg kg−1)

K
(mg kg−1)

Ca
(mg kg−1)

Mg
(mg kg−1)

SIW1 8.23 28.13 15.73 13551 957 413.3 396.7 20523 12145 992
SIW2 8.26 20.87 16.69 15327 1065 432.1 287.9 22367 14003 1132
SIW3 8.28 12.52 12.24 18256 1193 481.2 271.1 23579 13795 1171
AIW1 7.69 27.51 13.52 11095 836 262.9 357.3 19333 8753 1272
AIW2 7.71 23.01 13.75 12337 893 331.9 230.1 20471 8886 1333
AIW3 7.76 11.05 11.86 14511 997 396.7 219.9 23451 11795 1354
Hyphae ns ∗∗ ns ns ns ns ns ns ns ns
Vesicles ns ∗∗ ns ns ns ns ns ns ns ns
Arbuscules −∗∗ ns ns ns ns ns ns ns −∗ ns
Frequency ns ∗∗ ns −∗ −∗ −∗ ns −∗ ns ns
Intensity ns ns ns −∗ −∗ −∗ ns −∗ −∗ ns
ns: no significant correlation at the 0.05 level (2-tailed).
∗Correlation is significant at the 0.05 level (2-tailed).
∗∗Correlation is significant at the 0.01 level (2-tailed).

Figure 1: Arbuscular mycorrhizal structures in the roots of Phrag-
mites australis.

mycorrhizal fungi colonization (hyphae, vesicles and the
mycorrhizal frequency). In contrast, pH, organic carbon,
total N, total P, total K, and Ca had significant negative
relationships with arbuscular mycorrhizal fungi coloniza-
tion. In addition, compared to the arbuscular mycorrhizal
structures (hyphae, vesicles, and arbuscules), the frequency
and intensity have relationships with more physicochemical
properties.

Correlation analyses were also performed between the
AM fungi colonization and the characteristics of the rhi-
zospheric microbial community of Ph. australis (Table 3).
Note that the rhizospheric microbial biomass had significant
negative relationships with the frequency and intensity of
arbuscular mycorrhizal fungi colonization, especially the
arbuscules. In contrast, hyphae and vesicles had no significant
negative relationships with arbuscular mycorrhizal fungi col-
onization. Besides, compared to the frequency and intensity,

Table 3: Coefficients of Pearson’s correlations between the charac-
teristics of arbuscular mycorrhizal fungi colonization and the char-
acteristics of the rhizospheric microbial community of Phragmites
australis. ((𝐻): Shannon-Weaver diversity index; (𝑆): Shannon-
Weaver richness index; B: bacteria; A: actinomycetes; F: fungi).

Genetic characteristics Metabolic characteristics
(𝐻)-B (𝐻)-F (𝑆)-B (𝑆)-F AWCD (𝐻) (𝑆)

SIW1 3.2 2.91 25 19 0.64 2.62 3.2
SIW2 3.45 3.06 32 22 0.67 2.89 3.45
SIW3 3.46 3.1 32 23 0.65 2.73 3.46
AIW1 2.98 2.18 20 9 0.57 2.29 2.98
AIW2 3.08 2.47 22 12 0.63 2.55 3.08
Hyphae ns ns ns ns ns ns ns
Vesicles ns ns ns ns ns ns ns
Arbuscules −∗∗ −∗ −∗∗ −∗ −

∗

−
∗

−
∗

Frequency ns −
∗ ns −∗ ns ns ns

Intensity ns −∗∗ ns −∗∗ ns ns ns
ns: no significant correlation at the 0.05 level (2-tailed).
∗Correlation is significant at the 0.05 level (2-tailed).
∗∗Correlation is significant at the 0.01 level (2-tailed).

the arbuscules have relationships with more physicochemical
properties.

In addition, correlation analyses were performed between
the AM fungi colonization and the growth parameters of
Ph. australis (Table 4). The results indicated that the biomass
of Ph. australis had significant positive relationships with
the arbuscules, the arbuscular mycorrhizal frequency and
intensity. In contrast, hyphae and vesicles had no significant
relationships with arbuscularmycorrhizal fungi colonization.
Besides, the frequency and intensity have relationships with
all the related physicochemical properties.
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Table 4: Coefficients of Pearson’s correlations between the characteristics of arbuscular mycorrhizal fungi colonization and the growth
parameters of Phragmites australis. (ShL: shoot length; BD: basal diameter; LA: leaf area; RaL: rachis length; ShW: shoot dry weight).

ShL (cm) BD (mm) LA (cm2) RaL (cm) ShW (g)
SIW1 174.37 8.73 325.62 21.3 8.49
SIW2 128.36 8.43 301.35 18.2 7.09
SIW3 116.35 7.73 171.03 15.6 5.69
AIW1 265.49 9.47 399.24 27.2 19.06
AIW2 225.46 8.93 382.32 25.2 15.55
SIW1 207.51 8.53 260.22 22.9 11.38
Hyphae ns ns ns ns ns
Vesicles ns ns ns ns ns
Arbuscules ∗∗ ns ns ns ∗∗

Frequency ∗ ∗ ∗∗ ∗∗ ∗

Intensity ∗ ∗ ∗ ∗∗ ∗

ns: no significant correlation at the 0.05 level (2-tailed).
∗Correlation is significant at the 0.05 level (2-tailed).
∗∗Correlation is significant at the 0.01 level (2-tailed).

4. Discussion

AM fungi have the ability for adaptation to different con-
ditions [9]. The variations of hydrologic gradients in the
relationships among the components of reed rhizosphere
were studied, which showed that AM fungi were present
along hydrologic gradients in thewetland ofNortheastChina.
The maximum colonization occurred at the sampling point
with the highest moisture content (SW1) and was minimal
in the rhizosphere with the lowest moisture content (SWA3),
which suggested that AM fungi not only have the ability for
adaptation to aquatic and wetland habitats, but also have
preferential colonization with respect to hydrologic gradient.
Observed variations in the dynamics of different AM fungi
structures were significant in this research. Previous studies
proved that AM fungi dynamics are strongly affected by their
capacity to colonize in roots and scavenge carbohydrates
and minerals, respectively. These direct and indirect effects
with respect to AM fungi interact simultaneously in the
rhizosphere [39]. Consequently, we hypothesize that both
habitat condition (living matter and nonliving matter) and
host plant growth can affect the dynamics of AM fungi.
However, we still need to know whose effect is greater.

One of the possible factors affecting AM fungi coloniza-
tionwas water level changing. However, there is no consensus
about the effect ofmoisture content onAM fungi growth.The
effect of increase in moisture content in soil on AM fungi
colonization has been generally documented: when plants
become submerged, a decrease in AM fungi colonization is
usually found [1], because the saturated soil subsequently
lacks available oxygen for aerobic soil microorganisms, such
as AM fungi [11]. But some studies proved that there are no
relationships between AM fungi colonization and moisture
content [40]. As reported by some researchers, once AM
fungi symbiosis was established, subsequent increase in
water level or even permanent flooding did not affect their
colonization in the roots [1, 41]. In addition, although the
growth of external mycelium of AM fungi is thought to be

improved by organic matter content [42], the carbon incor-
porated into AM fungi biomass actually originates from plant
photosynthates rather than the surrounding organic matter
[43]. But the organic matter could still act as an important
source of other nutrients, such as P, for AM fungi [44].
The results suggested that soil organic matter content maybe
not the principal promoter of AM fungi colonization. In
addition, the trend thatmoisture content in soil was positively
associated with AM fungi root colonization probably could
explain the fact that AM fungi growth was suppressed by
certain environmental factors which were decreasing with
moisture content, such as P. P was proved to have negative
effects on AM fungi growth [45, 46]. In such an intermittent
ecosystem, the amount of plant available nutrients depends
on soil moisture and oxygen availability, which may disguise
the relationships between soil properties and AM fungi
colonization [1]. Moreover, the AM fungi biomass could
also affect the properties of rhizosphere through indirect
mechanisms including altering soil acidity [3] and producing
more root exudates [47]. Thus, we still requires more details
to determine how the variations of soil parameters and water
level combinedly affect AM fungi colonization on the Sun
Island Wetland.

Moisture content in soil was associated with AM fungi
colonization, which also suggested that moisture content
possibly affected AM fungi through changing their symbiotic
partners: the indigenous rhizospheric microorganisms and
host plant. Therefore, another possible factors affecting AM
fungi colonization could be rhizospheric microorganisms.
The plant rhizosphere is a dynamic complex system in which
many parameters may influence the population structure,
diversity, and activity of the microbial community [48].
Therefore, the interactions between AM fungi and other
indigenous soil organisms are complex. The reciprocal effect
of AM fungi and rhizospheric microorganisms has also been
widely examined, but principally using in vitro systems [49,
50]. For instance, Filion et al. [51] showed that exudates
from the hyphae of Glomus intraradices could stimulate the
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growth of certain microorganisms on agar. In this study,
DGGE and Biolog were used to assess the microbial com-
munity characteristics in the rhizosphere of reed in different
ways. It is well known that AM fungi are synergistic with
mycorrhizal helper bacteria and plant growth-promoting
rhizobacteria [52, 53]. Though beneficial interactions have
been frequently mentioned [54], other evidence has also
suggested antagonistic interactions with bacteria, fungi, and
microarthropods that may affect the functioning of the AM
fungi symbioses [55–57]. We expected to find that the AM
fungi influenced the indigenous microbial community and
benefited from it. However, the results did not support
this synergistic relationship. What we found was that AM
fungi growth was seemly reduced by certain indigenous
soil microorganisms and the presence of AM fungi did
not increase the diversity and richness of the microbial
community. Several authors also reported that AM fungimay
play a role in controlling soil microbial communities [58].
Either the competition for resources between AM fungi and
other microorganisms or the suppressive effects of certain
types of microorganisms on AM fungi growth may lead to
reduction in the growth of AM fungi. Competition between
AM fungi and soil microorganisms may attribute to the so-
called Gadgil effect [59]. Leigh et al. [60] found that the
absence of live bacterial inoculums could increase the P
concentration in AM fungi hyphae colonized root, because
the competition between AM fungi and bacteria inhibited
the ability of AM fungi to acquire resources directly from
organic matter. Other researchers also suggested that the
effects of microbial community on AM fungi growth and
function were greater than the reciprocal impact [60]. de
Jaeger et al. [61] demonstrated that Trichoderma harzianum
was able to impact the viability of AM fungi by feeding on
its intra- and extraradical mycelium under in vitro controlled
conditions. In natural ecosystems, the rhizosphere effects
may be the dominant influence [62, 63]. However, there is no
consensus about the effect of microbial communities on AM
fungi growth [64].

The lack of positive correlation between AM fungi colo-
nization and the habitat (living and nonliving matter) of Ph.
australis rhizosphere was possibly due to the fact that plant
growth exerted relatively dominant effect on mycorrhizal
colonization. The results suggest that more vigorous plants
could maintain higher AM fungi colonization rate. Since Ph.
australis is a kind of well-adapted helophyte to water level
fluctuation, the phenomenon that AM fungi colonized reed
under flooded conditions is not illogical. Their ability to
survive in such conditions is mainly due to the aerenchyma
in the stems and roots, through which the host plants can
ventilate their own underground tissues by pressurized gas
flow [23]. From this perspective, the more vigorously host
plants grow, the better their stems and roots develop. As a
result, the more oxygen can be delivered to promote the AM
fungi dynamics in the root system. Vice versa, the results
also suggest the converse that AM fungi colonization could
promote plant growth. A positive in situ correlation between
reed biomass and AM fungi can be expected in this research,
butwhether the enhanced plant sturdiness is the consequence
or the promoter of AM fungi colonization is difficult to

establish. AM fungi can form symbiotic associations with the
roots of most terrestrial plants and provide many benefits
including improved nutrient uptake, flood and drought resis-
tance, and herbivore resistance [13, 65]. It is well known that
arbuscules are the major site for the transfer of minerals and
carbohydrates between both partners of the symbiosis [13].
Because AM fungi can promote decomposition of organic
material [66] and acquire substantial amounts of N that can
be transferred to plant partners [67], AM fungi are antag-
onistic to pathogenic microorganisms and synergistic with
plant growth-promoting rhizobacteria [53, 68]. The effects
of AM fungi on biomass of various plant species have been
reported mainly in studies under experimental conditions
with controlled environmental and soil parameters [41, 69,
70]. Field studies that have focused on the benefits of AM
fungi for plant biomass are rarely documented [71].Therefore,
further studies should be conducted to ascertain these results
under controlled conditions.

In conclusion, this study included hydrologic compo-
nents to better assess the dynamics, distribution, and role of
AM fungi in wetland ecosystems. Althoughmoisture content
in soil and reed growth parameters were both positively
associated with AM fungi colonization, only the correlation
between reed biomass and AM fungi can be expected. Since
AM fungi showed a response to the conditions of their host
plant and performed as a tie of the tripartite correspondence
between the symbiotic partners of plant biomass and rhizo-
spheric microbial biomass, its application as a biomonitor
should be considered in further research.
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St. Lawrence River (Québec, Canada),” Ecoscience, vol. 12, no. 3,
pp. 347–357, 2005.

[22] A. I. Engloner and M. Papp, “Vertical differences in Phragmites
australis culm anatomy along a water depth gradient,” Aquatic
Botany, vol. 85, no. 2, pp. 137–146, 2006.

[23] H. Brix, B. K. Sorrell, and H. H. Schierup, “Gas fluxes achieved
by in situ convective flow in Phragmites australis,” Aquatic
Botany, vol. 54, no. 2-3, pp. 151–163, 1996.

[24] S. G. R. Wirsel, “Homogenous stands of a wetland grass
harbour diverse consortia of arbuscular mycorrhizal fungi,”
FEMS Microbiology Ecology, vol. 48, no. 2, pp. 129–138, 2004.

[25] J. Wu, L. Wang, F. Ma, J. Yang, S. Li, and Z. Li, “Effects
of vegetative-periodic-induced rhizosphere variation on the
uptake and translocation of metals in Phragmites australis
(Cav.) Trin ex. Steudel growing in the Sun Island Wetland,”
Ecotoxicology, vol. 22, no. 4, pp. 608–618, 2013.

[26] E. Kandeler, “Organic matter by wet combustion,” in Methods
in Soil Biology, F. Schinner, R. Öhlinger, E. Kandeler, and R.
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Exploitation of renewable sources of energy such as algal biodiesel could turn energy supplies problem around. Studies on a locally
isolated strain of Dunaliella sp. showed that the mean lipid content in cultures enriched by 200mg L−1 myoinositol was raised
by around 33% (1.5 times higher than the control). Similarly, higher lipid productivity values were achieved in cultures treated
by 100 and 200mg L−1 myoinositol. Fluorometry analyses (microplate fluorescence and flow cytometry) revealed increased oil
accumulation in the Nile red-stained algal samples. Moreover, it was predicted that biodiesel produced from myoinositol-treated
cells possessed improved oxidative stability, cetane number, and cloud point values. From the genomic point of view, real-time
analyses revealed that myoinositol negatively influenced transcript abundance of AccD gene (one of the key genes involved in lipid
production pathway) due to feedback inhibition and that its positive effectmust have been exerted through other genes.Thefindings
of the current research are not to interprete that myoinositol supplementation could answer all the challenges faced in microalgal
biodiesel production but instead to show that “there is a there there” for biochemical modulation strategies, which we achieved,
increased algal oil quantity and enhanced resultant biodiesel quality.

1. Introduction

Commercial and industrial microalgae cultivation is of grow-
ing interest for numerous applications, including production
of food, fertilizer, bioplastics, and pharmaceuticals, as well as
algal fuel [1, 2]. Among algal species, themicroalgaDunaliella
spp. are known as the best commercial natural source for the
production of cis-𝛽-carotene. Besides, several biochemical
and genetical engineering investigations have demonstrated
that different species of Dunaliella spp. are capable of accu-
mulating significant amounts of valuable compound such

as proteins, glycerol, and also lipids [3]. As a result, they
are not only a promising feedstock for biofuel production,
for example, biodiesel [4], but also could potentially be
used for different biotechnological processes such as foreign
proteins expression and 𝛽-carotene production at industrial
level [5]. In order to fully and economically exploit these
organisms, however, some existing barriers for their large-
scale cultivation should be overcome. On such basis, low cost
and high quality biomass production is of great significance.
To achieve such goal for biodiesel production, for instance,
the following strategies could be taken into consideration in
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order to boost biomass productivity (BP) and volumetric lipid
productivity (LP) [6].

(A) Introduction of new genes into algal cells by imple-
mentation of genetic engineering techniques stimulates some
key metabolic pathways and consequently improves the
energy production phenotypes in green microalgae [7] and
ultimately produces biofuel at lower cost. However, despite
the fact that the underlying principles laid out in this strategy
are reasonable, there has been little achievement made to
date. For instance, the very first genetic engineering attempts
in order to increase microalgal lipid content (LC) by upreg-
ulating the first major steps of fatty acid synthesis through
overexpression of acetyl-CoA carboxylase (ACCase) and
malic enzyme were to some extent effective (12% increase in
LC) [8]. Blocking-off competing pathways may also enhance
the lipid accumulation in the cells. In an attempt, Picataggio
and coworkers [9] blocked 𝛽-oxidation in C. tropicalis by
knocking out the genes encoding acyl-CoA oxidase. Despite
their expectation, it was observed that the growth of the cells
was adversely affected. Therefore, enhanced lipid accumula-
tion was rarely reported through overexpression of relevant
enzymes and/or intermediate products such as FAs because
of emerging a secondary rate-limiting step. Overall, given the
existing obstacles facing gene transformation projects such
as biosafety rules, correct introduction, and maintenance of
transgenes, this strategy should not be considered as the first
resort.

(B) The second strategy is the optimization of nutrient
formulations [10, 11]. There have been reports that devel-
opment of optimum growth condition variables [12, 13] has
increased the lipid pool in some microalgal strains [14, 15].
Provision of biogenic elements, mainly nitrogen, is one of
the main factors affecting algal metabolism. The change in
the carbon/nitrogen ratio in a media is known to result in a
change in the metabolism direction. In many algae species,
increases in this ratio could contribute significantly to the
accumulation of neutral lipids, mainly triacylglycerol [16–18].
On the other hand, unfortunately the conditions required
for optimal production of algal biomass are different from
those of lipid production; consequently, decreasing the cost
through growth condition optimization approaches is not
only time- andmoney-consuming but also, inmost cases, will
not significantly improve lipid accumulation [16].

(C) The last strategy would be biochemical engineering
approaches, in which a variety of different plant growth
regulators (PGR) could be used to support cell growth.
It is generally assumed that the genetic background of a
respective algal species would determine the composition
of the produced lipids but the lipid amount is mainly a
response to the growth conditions [19]. To channel metabolic
flux generated in photobiosynthesis into lipid biosynthesis,
implementation of somePGRs, vitamins, and lipid precursors
could lead to an increase in total catabolism activation and
lipid accumulation.

Myoinositol, as one of the nine stereoisomers of inositol,
is classified as a member of the vitamin B complex and is
required for the cell growth as well as other significant bio-
logical processes. Myoinositol was first used by Jacquiot [20]
in order to favor bud formation and retard necrosis in elm

when supplied at 20–1000mg L−1; however, the proliferation
of the callus was not improved. Letham [21] reported that
myoinositol acts as second messengers in the primary action
of auxins in plants and its interaction with cytokinin stimu-
lates cell division in carrot phloem explants [22]. Moreover,
inositol is also known as a precursor for phospholipids such
phosphatidylinositol (PI) in the cells. In an investigation, it
was found out that inositol addition into the growth media
of yeast led to changes in transcript abundance of over 100
genes, namely, the UASino-containing genes. Many of these
genes encode enzymes involved in lipid metabolism [23, 24].
For instance, in yeast, the expression of ACCase gene, a key
gene in the synthesis of long chain fatty acids, is stimulated
by inositol and choline [25].

The present study was set to investigate myoinositol-
drivenmodulation of LP and quality (fatty acids (Fas) profile)
in cultures of local Dunaliella sp. strain isolated from the
north coast of PersianGulf. Nile red staining usingmicroplate
fluorescence reading as well as epifluorescent microscopic
and flow cytometer analyses was used to monitor the effect of
themyoinositol supplementation on the algal cells.Moreover,
real-time PCR analysis was performed to look into the impact
of myoinositol on one of the key genes involved in lipid
synthesis.

2. Methods

2.1. Strains Cultivation. A marine strain (Dunaliella sp.) iso-
lated from Bandar Lengeh, a port city on the northern coast
of the Persian Gulf, was used in this study. Green colonies
were transferred into new flasks containing a media named
Lake Media and was kept at 20∘C and a constant (24 : 0)
3klux photon flux of white and red LED lamps [27]. The
ingredients of Lake Media, developed during the course of
the present study, are included: Lake salt sediment (60 g L−1),
NPK fertilizer (2 g L−1), and FeSO

4
(0.05 g L−1). The media’s

pH was set at 7.5 and the samples were constantly shaking at
120 rpm.

Beside the strain locally isolated in this study, one other
local strain, D. salina (generously provided by Dr. Shariati,
IsfahanUniversity), and two standard stains, CCAP 19/18 and
UTEX 200, purchased from the Culture Collection of Algae
and Protozoa (Sams Research, Scotland), and University
of Texas at Austin, (Austin, USA), respectively, were also
included in the experiments. All the strains were cultivated
in the Lake Media under the above-mentioned conditions.
During the cultivation period, growth kinetic parameters
were recorded for all the strains in triplicate.Data comparison
was then carried out using the ANOVA test. The calculated
growth parameters included BP, LC, and LP (mg L−1 day−1).
For BP determination, algal suspensions were centrifuged
(3000 g, 10min) and the wet weights were determined gravi-
metrically. LP was calculated according to the following
equation:

LP = BP × LC. (1)

Besides, to investigate the effect of myoinositol inclusion
on lipidmetabolismandbiodiesel properties, only the Persian



BioMed Research International 3

Gulf strain was used and cultured in the Lake Media supple-
mented with 0, 50, 100, and 200mg L−1 myoinositol.

2.2. Molecular Identification. Isolation of total DNA con-
tent from the studied strains was carried out by using
the DNeasy plant minikit (QIAGENE, Germany). Species-
specific oligonucleotides, namely, MA1 and MA3 (without
any restriction site), corresponding to the conserved regions
of 5 and 3 termini were used to amplify 18S rDNAgene. PCR
reactions were performed according to themethod described
by Olmos and coworkers [26]. The molecular weights of
PCR-amplified productswere calculated and confirmedusing
a gel documentation system. PCR amplicons were purified
using the PCR purification kit (Roche) according to the
manufacturer’s instructions.Then, the purified products were
sequenced by Macrogen Company (Korea). Using BLAST
software, the obtained sequences were compared with those
deposited in NCBI GenBank as 18S rDNA and ITS regions of
different Dunaliella species.

A neighbor-joining tree was constructed using the soft-
ware MEGA version 4. Evolutionary distances were com-
puted using the maximum composite likelihood model.
For analysis, 1000 bootstrap replicates were performed to
assess the statistical support for the tree. Phylogenetic studies
included Chlamydomonas pumilio, as the outgroup.

2.3. RNA Extraction, Reverse Transcription, and Real-Time
PCR Analysis. To extract RNA from algal cells, 50mg wet
biomass (28-day old culture) was harvested by centrifugation
at 2000×g for 10min. Separated algae cells inmicrotube were
disrupted by glass rod in liquid nitrogen, then 500𝜇L TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) was added, and
RNA was extracted according to the manufacturer’s instruc-
tions. Concentrations and purity of the total RNA extracted
were measured spectrophotometrically. The extracted RNAs
were treated with DNase to eliminate genomic DNA contam-
ination and continuously reverse transcription (RT) was car-
ried out usingQuantiTect Reverse Transcription kit (Qiagen).
Real-time PCR was performed using a Bio-Rad iCycler iQ
real-time PCR.

The first rate-limiting step in the FA biosynthesis pathway
was regulated by ACCase [29]. Since AccD subunit over-
expression leads to boosted ACCase activity, the effect of
myoinositol on AccD transcript accumulation was studied.
Gene-specific primer pairs of AccD and a housekeeping gene
used for PCR are listed in Table 5. The 18S rRNA transcript
was used to normalize the results by eliminating variations
in the quantity and quality of mRNA and cDNA. A reaction
mixture for each PCR runwas prepared with the SYBRGreen
supermix (Bio-Rad). The cycle parameters consisted of one
cycle of 100 s at 95∘C and then 35 cycles of 30 s at 95∘C
followed by 30 s at 62∘C and 20 s at 72∘C. Data were collected
at the end of each extension step.The relative quantification of
gene expressions among the treatment groups was analyzed
by the 2−ΔΔCt method [30], where Ct is the cycle number
at which the fluorescent signal rises statistically above the
background.

2.4. Fluorescent Measurement of Microalgal Neutral Lipids.
The intracellular neutral lipid distribution in microalgal cells
was examined by staining the cells harvested from 500𝜇L
cell suspension, with 300 𝜇L working solution (1𝜇M) of
Nile red fluorescent dye (Sigma-Aldrich, St. Louis, MO)
diluted in Hanks and 20mM Hepes buffer (HHBS), pH 7.
The stock solution was first prepared by dissolving Nile red
in anhydrous DMSO (1mM). The cells were incubated at
37∘C for 10min and protected from light. To remove the
Nile red working solution from the cells, the cells were
washed and resuspended in HHBS. Cells were examined by
an epifluorescent microscope Leica DMRXA with a Nikon
(DXM 1200) digital camera (Nikon, Tokyo, Japan) with an
excitation wavelength of 486 nm; the emission was measured
at 570 nm, following the method of Cooney et al. [28].

For fluorescence-based quantification of the accumulated
lipids, a high-throughput technique reported by Chen and
coworkers [31] was followed with some modifications. The
base procedure was performed in two models: (1) measuring
total emitted fluorescence by staining same volume of cell
suspension for different treatments (cells at the lag stationary
phase), which would quantify total produced lipid volu-
metrically; (2) measuring emitted fluorescence by staining
same cell number (105 cells) for different treatment, which
would quantify stored lipid in cells. Both procedures involved
staining the cell suspensions with Nile red as mentioned
above. Fluorescence was measured on a Varian 96-well plate
spectrofluorometer.The excitation and emission wavelengths
of 522 and 628 nm were selected, based on a previously
published report [28].

2.5. Flow Cytometry Study. To figure out the duration after
which myoinositol supplementation would lead to an im-
proving effect on lipid synthesis, flow cytometry analysis was
used. To investigate that, 7- and 35-day cell suspensions, at
linear growth phase and lag stationary phase, respectively,
were analyzed. Cells were stained with working Nile red
solution as explained earlier. The optical system used in
the EPICS XL flow cytometer collects yellow light (575
band-pass filters) in the FL2 channel, corresponding to the
Nile red fluorescence in a neutral lipid matrix. To remove
nonalgal particles, chlorophyll fluorescence characteristics
were considered. Approximately 10,000 cells were analyzed
using a log amplification of the fluorescence signal. Unstained
cells were used as autofluorescence control.The data usedwas
the arithmetic mean of all cytometric events (10,000 cells) in
3 repeats and two independent experiments [32].

2.6. Oil Extraction and Fatty Acid Profile by Gas Chromatog-
raphy (GC) Analysis. All cultures, by three replications, were
allowed to grow for 35 days to reach the lag stationary phase
and then cells were harvested for lipid profile analysis. By this
means, the effects of growth phase on the total LC and FA
profile were minimized [28]. LC reported as percentage of
the total biomass (%dwt) was determined based on the Bligh
and Dyer method [33] and was obtained in triplicate for the
different strains. Data comparison was then carried out using
the ANOVA test.
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Figure 1: NJ bootstrap consensus tree showing the relationships among Dunaliella salina (Persian Gulf) and other standard and Iranian
strains. Bootstrap values were calculated over 1000 replicates. Chlamydomonas pumilio and Ettlia carotinosa were considered as outgroups.

For GC analysis, the direct transesterification method
was used based on the procedure reported by Lepage and
Roy with minor modifications [34]. The samples containing
hexane and FAME were used for GC analysis. The FAs
determination was carried out on a Varian CP-3800 GC
(Varian Inc., Palo Alto, CA) equipped with a CP-Sil88 fused
silica column (100m, 0.25mm I.D., film thickness 0.25𝜇m).
The oven temperature was programmed as our previous
report [6]. Fatty acid peeks were identified by comparison of
the retention time with FAME standards.

2.7. Biodiesel Properties by Bioprospection. Biodiesel quality
parameters, that is, oxidation stability, cold performance
(cloud point), and combustion characteristics (cetane num-
ber), were estimated based on the fact that they are directly
influenced by the molecular structure of FAME like the
carbon chain length and the amount and/or position of
double bonds [35]. Oxidation stability parameters estimated
were iodine value (IV), APE, and BAPE. All these parameters
were calculated based on the FAME profile using empirical
equations as detailed in previous report [36].

3. Result and Discussion

3.1. Identification. Molecular identification and discrimina-
tion of living eukaryotic organisms based on the comparison
of 18S rDNA gene sequences are a promising method and
have been frequently used for molecular identification of dif-
ferent species of Dunaliella [26, 37, 38]. Hereby, the chromo-
somal DNA of 18S using the forward primerMA1 and reverse
primer MA3 was amplified. A single band representing

the amplified DNA product of 1.7 kb was recorded, which
could be used in the intron sizing method for the identifi-
cation of Dunaliella genus [39]. The sequence was aligned
with 18 different strains whose 18S sequences were previously
submitted at NCBI. The 18S sequence of the Dunaliella sp.,
Persian Gulf strain, was registered in NCBI database with an
accession number of KF477384.This sequence exhibited high
similarities to other members of Dunaliellaceae. The highest
similarity was observed withDunaliella sp. ABRIINWQ1/1 at
98%, which was isolated from an ancient saline lake located
in the middle of Iran plateau (Qum Salt Lake). This finding,
coupled with themorphological features of the isolated strain
(Figure 1), confirmed that the saline water isolate strain is a
member of Dunaliella genus. The cells lack a cell wall and
a well-developed apical papilla and two equal-long (25.0–
30.0 𝜇m) and smooth flagella also uphold this identification.

As for the size, number, and position of introns of the
18S rDNA gene, in the Dunaliella sp., three types of 18S
rDNA structure have been reported by Olmos et al. [40]: no-
intron genes with a size of ∼1770 bp, one-intron gene with
a size of ∼2170 bp, and finally the genes with two introns
and with a size of ∼2570 bp. Interestingly, using intron-sizing
method in this genus was applied to an indicator for selection
of hyperproducing species [40]. Based on this method, the
Persian Gulf strain belonged to the first group with no intron
in the 18S rDNAgene.This strain never turned red, indicating
that 𝛽-carotene was not hyperproduced by this strain. In
order to properly explore the similarity observed among the
obtained 18S sequences and, moreover, to determine their
phylogenetic relationship, a phylogenetic tree was recon-
structed using the neighbor-joining (NJ) method. NJ result
along with the bootstrap coefficients (replication ×1000) is
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Table 1: Biomass productivity, lipid content, and lipid productivity of the microalgae strains.

Strains

Parameters

Biomass productivity
(BP, g L−1 day−1) Lipid content (LC, %dwt)∗

Volumetric lipid
productivity Pb × LC ×

1000
(LP, mg L−1 day−1)

Dunaliella salina (Shariati) 0.05A 18.9 ± 1.1A 10.26 ± 0.4A

D. salina (UTEX) 0.15C 24 ± 1.3B 36.48 ± 0.6C

D. salina (CCAP19/18) 0.14B 25.1 ± 0.7B 35.14 ± 0.2C

Dunaliella sp. (Persian Gulf) 0.15C 22 ± 2B 33 ± 0.3B

1# 0.14B 25 ± 0.5C 36.15 ± 0.9C

2# 0.14B 27 ± 0.5C 38.6 ± 0.4D

3# 0.12B 33 ± 1D 39.3 ± 0.6D
∗All cultures harvested after reaching the stationary phase and LC was determined based on the Bligh and Dyer method [33]. Data are expressed as mean ±
SD (𝑛 = 3). Means of BP, LC, and LP are compared using one-way ANOVA and ones with different letter are significantly different (at 𝑃 < 0.05).
#1, 2, and 3 representing 50, 100, and 200mg L−1 myoinositol implementation in Persian Gulf strain, respectively.

depicted in Figure 1. In this classification, Persian Gulf strain
was under the family of Dunaliellaceae, close to Qum strain
(Q1/1) and hypo-𝛽-carotene producing strains. As observed
in the figure, the Persian Gulf strain is situated close to
D. parva and D. viridis which also confirmed the finding
of the intron-sizing method, since these two strains have
low 𝛽-carotene production capacity as well but can grow in
hypersaline environments [40].

3.2. Studying the Algal Species Using Growth Parameters.
Since the intracellular LC and FAs profile of microalgae are
affected by both culture conditions and growth phase, all of
the studied strains were cultivated under the same conditions
(flasks containing Lake Media were kept at 20∘C and a con-
stant (24 : 0) 3klux photon flux of white and red LED lamps).
Sole influence of myoinositol addition on lipid metabolism
was also investigated under the same conditions as well. All
cultures were harvested after reaching the stationary phase.
The results of LC, BP, and LP have been presented in Table 1.

BP value slightly fluctuated for all the strains between
0.12 and 0.15 g L−1 day−1, except in case of D. salina (Shariati)
where significantly lower value of 0.05 g L−1 day−1 was
recorded. Myoinositol addition into the Dunaliella sp. (Per-
sian Gulf) culture caused a constant but nonmeaningful
decrease in the BP value proportional to the increasing
concentrations of myoinositol. The cells grown in the highest
concentration of myoinositol (200mgL−1) had 20% less BP
in comparison with those grown in myoinositol free culture
(0.12 and 0.15 g L−1 day−1, resp.).

The lowest amount of LC was obtained for D. salina
(Shariati) followed byDunaliella sp. (Persian Gulf), (18.9 and
22% dwt, resp.). In contrast, the highest LC values were also
achieved for Dunaliella sp. (Persian Gulf) when myoinositol
was added to the culture media. More specifically, the mean
value of LC for cultures enriched by 200mg L−1 myoinositol
was around 33%. This record represents 50% increase in
oil accumulation in comparison to the control. Similarly,
the LP values were classified into four significantly different
groups. The highest LP value belonged to the myoinositol

treatment group. These findings revealed the efficiency of
biochemical engineering strategies. This was also reported
in another biochemical modulation study on the algae C.
sorokiniana using 0.1% tryptophan supplementation. The
authors recorded 57.28% enhancement in LP just 4 days after
the treatment [41]. Their findings as well as those of the
present study could in a way confirm the promising role of
biochemical modulation when combined with selection of
proper strains in enriching lipids quantity and consequently
in biodiesel production.

Overall, LP, as an indicator of the produced oil in terms
of both volume and time, showed a sharp increase after
myoinositol addition. This parameter has been reported as
a suitable variable to evaluate algal species potential for
biodiesel production [42]. This would highlight the positive
impact of myoinositol on increasing algal potential for pro-
ducing biodiesel.

3.3. Integrated Growth and Lipid Production Using a Novel
Algal Media. Generally, a two-stage cultivation is considered
for algal lipid production: growth stage in which high N
concentration is used to achieve the highest possible BP
followed by the second stage where N-starvation is imposed
to encourage lipid production [8]. James and coworkers [43]
observed that when nitrogen was deprived for 4 days, LC
increased for all the studied strains of C. reinhardtii. In their
study, using such 2-stage cultivation strategy, the total FAs
of the wild-type strains increased 1.3- and 1.4-fold. However,
this would increase the cost and consequently deteriorates
the economic aspect of the algal fuel production scenario
in comparison with single-stage cultivation. On the other
hand, it has been well documented that algal cultivation in
a media with decreased nitrogen content results in a decline
in biomass content [44]. This is ascribed to the fact that
N-starvation leads to decreased duration of the exponential
growth phase [45]. Therefore, providing high N content
throughout the cultivation period while encouraging lipid
production through other alternatives could play a significant
role in achieving an economic algal biodiesel. In light of that
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Table 2: Real-time PCR analysis of gene expression. Values were normalized against 18S rRNA as housekeeping gene and represent the
relative mRNA expression (mean standard error) of three replicate cultures.

Treatment CTAccD CT 18S ΔCT.treat ΔCT.control ΔΔCT 2−ΔΔCt

Control 26.7 ± 0.46 21.2 ± 1.1 −5.5 — — —
50mg 27.19 ± 0.33 19.38 ± 0.5 −7.81 −2.31 0.2
100mg 26.35 ± 0.41 18.87 ± 0.85 — −7.48 −1.98 0.25
200mg 30.27 ± 0.62 22.43 ± 0.72 — −7.83 −2.33 0.2

in the present study, a newmedia named LakeMedia, capable
of encouraging high BP, was formulized using 2 g L−1 of NPK
fertilizer, as a nitrogen source, and a considerable quantity of
natural lake salt (60 g L−1). By considering the different cost of
by-product by Dunaliella sp. grown in various batch culture
media, it is obviously clear that implementation of newly
developed media in this research, Lake Media, provides a
golden opportunity in large-scale cultivation of this microal-
gae and final production economically. In another study on
this media, implementation of Lake Media declined the costs
of carotenoid production to just 0.0029USD mg−1 which is
200% lower than the standard media (Johnson and Olmos
Media) and it compensates the lower cell density obtained by
Lake Media (unpublished data).

At the same time andwith simultaneity of BP increase, LC
was also successfully encouraged in thismedia bymyoinositol
inclusion as lipid precursor. As a result, the normally used
biphasic algal cultivation and lipid production were simpli-
fied into a single-phased process in which the combination of
the Lake Media and myoinositol met all the requirements of
the cells for growth and lipid synthesis simultaneously. This
strategy could lead to decreasing the final cost of produced
biodiesel.

3.4. Impact of Myoinositol on Acetyl-coA Carboxylase: A
Key Gene in Lipid Synthesis. Quantification of the relative-
fold change in mRNA levels of the AccD gene 28 days
after myoinositol supplementation, in the treated sample in
comparison with the control group, was conducted using the
real-time PCR analysis.The 2−ΔΔCt value decreased from 0.25
for the 100mg L−1 myoinositol to 0.2 for 200mg L−1. As pre-
sented in Table 2, AccD gene exhibited decreasing responses
tomyoinositol supplementation. In fact, myoinositol resulted
in a 75–80% decrease in AccD transcript abundance as
compared to the control sample. This decrease could be
explained as follows: supplementation of myoinositol as
a lipid precursor caused an increase in lipid production
and accumulation and this in turn resulted in a feedback
inhibition, downregulation of the genes involved in lipid
synthesis including AccD. This explanation is in line with the
findings of Al-Feel who investigated the impact of inositol
supplementation on lipid production while monitoring the
response of another key gene involved in lipid production
pathway, acetyl Co-A carboxylase (ACC

1
) [25].They reported

that ACC1 was repressed due to inositol supplementation but
returned to near basal expression level by steady state.

Therefore, it could be concluded that inositol and its
stereoisomer, myoinositol, exert their positive effect on lipid

production through other genes involved in lipid production
pathway and not the AccD and ACC1 genes. In case of
the AccD gene, this could also be confirmed by the fact
that inositol stimulates transcription of a series genes which
have a conserved domain in their promoter called UASino
(inositol-sensitive upstream activating sequence) element.
This sequence is absent in the AccD’s promoter. As for the
ACC1, despite the presence of this element, moderate varia-
tion in the expression of this gene by inositol supplementation
was reported [24, 46].

On the other hand, based on the model presented by
Thomas and Fell concerning regulation of enzymatic path-
ways, many enzymes are involved in controlling the rate of
a reaction and alteration of one alone may have a small
impact [47]. Therefore, one could point out that myoinositol
could have influenced many metabolic processes, rather than
targeting a single enzyme in a pathway, and as a result
increased the total lipid accumulation. However, increased
lipid production and accumulation and consequent feedback
inhibition resulted in the downregulation of the key genes
involved in lipid production pathway, that is,AccD andACC1.

Such hypothesis could be supported by the findings of
a number of studies revealing that the extent of involved
genes upregulation was not reflected in the fatty acid (FA)
profile/content [48].

3.5. Proposed Molecular Mechanisms for Lipid Increase by
Myoinositol Supplementation. In the present study, the total
lipid accumulation was sharply increased by 50% in response
to myoinositol implementation which could be attributed to
myoinositol role in simultaneously increasing lipid storage
and membrane lipids [49]. Previously, a survey on Saccha-
romyces cerevisiae showed a swift 5-6-fold increase in cellular
membrane phosphatidylinositol (PI) content in response
to inositol inclusion. This rise in PI content seems to be
positively correlatedwith FA synthesis [50].More specifically,
inositol leads to higher production of negatively charged
PI and consequently lower negative surface charge of the
membrane. On the other hand, the distribution of long-chain
acyl-CoA molecules in membrane and activity of ACCase
are both controlled by negative surface charge, and therefore
myoinositol supplementation would increase the capacity of
themembrane for incorporation of long-chain acyl CoAs and
consequently enhance the cellular FFA synthesis [51].

Although mechanisms describing the growth-promoting
effect ofmyoinositol on algal cell have not been described pre-
cisely, their growth-promoting effects through plant growth
regulators (phytohormones) have been previously pointed
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Figure 2: Proposedmechanisms for the lipid-promoting effects of myoinositol (MI) in algal cells, (1) through stimulating the transcription of
the responsive genes (e.g., ACC) harboring inositol-sensitive upstream activating sequence (UASino) element in their promoters which could
in turn positively impact FA synthesis (FAS), (2) through auxin-related responses, and (3) by increasing membrane negative charge regulated
by phosphatidylinositol (PI).

out [52, 53]. In fact, stimulation of signaling pathways by
phytohormones plays a vital role in plant responses to envi-
ronmental changes. Among phytohormones, auxin which is
involved in plant growth and development [54] is regulated
by the concentration of phosphoinositides, which are mainly
synthesized from myoinositol [50]. In a study, Arroussi and
coworkers managed to increase initial lipid content of D.
tertiolecta (24%) to 38% and 43% after addition of auxin
at 0.5 and 1mg/L, respectively [55]. Therefore, one possible
explanation for the lipid-promoting effect of myoinositol in
D. salina could be attributed to the action of auxins. More-
over, myoinositol plays a key role in cell membrane charge
alteration (by PI) which could consequently increase the
membrane capacity for FFAs accumulation. Finally,myoinos-
itol also stimulates the transcription of the responsive genes
(e.g., ACC) harboring UASino element in their promoter
which could in turn positively impact FA synthesis (FAS).
The proposed mechanisms for the lipid-promoting effects of
myoinositol are presented in Figure 2.

3.6. FluorescenceMicroscopic Study of Neutral Lipids. Nile red
has been widely used to screen wild and mutant variation
to explore new candidates for biodiesel production from
microalgae to dinoflagellate [56, 57]. In this study, the
liposoluble fluorescence probe Nile red was used to visualize
neutral lipids in the cells. As shown in Figure 3, the lipid

bodies appear as yellow fluorescing circular organelles, while
the red background fluorescence is attributed to chlorophyll
autofluorescence. The highest LC, as determined by Nile
red staining, was observed in cells treated by 200mg L−1
myoinositol. In these cells, small drops of neutral lipids
were seen dispersed throughout the cytoplasm (Figure 3),
while cells with no myoinositol addition in the media were
comparatively poor in terms of neutral LC during the lag
stationary phase and showed limited number of small lipid
bodies in the cells.

3.7. Quantitative Fluorescence Measurement of Neutral Lipids

3.7.1. Microplate Fluorometry. Result of total lipid measure-
ment using microplate fluorometryin the same volume of the
cell suspensionwas summarized in Figure 4.Thefluorescence
intensity dramatically increased in the samples treated by
the increasing amount of myoinositol. More specifically,
implementation of 100mg L−1 myoinositol sharply increased
the recorded fluorescence by 59% and further by 152%
for 200mg L−1 myoinositol in comparison with that of the
control. All treatments were significantly different (at 𝑃 <
0.01).

Effect of cell concentration on the fluorescence of neutral
lipids was also taken into consideration by staining the same
cell concentration (105 cells mL−1) for all the investigated
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Figure 3: Epifluorescent microphotographs (magnification ×40) of microalgae stained with fluorochrome Nile red. Neutral lipids in cells
are seen as lighter colored drops. (a) Bright field image and fluorescence image; (b) control; (c) 100mg L−1 myoinositol supplementation;
(d) 200mg L−1 myoinositol supplementation. Microphotographs were taken using a Leica DMRXA compound light microscope with a
Nikon (DXM 1200) digital camera, a band-pass filter with an excitation range of 450–490 nm, and a long-pass suppression filter with an
edge wavelength of 515 nm.

samples tomeasure the relative amount of lipid stored in same
number of cells. Similar to the results of total lipid measure-
ment in cell suspensions,myoinositol was proven to stimulate
single cells to accumulate more lipid in their cytoplasm.
200mg L−1 myoinositol implementation led to 284% raise in
the emitted fluorescence. A significant difference between the
three studied levels of myoinositol (50, 100, and 200mg L−1)
could be seen in the same cell number mode (120% increase
in fluorescence emission for 100 and 200mg L−1). This was
also confirmed by total extracted lipid data based on which
50, 100, and 200mg L−1 myoinositol supplementation caused
13, 23, and 50% increase in LC, respectively.

3.7.2. Flow Cytometry. Flow cytometry, in conjunction with
microplate fluorometry, represents an invaluable tool for
screening and exploiting high lipid-producing microalgae
strains. In this study, lipid accumulation was studied using
flow cytometry 7 and 35 days after myoinositol supplementa-
tion. The results obtained revealed that on day 35 the mean
fluorescence for the control was 199.6, whereas this value
was at 225.65, 263.6, and 283.1 (13, 32, and 42% increase in
comparison with the control), for the cells treated by 50, 100,
and 200mg L−1 myoinositol, respectively.

Moreover, the effect of exposure time to myoinositol and
its relation with cell growth phase and lipid accumulation
were also studied by comparing the mean fluorescence on
days 7 and 35. The results clearly confirmed that the positive
effect of myoinositol supplementation on lipid production is
visible in the stationary phase when algal cells have already
completed their growth or, in other words, the emitted
fluorescence values recorded in the young algal cells (on the
day 7) were not significantly different among the treatments
(Figure 5).

Overall, there was a clear correlation between the fluo-
rometry (microplate fluorescence and flow cytometry) results
and those of LC gravimetrical determination (Figures 4 and
5 and Table 1). Therefore, fluorometry techniques could be
suggested as powerful and high-throughput alternative ana-
lytical tools to monitor the effect of chemicals and biological
molecules on lipid production and accumulation in algal
cells.

3.8. The Role of Myoinositol Treatment on Algal FAs Profiles.
Fatty acid methyl ester (FAME) profiles for different algal
strains studied in this study are summarized in Table 3. It
has been frequently reported that 16–18 carbon chain FAs are
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Table 3: Types of fatty acids produced and properties of algal oil.

Strain Fatty acid (%) SFA MUFA PUFA SFA/USFA
16 : 0 16 : 1 18 : 0 18 : 1 18 : 2 18 : 3 20 : 1

Dunaliella sp.
(Persian Gulf) 9.19 ± 1.2 0.80 ± 0.8 4.27 ± 0.9 22.51 ± 0.7 3.84 ± 0.4 44.31 ± 2.1 1.42 ± 0.2 13.47 24.74 48.15 0.16

D. salina (Shariati) 12.02 ± 2.1 4.45 ± 0.2 1.91 ± 1.2 23.67 ± 1.6 2.28 ± 1.1 40.36 ± 2.2 1.40 ± 0.2 13.93 29.52 42.65 0.16
D. salina
(UTEX200) 16.34 ± 1.4 1.04 ± 0.9 6.43 ± 1.2 19.58 ± 1.1 6.76 ± 1.2 27.71 ± 2.5 2.28 ± 0.3 22.77 22.89 34.47 0.28

D. salina
(CCAP19/18) 15.87 ± 1.8 ND+ 6.14 ± 1.3 21.39 ± 2.1 15.92 ± 1.6 23.95 ± 1.9 ND 22.01 21.39 39.87 0.26

1∗ 7.05 ± 0.9 6.25 ± 0.3 1.55 ± 0.7 22.95 ± 0.8 12.15 ± 0.3 37.66 ± 0.4 1.12 ± 0.6 8.60 30.32 49.81 0.10
2∗ 7.75 ± 0.6 5.04 ± 0.8 1.42 ± 0.5 25.27 ± 1.9 18.58 ± 1.4 26.91 ± 1.9 ND 9.17 30.31 45.48 0.11
3∗ 8.41 ± 0.8 4.52 ± 1.1 2.14 ± 0.3 32.03 ± 2.2 13.58 ± 1.3 27.24 ± 1.4 ND− 10.55 36.55 40.82 0.12
∗1, 2, and 3 representing 50, 100, and 200mg L−1 myoinositol implementation in Persian Gulf strain, respectively.
+Not detected.
−Non identified Fas which are around 10%.
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Figure 4: Fluorescence emission of Nile red-stained microalgae.
The excitation and emission wavelengths for fluorescence measure-
ment were at 522 and 628 nm, respectively. The cell density of the
suspensions used for analysis was 105 cellmL−1. Nile red stainingwas
conducted based on the procedures described by Cooney et al. [28].
Data were the mean values of three replicates (vertical dashed lines:
same volume; horizontal dashed lines: same cell number). C− and
C+ represent nonstained and stained cell with no myoinositol
inclusion, respectively.
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Figure 5: Variation of cytometric signal (FL2: yellow fluorescence,
𝜆 =575 nm) in cells stainedwithNile red (Dunaliella sp.).Horizontal
and diagonal bricks represent the sample treated by myoinositol for
35 and 7 days, respectively.

Table 4: Comparison of the estimated properties of algal biodiesel
from cells treated with myoinositol.

Strains Biodiesel properties
CN CP BAPE APE

Dunaliella sp. (Persian Gulf) 43.75 −0.16 92.47 118.82
D. salina (Shariati) 45.65 1.33 83.01 108.96
D. salina (UTEX200) 55.36 3.60 62.17 88.51
D. salina (CCAP19/18) 52.96 3.36 63.83 101.14
1∗ 42.27 −1.28 87.47 122.57
2∗ 47.61 −0.91 72.39 116.23
3∗ 47.16 −0.57 68.06 113.66
∗1, 2, and 3 representing 100 and 200mg L−1 myoinositol implementation in
Persian Gulf strain, respectively.

dominant in algal cells [6, 28, 58]. The same observation was
made in this study as well. In all the strains investigated, the
omega-3 fatty acid, linolenic acid (18 : 3) made up the highest
portion of the FAME profile. Persian Gulf strain grown in
the Lake Media with no myoinositol enrichment was found
to have the highest percentage for this FA (>44%) while the
lowest record for 18 : 3 of around 26% was also observed
in the same strain, but in presence of myoinositol. On the
contrary, myoinositol inclusion (200mg L−1) led to increased
percentages of monounsaturated FAs (MUFA) that is, palmi-
toleic acid (16 : 1) and oleic acid (18 : 1) by 4.6- and 0.4-
folds, respectively. Moreover, in case of linoleic acid (18 : 2),
low concentration of myoinositol (100mg L−1) considerably
increased percentage of this FA, while 200mg L−1 myoinos-
itol implementation led to a significant decrease in 18 : 2
accumulation. Overall, MUFA were increased continuously
by myoinositol addition in the media while PUFA were felt
down vice versa.

These findings were similar to those of studies in which
N-starvation was applied to enhance lipid accumulation
in microalgae. Gurr and Harwood [59] reported relative
accumulations in 18 : 1 and 18 : 2, accompanied by a decrease
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Table 5: Sequences of primer pairs used in real-time PCR.

Primer name Sequence
18S rRNA (forward) 5-CAGACACGGGGAGGATTGACAGATTGAGAG-3

18S rRNA (reverse) 5-GCGCGTGCGGCCCAGAACATC-3

AccD (forward) 5-AAGACGCACAAGAACGAACAG-3

AccD (reverse) 5-AACTACAGAGCCCATACTTCCC-3

in 18 : 0 acidwhenN-starvationwas used.They explained that
N-starvation promoted the desaturation pathways, beginning
with delta-9 desaturase. In a similar study using N-starvation
on Botryococcus braunii, an increase in the content of SFAs
(up to 76.8%) and a substantial decrease in the PUFA content
(up to 6.8%) were observed [19]. It could be concluded that
myoinositol might also encourage the desaturation pathways.

3.9. Estimation of Biodiesel Properties. The impact of myoin-
ositol on key biodiesel quality parameters such as allylic
position equivalents (APE) and bisallylic position equivalents
(BAPE), cetane number (CN), and cloud point (CP) was
also investigated. The BAPE and APE values are effective
means of predicting oxidative instability of biodiesel. The
highest BAPE and APE values were measured for the control
Persian Gulf (no myoinositol addition), while the lowest
values were recorded for UTEX200 strain (Table 4). This
could be explained by the highest and lowest levels of
unsaturated FAs in particular 18 : 3 in the control Persian
Gulf and UTEX200 strain, respectively. A decreasing trend
for BAPE and APE values and consequently higher oxidative
stability were observed when algal cells (Persian Gulf strain)
were treated bymyoinositol. For instance, BAPE decreased by
26% at myoinositol concentration of 200mg L−1 (Table 4).

CN indicates the combustion quality of diesel fuels
including biodiesel. In other words, the higher this value is,
the easier it would be to start a standard diesel engine. An
increase in this parameterwas observedwhere algal cells were
treated by myoinositol. Slight improvements in the estimated
CP values were also recorded. Overall, it was shown that
inclusion of myoinositol led to improved fuel properties.

In a different study Ngangkham et al. [41] also strived to
improve C. sorokiniana oil quality for biodiesel production
but different treatments from that of this study were applied.
In particular, they reported reduced level of PUFA and conse-
quent increased oxidative stability of the produced biodiesel.
In conclusion and based on the findings of Ngangkham et al.
[41] and those of the present investigation, biochemical engi-
neering treatments could be regarded as efficient strategies
for directed improvement of algal oil quality and resultant
biodiesel based on a particular climate condition.

4. Conclusion

Thepresent studywas set to evaluate the effects ofmyoinositol
on a locally isolated Persian microalgae strain,Dunaliella sp.,
with a specific focus on LP and biodiesel quality based on
FA composition. Inclusion ofmyoinositol (200mg L−1) in the
media improved the total lipid accumulation (up to 50%) and

biodiesel quality parameters, that is, APE, BAPE, CN, and
CP. Hypothetically, myoinositol treatment led to increased
auxin and PI accumulation in the cells and consequently
more negatively charged membranes.This in turn resulted in
increased FFA synthesis and lipid accumulation. Biochemical
modulation strategies should still be progressively considered
in hope of finding more efficient and economically feasible
strategies leading to more viable production systems.
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[56] C. Fuentes-Grünewald, E. Garcés, S. Rossi, and J. Camp, “Use of
the dinoflagellateKarlodinium veneficum as a sustainable source
of biodiesel production,” Journal of Industrial Microbiology &
Biotechnology, vol. 36, no. 9, pp. 1215–1224, 2009.

[57] T. T. Y. Doan, B. Sivaloganathan, and J. P. Obbard, “Screening
of marine microalgae for biodiesel feedstock,” Biomass and
Bioenergy, vol. 35, no. 7, pp. 2534–2544, 2011.

[58] I. Lang, L. Hodac, T. Friedl, and I. Feussner, “Fatty acid profiles
and their distribution patterns in microalgae: a comprehensive
analysis of more than 2000 strains from the SAG culture
collection,” BMC Plant Biology, vol. 11, article 124, 2011.

[59] M. I. Gurr and J. L. Harwood, Lipid Biochemistry: An Introduc-
tion, Chapman & Hall, London, UK, 4th edition, 1991.



Research Article
Improving Biomethane Production and Mass Bioconversion of
Corn Stover Anaerobic Digestion by Adding NaOH Pretreatment
and Trace Elements

ChunMei Liu, HaiRong Yuan, DeXun Zou, YanPing Liu, BaoNing Zhu, and XiuJin Li

College of Chemical Technology, Centre for Resource and Environmental Research, Beijing University of Chemical Technology,
15 Beisanhuan East Road, Chaoyang District, Beijing 100029, China

Correspondence should be addressed to XiuJin Li; xjli@mail.buct.edu.cn

Received 2 December 2014; Revised 17 January 2015; Accepted 3 February 2015

Academic Editor: Alberto Reis

Copyright © 2015 ChunMei Liu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This research applied sodium hydroxide (NaOH) pretreatment and trace elements to improve biomethane production when
using corn stover for anaerobic digestion. Full-factor experimental tests identified the best combination of trace elements with
the NaOH pretreatment, indicating that the best combination was with 1.0, 0.4, and 0.4mg⋅L−1⋅d−1 of elements Fe, Co, and
Ni, respectively. The cumulative biomethane production adding NaOH pretreatment and trace elements was 11,367mL; total
solid bioconversion rate was 55.7%, which was 41.8%–62.2% higher than with NaOH-pretreatment alone and 22.2%–56.3%
higher than with untreated corn stover. The best combination was obtained 5–9 days shorter than T

90

and maintained good
system operation stability. Only a fraction of the trace elements in the best combination was present in the resulting solution;
more than 85% of the total amounts added were transferred into the solid fraction. Adding 0.897 g of Fe, 0.389 g of Co, and
0.349 g of Ni satisfied anaerobic digestion needs and enhanced biological activity at the beginning of the operation. The results
showed that NaOH pretreatment and adding trace elements improve corn stover biodegradability and enhance biomethane
production.

1. Introduction

Corn is one of the three major crops in China and is widely
planted in the northern part of China. Corn stover is one
of the most abundant lignocellulosic crop residues, with an
annual production of 0.1 billion tons. Most of this residue
remains unused [1]. It is quite common to see the open-field
burning of corn stover across corn planting areas during the
harvest season; these fires lead to serious air pollution and fire
disaster and threaten traffic safety.

Biomethane production through anaerobic digestion is
an energy-efficient and environmentally friendly way to treat
and reuse agricultural organic materials. These wastes can be
used as alternative feedstock to produce renewable energy,
biomethane, valuable digested residues, liquid fertilizers, and
soil conditioners [2]. However, anaerobic digestion is not
currently popular, because of its poor biodegradability and

digestibility. This is particularly true with treating crop
residues.

Corn stover is mainly composed of polysaccharide (cel-
lulose and hemicellulose) and lignin, forming complex three-
dimensional structures. The native cellulose fraction of corn
stover resists enzymatic breakdown due to the complex struc-
ture of lignin and hemicellulose with the cellulose, making
enzymatic disassembly difficult [3]. To obtain fast enzymatic
hydrolysis of feedstock with a high sugar yield, the cell
structures must be broken and porosity increased.Therefore,
pretreatment is required to prepare the native cellulose frac-
tion for enzymatic hydrolysis to monosaccharides.

Generally, pretreatment methods are classified into phys-
ical pretreatments (i.e., milling, liquid hot water, and steam),
chemical pretreatments (alkaline, acidic, and oxidative), and
biological pretreatments (i.e., commercial enzymes or fungi).
Previous studies have found that alkali pretreatment is
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the best knownmethod for enhancing complex material bio-
degradation and providing the most significant benefits [4].

In addition to pretreatment challenges, existing trace ele-
ments and nitrogen are insufficient for anaerobic microor-
ganisms when corn stover is used alone as a feedstock for
anaerobic digestion. This results in a decrease in biogas pro-
duction after a certain treatment period and a process failure
if no external nutrients and buffering agents are added [5].
Misunderstanding or underestimating trace nutrient require-
ments ofmethanogens can also be a serious problem in apply-
ing anaerobic biotechnology, and trace element availability as
micronutrients plays a significant role in the performance and
stability of substrates ranging from organic household waste
to more defined lignocellulosic substrates [6].

Trace elements such as cobalt, nickel, iron, tungsten, or
molybdenum serve as enzyme cofactors and are involved in
the biomethane formation biochemistry [7]. Li and Dong
(2001) reported that the most required trace elements were
Fe, Co, and Ni [8]. For example, methyl-coenzyme M and
cofactor F

430
contain nickel; the acetate converting enzyme

complex carbonmonoxide dehydrogenase (CODH) contains
a nickel-iron-sulfur component; and the methyl-H

4
SPT con-

tains cobalt [9]. However, no information was found on the
influence of trace elements on biomethane production and
mass bioconversion of corn stover sole substrate.

Elemental deficiencies may negatively influence biolog-
ical processes and biomethane formation; on the contrary,
higher concentration of trace elements may be toxic to meth-
anogens [10]. Consequently, adequate trace element concen-
trations (Fe, Co, and Ni) must be quantified accurately when
added to an experimental reactor. However, essential trace
element availability for the bacterial community is still a
concern when studying single substrates rather than complex
material mixtures, as different forms of trace elements have
not been studied.

This study’s objective was to determine the optimal com-
bination of the trace elements Fe, Co, and Ni and to inves-
tigate the performance and synergistic effect of combining
NaOH pretreatment with additional trace elements during
corn stover anaerobic digestion. Factors evaluated included
biogas production, mass bioconversion, and trace element
bioavailability.

2. Materials and Methods

2.1. Feedstock and Inoculum. The corn stover used in this
study was collected from Beichen County of Tianjin City,
China. The corn stover was chopped using a paper chopper
(PC500, Staida Co., Tianjin, China) and then ground through
a 20mesh screen using a universal pulverizer (YSW-180, Yan-
shan Zhengde Co., Beijing, China). Previous study revealed
that a NaOH dose of 2%, 88% moisture content, and a 3-
day treatment time were appropriate for wet state NaOH
pretreatment of corn stover [1]. This method was selected
because of the improvement in corn stover’s biodegradability
and environmental friendliness. The wet state NaOH pre-
treatment was conducted in a laboratory at ambient temper-
ature (20 ± 2∘C) for three days.

Table 1: Characteristics of corn stover and activated sludge used in
this study.

Indexes (dry matter) Corn stover Activated sludge
Total solid (%) 94.93 ± 0.36 14.33 ± 0.13
Volatile solid (%) 85.14 ± 0.24 5.95 ± 0.19
Total carbon (%) 42.65 ± 0.14 30.12 ± 0.39
Total nitrogen (%) 1.22 ± 0.17 3.28 ± 0.32
Cellulose (%) 38.82 ± 0.43 —
Hemicellulose (%) 29.02 ± 0.37 —
Lignin (%) 7.16 ± 0.14 —
Fe (mg/Kg) 624.59 ± 12.85 8559.60 ± 78.43
Co (mg/Kg) 0.39 ± 0.01 3.55 ± 0.01
Ni (mg/Kg) 7.45 ± 0.12 14.81 ± 0.39

Table 2: Factors and levels of coding table.

Factor
Level

1
mg⋅L−1⋅d−1

2
mg⋅L−1⋅d−1

3
mg⋅L−1⋅d−1 Compounds

A (Fe) 1.00 5.00 10.00 FeCl2⋅4H2O
B (Co) 0.05 0.20 0.40 CoCl2⋅6H2O
C (Ni) 0.20 0.40 0.60 NiCl2⋅6H2O

The sludge (Inoculum)was collected fromShunyi County
of Beijing City, China. Table 1 provides corn stover and sludge
characteristics.

2.2. Experimental Set-Up. NaOH-pretreated corn stover was
addedwith the three trace elements in batch anaerobic digest-
ers, to investigate the combined effect of the trace elements
and NaOH pretreatment on digestion performance.

Different concentrations of a well-defined trace ele-
ment solution were added to anaerobic batch experiments
according to our research and other authors’ research [11].
To study the interaction of elements Fe (FeCl

2
⋅4H
2
O), Co

(CoCl
2
⋅6H
2
O), and Ni (NiCl

2
⋅6H
2
O), a full-factor test was

designed to find the best element combinations; Table 2
shows the coding factors and levels. Higher trace element
concentrations had inhibitory and toxic effects on anaerobic
digestion [12]. As such, it was necessary to determine the trace
metal amounts required to supplement levels already present
in the substrate and measure levels in the digester’s solid and
liquid residue streams to assess potential toxicity issues in
their use and disposal.

Digestion experiments were performed in batch anaero-
bic digesters, and each experiment was repeated three times.
Each digester was 1 L in volume, with a working volume of
0.8 L. A loading rate of 65 g⋅TS/L was applied for the NaOH-
pretreated corn stover. Each digester was seeded to maintain
the sludge MLSS (mixed liquid suspended solids) in the
digester at 15 g/L [13]. Urea was added to each digester to
adjust the carbon-to-nitrogen ratio (C/N) to 25, believed to be
optimal for anaerobic bacteria growth. The pH was adjusted
to 7.5 ± 0.1 using calcium hydroxide (Ca(OH)

2
) solution at

the beginning of the anaerobic digestion process. Prepared
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digesters were then placed in awater bath for anaerobic diges-
tion tests.The water bath was operated at mesophilic temper-
ature (35 ± 1∘C) for a time period of 50 days.

Batch experiments were conducted for the best combina-
tion. Untreated (raw) and NaOH-pretreated corn stover were
used as separate control samples, with the same operating
conditions described above.

2.3. Analytical Methods

2.3.1. Biogas Analyses. Each anaerobic digester’s biogas pro-
duction was recorded daily using the water displacement
method, and the corresponding cumulative biogas volume
was calculated. The measured volume was then converted
to a biogas volume at a standard temperature and pressure
using the ideal gas law; this volume was used to calculate bio-
methane volume based on the BVF (biomethane volume frac-
tion).Thebiogas BVFwas analyzed daily using a gas chromat-
ograph (GC) (SP-2100, BeiFenRuiLi Co., Beijing, China)
equipped with a molecular sieve (TDX-01) packed 2m ×
3mm stainless-steel column and a thermal conductivity de-
tector (TCD).The temperatures of the oven, injector port, and
TCD were 140, 150, and 150∘C, respectively. Argon was used
as the carrier gas at a 30mL min−1 flow rate. A standard gas
(BeiFenRuiLi Co., Beijing), composed of 10.02% H

2
, 4.98%

N
2
, 50.1% CH

4
, and 34.9% CO

2
, was used to calibrate the

system.

2.3.2. Chemical Composition Analyses. Total solids (TS),
volatile solids (VS), and mixed liquor suspended solids
(MLSS) of the corn stover, sludge, and their mixture were
measured using APHA standard methods. Total carbon (TC)
and total nitrogen (TN) were determined using a Vario EL/
microcube elemental analyzer (Elementar, Germany). Lig-
nin, cellulose, and hemicellulose content were determined
using an automatic fiber analyzer (ANKOM A2000i,
ANKOM, USA) using procedures proposed by Van Soest
[14]. The pH was measured with a pH meter (3-Star, Thermo
Orion, USA). Trace elements were quantified using an induc-
tively coupled plasma optical emission spectrometer (iCAP
7500, Thermo Scientific, USA).

2.4. Data Analyses. Each analytical datum was the mean of
at least three measurements. Full-factor test results, the
standard deviations, and analysis of variance were analyzed
using the statistical software SPSS 17.0 for Windows; analysis
of variance was tested using a least-significant difference
(LSD) method.

3. Results and Discussion

3.1. Determination of Optimal Trace Element Level. Serial
batch experiments were conducted to investigate the effect
of adding trace elements on biomethane production and to
determine optimal trace element levels. All corn stover sam-
ples used for trace element tests were pretreated with NaOH.
Table 3 presents biomethane productions with different con-
centrations of Fe, Co, and Ni. Batch trials with the combi-
nation A1B3C2 achieved the highest biomethane production,

with concentrations of Fe, Co, and Ni at 1.0mg⋅L−1⋅d−1,
0.4mg⋅L−1⋅d−1, and 0.4mg⋅L−1⋅d−1, respectively. The result is
similar to findings from Li and Dong (2001), who reported
an increase of biogas production after adding the combi-
nation of Fe (0.3mg⋅L−1⋅d−1), Co (0.05mg⋅L−1⋅d−1), and Ni
(0.20mg⋅L−1⋅d−1) during anaerobic digestion [8].

Table 4 shows between-subject effects. Factor B and the
interaction of A∗B∗C, B∗C, A∗C were highly significant.
Factors A and C and the interaction of A∗B had no effect
on the test results. In terms of their respective influence,
A∗B∗C was greater than B, which was greater than B∗C,
which was greater than A∗C.The three trace elements Fe, Co,
andNi interactedwith one another; the interaction of all three
trace elements was higher than the interaction of a single
element and two elements. Speece noted that the interaction
among Fe, Co, Ni, Mo, and Se plays an important role in
anaerobic digestion processes [6]. As such, group A1B3C2
was considered to be the optimal trace element combination
and was used for subsequent tests.

3.2. Biomethane Production

3.2.1. Daily Biogas and Biomethane Production. Thedaily bio-
gas production and the biomethane volume fraction for each
group were recorded throughout the digestion test period.
Figure 1(a) shows the daily biogas productions for different
groups, demonstrating that the overall change trends were
very similar. All daily biogas productions experienced fluctu-
ation; biogas generation started after seeding and experienced
several small peaks before finally ceasing. The start-up time,
the biogas production peak value, and the time of the peak
value which was reached differed for different groups. The
digesters with A1B3C2 and NaOH-pretreated corn stover
experienced rapid start-up after seeding. The highest daily
biogas production reached 1,525mL onDay 11 for theA1B3C2
group. For the NaOH-pretreated group, production reached
965mL on Day 13; for the untreated group, production
reached 880mL on Day 24. Compared to the untreated corn
stover and NaOH-pretreated corn stover, results indicate that
the A1B3C2 group reached higher daily biogas production
within a shorter digestion time.

Figure 1(b) shows the biomethane volume fraction (BVF)
of the three groups. All showed similar general trends, with
the BVF first increasing and then levelling off at a relatively
constant level. However, the BVFs of the A1B3C2 andNaOH-
pretreated groups increased quickly at start-up and reached
constant levels earlier. The BVF of the untreated group
increased slowly and took a longer time to reach a constant
level.The average BVF of the A1B3C2 group was 61.8%; this is
higher than the BVF of 55.7% for theNaOH-pretreated group
and the BVF of 50.8% for the untreated group.

This finding indicates that combining NaOH pretreat-
ment with supplemental trace elements could increase BVF.
The result agrees with a study by Chen et al., who reported
that the biogas volume increased by 43.4% and that BVF
increased by 5.1% when Fe, Co, and Ni were applied at
concentrations of 1.0, 0.1, and 0.2mg⋅L−1⋅d−1, respectively
[15]. A higher BVFmay bring significant economic benefit, as
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Table 3: Analysis of full-factor test.

Experimental group
Codes of factor and level (actual levels)

Cumulative biomethane
production (mL)A (Fe)

mg⋅L−1⋅d−1
B (Co)

mg⋅L−1⋅d−1
C (Ni)

mg⋅L−1⋅d−1

1 1 (1.00) 1 (0.05) 1 (0.20) 10386 ± 94
2 1 (1.00) 1 (0.05) 2 (0.40) 10001 ± 56
3 1 (1.00) 1 (0.05) 3 (0.60) 10666 ± 396
4 1 (1.00) 2 (0.20) 1 (0.20) 10730 ± 62
5 1 (1.00) 2 (0.20) 2 (0.40) 10323 ± 491
6 1 (1.00) 2 (0.20) 3 (0.60) 9638 ± 365
7 1 (1.00) 3 (0.40) 1 (0.20) 10320 ± 118
8 1 (1.00) 3 (0.40) 2 (0.40) 11367 ± 361
9 1 (1.00) 3 (0.40) 3 (0.60) 11132 ± 163
10 2 (5.00) 1 (0.05) 1 (0.20) 9593 ± 274
11 2 (5.00) 1 (0.05) 2 (0.40) 10517 ± 141
12 2 (5.00) 1 (0.05) 3 (0.60) 10839 ± 239
13 2 (5.00) 2 (0.20) 1 (0.20) 10322 ± 456
14 2 (5.00) 2 (0.20) 2 (0.40) 9868 ± 259
15 2 (5.00) 2 (0.20) 3 (0.60) 10076 ± 388
16 2 (5.00) 3 (0.40) 1 (0.20) 10307 ± 101
17 2 (5.00) 3 (0.40) 2 (0.40) 10158 ± 560
18 2 (5.00) 3 (0.40) 3 (0.60) 10861 ± 76
19 3 (10.00) 1 (0.05) 1 (0.05) 10274 ± 367
20 3 (10.00) 1 (0.05) 2 (0.40) 10504 ± 649
21 3 (10.00) 1 (0.05) 3 (0.20) 10340 ± 103
22 3 (10.00) 2 (0.20) 1 (0.05) 10127 ± 441
23 3 (10.00) 2 (0.20) 2 (0.40) 10678 ± 582
24 3 (10.00) 2 (0.20) 3 (0.20) 10116 ± 33
25 3 (10.00) 3 (0.40) 1 (0.05) 10872 ± 156
26 3 (10.00) 3 (0.40) 2 (0.40) 10767 ± 372
27 3 (10.00) 3 (0.40) 3 (0.20) 9837 ± 105

Table 4: The result of between-subjects effects (dependent variables:𝑋).

Source III model 0 df Mean square 𝐹 Sig.
Correcting model 42544349.6a 26 1636321.137 2.635 0.001
Intercept 22460617248 1 22460617248 36165.606 0.000
A 933550.222 2 466775.111 0.752 0.476
B 6618446.889 2 3309223.444 5.328 0.008
C 644693.556 2 322346.778 0.519 0.598
A ∗ B 2944740.444 4 736185.111 1.185 0.328
A ∗ C 6475833.778 4 1618958.444 2.607 0.046
B ∗ C 8525127.111 4 2131281.778 3.432 0.014
A ∗ B ∗ C 16401957.556 8 2050244.694 3.301 0.004
Error 33536652.000 54 621049.111
Total 22536698250.000 81
Total correction 76081001.556 80
a
𝑅

2

= 0.559 (regulate 𝑅2 = 0.347).
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Figure 1: The daily biogas production (a) and biomethane volume fraction (b) for different groups.
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Figure 2: Cumulative biogas production (a) and biomethane production (b) for different groups.

it increases the biomethane yield for a given amount of corn
stover.

3.2.2. Cumulative Biogas andBiomethane Production. Cumu-
lative biogas production was calculated based on the
daily biogas production during anaerobic fermentation.
Figure 2(a) shows the changes in cumulative biogas pro-
ductions for the three groups studied. After 50 days of
digestion, the A1B3C2 group reached the highest cumulative
biogas production of 18,400mL. This was 27.9% higher than
tests with NaOH-pretreatment and 43.1% higher than tests
with untreated corn stover. This increase was attributed to
the synergistic effect from NaOH pretreatment and trace

elements addition. The synergistic effect was mainly due to
the complementary characteristics of digested corn stover,
more balanced nutrients, and improved biodegradability.

Multiple comparisons using the LSD method were per-
formed on the cumulative biogas productions for the three
groups. Test results showed that the cumulative biogas pro-
duction with the A1B3C2 group was significantly higher than
those of the others (𝑎 = 0.05). It further confirmed that
combining NaOH pretreatment with trace elements could
significantly improve biogas production when corn stover
was used as a sole feedstock.

The energy contained in biogas is determined using both
biogas volume and BVF. Cumulative biomethane volume,



6 BioMed Research International

Table 5: Biogas and biomethane yields and bioconversion rates for different groups.

Groups Biogas yields Biomethane yields Bioconversion rates (%)
mL/g TS mL/gVS mL/g TS mL/gVS TS VS

A1B3C2 354 ± 17 393 ± 31 219 ± 12 243 ± 24 55.7 ± 0.5% 65.9 ± 0.6%
NaOH-pretreated 277 ± 23 307 ± 26 154 ± 16 171 ± 20 45.6 ± 0.2% 57.8 ± 0.5%
Untreated 247 ± 15 275 ± 18 135 ± 14 150 ± 19 35.6 ± 0.9% 53.0 ± 0.3%

representing total energy gain, was calculated by timing daily
biogas production with the corresponding BVF. Figure 2(b)
shows the results. When anaerobic fermentation processes
were completed, the cumulative biomethane volume reached
11,367mL, 8,018mL, and 7,009mL for the A1B3C2, NaOH-
pretreated, and untreated corn stover groups, respectively.
The A1B3C2 group’s cumulative biomethane volume was
41.8% higher than the NaOH-pretreated group and 62.2%
higher than the untreated corn stover group, respectively.
This confirms the significant influence of trace elements and
NaOH pretreatment on biomethane production. Multiple
comparisons using the LSDmethod also showed a significant
difference (𝑎 = 0.05) in cumulative biomethane volume
among three groups. Speece also demonstrated that adding
trace elements of Fe, Co, and Ni could significantly increase
biomethane production [16].

3.2.3. Digestion Time T90. Digestion time is another indicator
of substrate biodegradability and digestion efficiency. Diges-
tion time T

90
was defined as the number of days required to

achieve 90% of potential biogas generation.
This study’s anaerobic digestion process was extended for

up to 50 days past the time when biogas production was
near zero. The T

90
for the A1B3C2 group was 33 days, 5–9

days shorter than NaOH-pretreated and untreated groups.
The significant reduction in digestion time further indicated
that the A1B3C2 group not only initiated digestion quickly,
but also accelerated the biogas production process. Gonzalez-
Gil et al. [17] studies indicated that adding Ni and Co can
shorten the reaction’s lag phase and facilitate themethanogen
process [17]. This could bring significant economic benefits,
by increasing the production efficiency or treatment capacity
of a digester by using a shortened digestion time.

3.3. Mass Bioconversion

3.3.1. Bioconversion of TS and VS. Biogas is generated from a
substrate’s biological conversion during anaerobic digestion.
Organic matter conversion into biogas reduces the amount of
organic dry matter, resulting in a decrease in TS and VS.

Based onmass balance, theTS andVSbioconversion rates
were calculated; Table 5 shows the results. Both TS and VS
were reduced significantly through anaerobicmicroorganism
bioconversion. However, the TS and VS bioconversion rates
differed from each other and also differed between the three
groups. The TS bioconversion rate was lower than VS for all
three groups. TS and VS bioconversion rates for the A1B3C2
group were 55.7% (TS) and 65.9% (VS). These rates were
22.2%–56.3% higher than with the NaOH-pretreated group
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and 14.0%–53.1% higher than with the untreated corn stover.
The A1B3C2 group achieved a higher bioconversion rate,
representing significant biodegradability improvement. This
is attributed to the combined role of NaOH pretreatment and
trace elements, which improved corn stover biodegradability
and also provided more balanced nutrients for anaerobic
bacteria.

3.3.2. Bioconversion of Chemical Compositions. LCH (lignin,
cellulose, and hemicellulose) are the main components of
corn stover, accounting for 75.0% of the total dry mat-
ter and providing the main carbon sources for anaerobic
microorganisms. Biogas production is greatly affected by the
availability and digestibility of cellulose and hemicellulose
and the association of lignin with the carbohydrates. The
more biogas produced, themore the components are reduced.
In this part of the study, cellulose, hemicellulose, and lignin
bioconversion rates were analyzed to investigate main com-
ponent bioconversion characteristics.

Figure 3 shows the changes in chemical compositions for
the three studied groups at the end of anaerobic digestion.
Bioconversion rates of the cellulose, hemicellulose, and lignin
differed across the three groups. Hemicellulose and cellulose
were clearly converted for all three groups. The total LCH
bioconversion rates were 72.8%, 65.1%, and 54.9% for the
A1B3C2, NaOH-pretreated, and untreated groups, respec-
tively, when compared to raw material. The bioconversion
rates of hemicellulose significantly increased by 76.1%, 69.3%,
and 57.5% for the A1B3C2, NaOH-pretreated, and untreated
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Table 6: The amount of trace elements in feedstock and effluent.

Element Feedstock (mg) Effluent (mg)
Activated sludge Corn stover Element addition Liquid Solid

Fe 122.16 ± 0.23 32.47 ± 0.85 48.00 12.66 ± 0.21 192.18 ± 1.42
Co 0.19 ± 0.01 0.07 ± 0.01 19.47 0.78 ± 0.01 19.20 ± 0.12
Ni 0.21 ± 0.01 0.39 ± 0.02 19.20 1.70 ± 0.13 17.38 ± 0.16

Table 7: System stability of anaerobic digestion.

Different groups pH Ammonia nitrogen (mg/L) Alkalinity (mg/L) Volatile fatty acids (mg/L)
A1B3C2 7.44 ± 0.02 490 ± 30 8550 ± 850 269 ± 50
NaOH-pretreated 7.45 ± 0.02 518 ± 56 10700 ± 300 511 ± 10
Untreated 7.47 ± 0.02 490 ± 42 9255 ± 225 785 ± 21

groups, respectively. The bioconversion rates of cellulose
significantly increased by 77.5%, 67.5%, and 56.7% for the
A1B3C2, NaOH-pretreated, and untreated groups, respec-
tively. Lignin amounts had almost no change. The A1B3C2
group achieved the maximum LCH bioconversion rate.

Pretreatment before anaerobic digestion is a simple and
effective method to improve lignocellulosic material biode-
gradability. Pretreatment can decompose cellulose and hemi-
cellulose into relatively biodegradable components and break
the link between polysaccharide and lignin to make cel-
lulose and hemicellulose more accessible to bacteria [18].
Additionally, adding trace elements for corn stover anaerobic
digestion can enhance microorganism activity. This result
further verified NaOH pretreatment effectiveness and the
ability of trace elements to improve biodegradability and
enhance bioenergy production.

3.3.3. Trace Element Bioavailability. Methanogens absorbed
and fixed trace elements through extracellular complexion,
extracellular precipitation, and intracellular accumulation
[19]. Fe, Co, and Ni concentrations in effluent were measured
to assess trace element availability at the end of anaerobic
digestion. Table 6 lists the trace elements present in the
feedstock and effluent from the A1B3C2 group. The table
shows that effluent trace elements mainly existed as solids
in the A1B3C2 group; the amounts of trace elements in the
solids accounted for 93.8%, 96.1%, and 91.1% of total Fe, Co,
and Ni amounts added, respectively. Karlsson et al. (2012)
also noted that only a fraction of trace elements is present
in solution; in most cases, trace element bioavailability for
anaerobic bacteria metabolic pathways is not related to the
total amount in the medium [11]. The calculated result shows
that approximately 89.6% Fe, 97.2% Co, and 87.4% Ni of the
total amount added were converted to solid form. As such,
adding Fe 0.897 g, Co 0.389 g, andNi 0.349 g at the beginning
of operation can both satisfy anaerobic digestion needs and
enhance biological activity.

3.4. System Stability. It is important that a digester operate
in a stable state, while maintaining good performance. When

using corn stover as a sole substrate, the digestion system has
an increased potential for instability, due to possible lower
buffering capability. Digestion system stability depends on a
number of factors, including pH, volatile fatty acids (VFAs),
ammonia nitrogen, and alkalinity. This study assessed these
parameters to evaluate the stability of corn stover anaerobic
digestion when combining NaOH pretreatment and trace
element supplements.

Table 7 shows that each group’s pH value was maintained
at 7.30–7.45 at the end of methanogenesis throughout the
digestion period. Ammonia nitrogen and alkalinity were
important parameters in maintaining anaerobic system sta-
bility. Free ammonia was produced from organic nitrogen
degradation, causing alkalinity variation in the anaerobic
system. Adequate ammonia content can effectively improve
the efficiency of anaerobic digestion, while ammonia nitro-
gen may inhibit methanogen activity when levels exceed
2,000mg/L. Table 7 shows that the ammonia nitrogen for the
three groups ranged from 490 to 518mg/L, within an accept-
able range. The anaerobic digestion system alkalinity was
8,550–10,700mg/L. This higher alkalinity supports strong
system stability. These findings indicate that the corn stover
with NaOH pretreatment and trace element supplements did
not inhibit ammonia nitrogen, while maintaining high alka-
linity, thereby ensuring stable system operation.

VFAswere important intermediate products during anae-
robic digestion. VFAs in the A1B3C2 group were significantly
lower than those with NaOH pretreatment and untreated
group (Table 6). The A1B3C2 group benefited methanogenic
bacterial growth and biomethane production.

4. Conclusions

Combining NaOH pretreatment and trace element addition
is an effective method to improve corn stover biodegradabil-
ity and enhance biomethane production. The best combina-
tion was adding 1.0, 0.4, and 0.4mg⋅L−1⋅d−1 of trace elements
Fe, Co, and Ni (A1B3C2), respectively. When compared to
NaOH-pretreated and untreated corn stover, A1B3C2 group
experienced 41.8% and 62.2% more cumulative biomethane
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volumes, 22.2%–56.3% and 14.0%–53.1%moreTS andVSbio-
conversion rates, and 5–9 days shorter T

90
, while also main-

taining good operational stability.
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Our long-term goal is to develop a hybrid cellulose-copper nanoparticle material as a functional nanofiller to be incorporated
in thermoplastic resins for efficiently improving their antimicrobial properties. In this study, copper nanoparticles were first
synthesized through chemical reduction of cupric ions on TEMPO nanofibrillated cellulose (TNFC) template using borohydride
as a copper reducing agent. The resulting hybrid material was embedded into a polyvinyl alcohol (PVA) matrix using a solvent
casting method. The morphology of TNFC-copper nanoparticles was analyzed by transmission electron microscopy (TEM);
spherical copper nanoparticles with average size of 9.2 ± 2.0 nm were determined. Thermogravimetric analysis and antimicrobial
performance of the films were evaluated. Slight variations in thermal properties between the nanocomposite films and PVA resin
were observed. Antimicrobial analysis demonstrated that one-week exposure of nonpathogenic Escherichia coli DH5𝛼 to the
nanocomposite films results in up to 5-log microbial reduction.

1. Introduction

Currently in the Appalachian region there is a vast amount of
low-value, low-quality hardwood that can potentially be used
as feedstock for novel bioproducts. Only West Virginia gen-
erates 2.41 million dry tones of underutilized wood per year
that might be a great source for nanocellulose production.
Today the technology to separate and obtain wood polymers
at nanoscale exists and it has been demonstratedwith success;
however, specific applications for these novel raw materials
are still a challenge. Based on our preliminary results [1], one
interesting application is the utilization of micro- and nanos-
tructures of cellulose as templates and stabilizers for biocide
nanoparticles with emphasis of application as antimicrobial
nanocomposites in the packaging and/or medical industry.

Metals, such as copper and silver, are relatively common
antimicrobial materials that can be incorporated as nanoma-
terials in thermoplastic films for packaging and/or medical
industry [2–4]; however, to avoid leaching, to improve metal
dispersion, and to improve the contact between themetal and
the bacterial wall a supportive material might be required. In
addition, it is expected that the metal ions can be released

from the film in a controlled way to effectively prevent
microbial growth. To date, the development of nanocompos-
ite films fabricated from thermoplastic resins with cellulose
nanofibers has emerged as a potentially effective approach
for improving mechanical properties of these films [5, 6].
Our own preliminary findings provide evidence that these
cellulose nanofibers could be used as support materials
for copper nanoparticles improving also the antimicrobial
properties of the films.

In general, the prevailing concept of grafting metal on
the surface of cellulose derivatives involves trapping the
metallic cations via electrostatic interactions with negatively
charged groups (e.g., carboxylate and hydroxyl) present in
the correspondent template.The presence of carboxyl groups
on the cellulose backbone will help to stabilize and reduce
copper ions on the cellulosic structure. In this research our
focus was centered in the utilization of TEMPO-oxidized
cellulose nanofibers as nanosized cellulose for the synthesis
of copper nanoparticles. The hybrid material was embedded
in a biodegradable polymer, polyvinyl alcohol, and the
performance of the final film was evaluated.
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Table 1: Preparation of the hybrid TNFC-copper nanoparticles.

Sample TNFC gel
(g)

TNFC
(g)

CuSO4
(0.1mol/L) (mL)

NaBH4
(0.5mol/L)

(mL)

Total liquid
amount
(mL)

TNFC-copper nanoparticles (1) 12 0.1152 6.4 2.56 30
TNFC-copper nanoparticles (2) 12 0.1152 8.0 3.2 30
TNFC-copper nanoparticles (3) 12 0.1152 9.6 3.84 30
TNFC-copper nanoparticles (4) 12 0.1152 11.2 4.42 30

TEMPO or 2,2,6,6-tetramethylpiperidine-1-oxyl mol-
ecule is a highly stable nitroxyl radical which is used
extensively in the selective oxidation of primary alcohols to
corresponding aldehydes and carboxylic acids [7]. In aqueous
environments, TEMPO catalyzes the conversion of carbohy-
drate primary alcohols to carboxylate (COO-) functionalities
in the presence of a primary oxidizing agent, for example,
sodium hypochlorite (NaOCl). Various TEMPO-mediated
oxidation reactions of mono-, oligo-, and polysaccharides for
regioselective conversion of primary hydroxyls to carboxylate
groups have been published elsewhere [8, 9]. In particular,
wood celluloses can be converted to individual nanofibers 3-
4 nmwide with several microns length by TEMPO-mediated
oxidation and successive mild disintegration in water [7,
10, 11]. During this reaction significant amounts of C6
carboxylate groups are selectively formed on each cellulose
microfibril surface without any changes to the original crys-
tallinity or crystal width of wood celluloses.

Polyvinyl alcohol (PVA) is a commercial important
water-soluble, semicrystalline, transparent, biocompatible,
and biodegradable polymer. It has been successfully blended
with several natural materials such as fibers and fillers for
PVA mechanical properties improvements. With increasing
interest in the use of biodegradable and sustainable plastics,
PVA has been used in several applications such as tissue
scaffolding, filtration materials, and membranes and drug
delivery [6, 12, 13].

As mentioned previously, in this preliminary work a
simple method was developed to produce hybrids of TEMPO
nanofibrillated cellulose (TNFC) and copper nanoparticles.
The hybridmaterial was subsequently embedded in polyvinyl
alcohol thermoplastic resin and the final films were produced
using a solvent casting method. The films were evaluated
in terms of its morphology and thermal and antimicrobial
properties.

2. Materials and Methods

2.1. Materials. TEMPO nanofibrillated cellulose (TNFC)
(0.96wt.%) from the Forest Product Laboratory, Madison,
WI; technical-crystal cupric sulfate pentahydrate
(CuSO

4
⋅5H
2
O) from Fisher Scientific, USA; sodium

borohydride (NaBH
4
) (0.5M) from Acros Organics, USA;

poly(vinyl alcohol) (99-100% hydrolyzed, approx. M.W.
86000) was from Acros Organics, USA; Nonpathogenic
E. coli DH5𝛼 (𝛼 substrain of DH5 described by Hanahan in
1985, “DH” stands for Douglas Hanahan) is a very sensitive

microorganism. This E. coli contains mutations of the recA
and gyrA (gyrase subunit A) genes that are necessary for
DNA repair and replication. Therefore, recA and gyrA
mutants have impaired ability to repair and recombine
their DNA strands making the mutants sensitive to any
stress including chemicals. This is why this sensitive and
nonpathogenic E. coli was selected as a model microbial
target in this study. Sterile trypticase soy broth (TSB) from
Becton Dickinson, USA; Petrifilm E. coli/Coliform Count
Plate from 3M, USA; Butterfield phosphate buffer from
Hardy Diagnostics, USA.

2.2. Preparation of the Hybrid TNFC-Copper Nanoparticles.
Hybrid TNFC-copper nanoparticles were prepared by intro-
ducing copper nanoparticles on TNFC substrate by the
chemical reduction of cupric ions. Twelve grams of TNFC
gel containing 0.96wt.% cellulose nanofibers was dissolved
in the deionized water under vigorous magnetic stirring. A
predefined amount of CuSO

4
solution (0.1mol/L) as shown

in Table 1 was added by drops into the TEMPO-oxidized
cellulose nanofibers solution. The mixture of TNFC and
cupric sulfate was subjected to high-speed mixing while the
cupric sulfate solution was added. Then the mixture was
allowed to react at room temperature for 3 h. After that,
cupric ions were reduced to metallic copper or copper oxide
nanoparticles by adding the predefined amount of reducing
agent sodium borohydride (0.5mol/L).

2.3. Preparation of PVA/TNFC and PVA/TNFC-Copper
Nanoparticles Nanocomposite Films. Polyvinyl alcohol/
TNFC-copper nanoparticle nanocomposite films were
prepared by solvent casting method described elsewhere
[14]. Ninety milliliters of deionized water was heated to 90∘C
using a hot plate. Upon the desired temperature, 10 g of PVA
was sprinkled into the hot water under vigorous magnetic
stirring, after all PVA was added; the beaker will be covered;
the mixture was heated at 90∘C for 2 h. Subsequently, hybrid
TNFC-copper nanoparticles solution was added by drops
into clear PVA solution under vigorous magnetic stirring for
2 h. The resulting solution was transferred to glass dish and
put in the desiccator to degas for 24 h under vacuum and
then put in the oven at 50∘C for 24 h. PVA films with different
copper concentration were formed and the compositions of
the film were shown in Table 2. According to the weight ratio
of copper in the composites, that is, 0.4, 0.5, and 0.6 wt.%,
the nanocomposite films were coded as PVA/TNFC-Cu0.4,
PVA/TNFC-Cu0.5, and PVA/TNFC-Cu0.6. Pure PVA
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Table 2: Preparation of the PVA/TNFC-copper nanoparticles nanocomposite films.

Composition Sample code
PVA/TNFC-Cu0.4 PVA/TNFC-Cu0.5 PVA/TNFC-Cu0.6 PVA/TNFC-Cu0.7

PVA (g) 10 10 10 10
TNFC-copper nanoparticles (1) (mL) 30 — — —
TNFC-copper nanoparticles (2) (mL) — 30 — —
TNFC-copper nanoparticles (3) (mL) — — 30 —
TNFC-copper nanoparticles (4) (mL) — — — 30
Copper content within final films (wt. %) 0.4 0.5 0.6 0.7

and PVA/TNFC films were also prepared as control for
antimicrobial testing.

2.4. Transmission Electron Microscopy (TEM). Themorphol-
ogy and particle size of copper nanoparticles on TNFC
substrate were observed by JEOL TEM-2100 instrument
(Tokyo, Japan) operating at 120 kV. TEM samples were
typically prepared by dropping the hybrid TNFC-copper
nanoparticles solution on a 200-meshNickel grid coatedwith
a carbon film.

2.5. Thermogravimetric Analyzer (TGA) Characterization.
The thermal behaviors of pure PVA and its nanocomposite
films were determined by TA Q50 thermogravimetric ana-
lyzer (Delaware, USA), with temperature ramp-up rate of
10∘C/min while being purged with nitrogen at a flow rate of
20mL/min.The sample weight was chosen between 3mg and
4mg for all of the samples tested.

2.6. Determination of Antimicrobial Activity of PVA/TNFC-
Copper Nanoparticles Nanocomposite Films. E. coli lyfo-disks
were reconstituted by crushing one pellet using a sterile
spatula in 0.5mL of sterile TSB. The content was aseptically
transferred to 99.5mL of sterile TSB and allowed to grow
aerobically at 37∘C for 24 h in an incubator/shaker set at
150 rpm (C24, New Brunswick Scientific, New Jersey, USA).
This procedure yielded 100mL of E. coli stock culture. For
experiments, a loopful of the stock culture was transferred
to 100mL of sterile TSB followed by incubation at 37∘C
for 24 h in the C24 incubator/shaker set at 150 rpm. This
procedure yielded a culture with appropriately 108 colony-
forming units permilliliter (CFU/mL).A 2mLaliquot of such
culture was transferred to a surface of pure PVA, PVA/TNFC,
and PVA/TNFC-copper nanoparticles films and incubated at
room temperature for 1 week. To prevent excessive evapora-
tion of the E. coli culture from the surface of films, the films
were kept in an aerobic environmentwith saturated humidity.
After 1-week exposure, 1mL of E. coli culture was removed
from the surface of films to enumerate E. coli survivors.
Prior to removal, the E. coli culture on films was carefully
mixed to obtain equal cell distribution. Enumeration was
performed by a standard serial 10-fold dilution procedure and
spread plating in a biosafety cabinet under aseptic procedures
[15, 16]. A 1mL aliquot of the E. coli culture removed from
the surface of films was aseptically mixed with 9mL of

diluent (Butterfield phosphate buffer, Hardy Diagnostics,
SantaMaria, CA, USA) followed by shaking the diluent bottle
to uniformly distribute bacterial cells. Subsequent serial 10-
fold dilutions were aseptically made by taking 10mL of
diluted sample and transferring it to a 90mL diluent bottle.
Survivors were enumerated on selective medium (Petrifilm
E. coli/Coliform Count Plate, 3M, St. Paul, MN, USA) using
a standard spread-plating technique. A 1.0mL aliquot of
each serial 10-fold dilution was pipetted and spread on 3M
Petrifilm plates. The 3M Petrifilm plates were incubated at
35∘C for 48 h [17]. Only plates with 15–150 colonies were
counted.

Experiments were independently triplicated (𝑛 = 3).
Enumeration of E. coli survivors in each equipment was
performed in duplicate.Mean values for E. coli survivors were
used to calculate log reductions of E. coli on the tested films
(Figure 5). Differences between treatments (i.e., different
films) were tested using the Least Significant Difference
(LSD) test. All statistical analyses of data were performed
using JMP version 12 Statistical Software (Statistical Discov-
ery, from SAS).

3. Results and Discussion

3.1. Morphology of Copper Nanoparticles on TNFC Template.
Figure 1 displays the TEM image of hybrid TNFC-copper
nanoparticles (a), particle size histogram (b), and its corre-
sponding EDX spectrum (c). Spherical copper nanoparticles
with the particle size ranging from 5 nm to 14 nm and
with average particles size 9.2 ± 2.0 nm are observed. EDX
confirms the formation of copper nanoparticles by exhibiting
peaks at approximately 8 keV (Figure 1(c)).

3.2. TGA Analysis. Figure 2 shows typical TGA and DTG
curves of the PVA composite films. All the PVA/TNFC-Cu
composite films exhibited four distinct weight loss stages at
30–210∘C (loss of weakly physic-sorbed water), 210–230∘C
(decomposition of TNFC-copper nanoparticles nanocom-
posites, the thermal behavior of TNFC-copper nanoparti-
cles is similar to that of carboxymethyl cellulose-copper
nanoparticles reported by Nadagouda and Varma [18]), 230–
380∘C (decomposition of side chain of PVA), and 380–
550∘C (decomposition of main chain of PVA). Major weight
losses were observed in the range of 210–550∘C, which
corresponded to the structural decomposition of PVA and
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Figure 1: (a) TEM images of hybrid TNFC-copper nanoparticles (scale bar = 10 nm); (b) histogram of particle size distribution (𝑛 = 55
particles); (c) EDX spectrum of the hybrid TNFC-copper nanoparticles.

PVA
PVA/TNFC
PVA/TNFC-Cu0.4

PVA/TNFC-Cu0.5
PVA/TNFC-Cu0.6
PVA/TNFC-Cu0.7

110

100

90

80

70

60

50

40

30

20

10

0

W
ei

gh
t (

%
)

50 100 150 200 250 300 350 400 450 500 550

Temperature (∘C)

(a)

PVA
PVA/TNFC
PVA/TNFC-Cu0.4

PVA/TNFC-Cu0.5
PVA/TNFC-Cu0.6
PVA/TNFC-Cu0.7

50 100 150 200 250 300 350 400 450 500 550

Temperature (∘C)

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0

−0.2

D
er

iv.
 w

ei
gh

t (
%

/∘
C)

(b)

Figure 2: (a) TGA curves for the pure PVA, PVA/TNFC film, and PVA/TNFC-Cu composite films; (b) the corresponding DTG curves. Peak
temperatures (𝑇max) of PVA, PVA/TNFC, PVA/TNFC-Cu0.4, PVA/TNFC-Cu0.5, PVA/TNFC-Cu0.6, and PVA/TNFC-Cu0.7 were 260, 263,
274, 275, 278, and 278∘C, resp.).
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(a) (b)

(c) (d)

Figure 3: Bacterial enumeration of the 24 h Escherichia coli culture exposed to control materials: (a, b) PVA film and (c, d) PVA/TNFC film
for 1 week at room temperature. (a, c) Representative Petrifilm plates for 10−5 dilution; (b, d) representative Petrifilm count plates for 10−6
dilution.

thermal degradation of TNFC. 𝑇max is the decomposition
temperature corresponding to the maximum weight loss and
relates to the maximum decomposition rate. In Figure 2(b),
we can see that 𝑇max of PVA/TNFC-Cu composite films
shifted to higher temperature compared to that of pure PVA
and PVA/TNFC; an increase of 𝑇max was observed from 260
to 278∘C for PVA and PVA/TNFC-Cu0.7 composite film,
respectively. The thermal decomposition of PVA/TNFC-Cu
films shifted slightly towardhigh temperature, suggesting that
the composite films had higher thermal stability, which can be
attributed to the presence of copper nanoparticles embedded
in the PVA matrix.

3.3. Antimicrobial Activity of PVA/TNFC-Copper Nanopar-
ticles Films. The antimicrobial properties of pure PVA,
PVA/TNFCfilms, and PVA/TNFC-copper nanoparticle films
with different copper concentration were tested against E.

coli. Figures 3 and 4 show representative images of visual
examples of different serial 10-fold dilutions for E. coli sur-
vivors following their exposure to pure PVA and PVA/TNFC
films (Figure 3) and PVA/TNFC-copper nanoparticle films
with different copper concentration (Figure 4). The initial
concentration of E. coli (i.e., prior to exposure to films) was
approximately 108 CFU/mL. Figure 3 shows relatively mini-
mal reduction of the initial E. coli concentration following
exposure to pure PVA and PVA/TNFC films, while Figure 4
shows a trend of increasing microbial reduction as a function
of greater copper nanoparticles concentration in films.

The counts from enumeration of E. coli survivors (rep-
resentative images shown in Figures 3 and 4) were log-
converted and used to determine E. coli reductions as a
function of exposure to different films (Figure 5). Figure 5
shows that PVA and PVA/TNFC films resulted in similarly
(𝑃 > 0.05) minimal reduction of E. coli. However, increasing
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(a) (b)

(c) (d)

(e) (f)

Figure 4: Bacterial enumeration of the 24 h Escherichia coli culture exposed to PVA nanocomposite film containing various copper content:
(a, b) PVA/TNFC-Cu0.4, (c, d) PVA/TNFC-Cu0.5, and (e, f) PVA/TNFC-Cu0.6 films for 1 week at room temperature. (a–f) Representative
Petrifilm count plates for various dilutions.
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Figure 5: Microbial reduction induced by PVA/TNFC-copper
nanoparticles after 1-week exposure.The asterisks refer to significant
levels compared to one of the controls: PVA/TNFC, 𝑃 < 0.05 (∗),
𝑃 < 0.01 (∗∗), and 𝑃 < 0.001 (∗ ∗ ∗).

concentration of copper nanoparticles in PVA/TNFC films
resulted in greater (𝑃 < 0.05) reduction of E. coli. After
1-week exposure of E. coli to films containing 0.4%, 0.5%,
and 0.6% of copper nanoparticles, reduction of E. coli has
gradually increased (𝑃 < 0.05) and reached about 5-log
reduction for the highest inclusion of copper nanoparticles in
the film. Based on Figure 5, embedding copper nanoparticles
in the PVA/TNFC film results in inactivation of E. coli that
shows greater efficacy with higher concentration of copper
nanoparticles. However, it needs to be emphasized that E. coli
used in this study as a microbial target was a very sensitive
strain; and, therefore, the antimicrobial efficacy of copper
nanoparticles would likely be less profound for a typical
foodborne pathogen such as E. coliO157:H7. Further research
using more resistant foodborne pathogens is recommended.

Even though the antimicrobial mechanism of copper
nanoparticles against microorganisms has not been fully
understood, three hypothetical mechanisms are the most
widely accepted and reported in the literature: (1) copper
nanoparticles accumulate in the bacterial membrane and
cause changes in membrane permeability [19]; (2) reactive
oxygen species (ROS) produced through Fenton-type reac-
tions lead to free-radical-mediated cellular damage [20, 21];
(3) the release of copper ions from nanoparticles causes
inactivation of enzymes and depletion of intracellular ATP as
well as disruption of DNA replication [22].

In this study we propose that the antimicrobial effect of
PVA/TNFC-copper nanoparticles films is directly related to
the transfer of copper ions leaching in a controlled manner
from the PVA matrix to bacterial cells. This is consistent
with the traditional hypothesis that metal ions attach to the
negatively charged bacterial cell wall, resulting in disruption
of cell wall permeability and thus inducing protein denatu-
ration and finally cell death. PVA is a hydrophilic polymer;
and, therefore, it is hygroscopic. Water sorption may induce

the release of copper ions trapped in nanoparticles within
the PVAmatrix because of surface oxidation that occurswhen
copper nanoparticles are exposed to oxygen [4].

4. Conclusions

Copper nanoparticles with average diameter of 9.2 ± 2.0 nm
were successfully synthesized on the TEMPO nanofibrillated
cellulose. The decomposition temperature, corresponding to
the maximum weight loss, increased from 260∘C for pure
PVA, to 278∘C for the PVA composite. The incorporation
of hybrid TNFC-copper nanoparticles within PAV matrix
endows the resulting composite films with antimicrobial
properties. The PVA film containing copper content up to
0.6 wt.% exhibited a strong antimicrobial activity against E.
coli DH5𝛼, resulting in up to 5-log microbial reduction. The
results suggest that TNFC-copper nanoparticles nanocom-
posites as antimicrobial nanofillers are valuable for PVA
applications.
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Biofuels from renewable plant biomass are gainingmomentumdue to climate change related to atmosphericCO
2

increase.However,
the production cost of enzymes required for cellulosic biomass saccharification is a major limiting step in this process. Low-cost
production of large amounts of recombinant enzymes by transgenic plants was proposed as an alternative to the conventional
microbial based fermentation. A number of studies have shown that chloroplast-based gene expression offers several advantages
over nuclear transformation due to efficient transcription and translation systems and high copy number of the transgene. In
this study, we expressed in tobacco chloroplasts microbial genes encoding five cellulases and a polygalacturonase. Leaf extracts
containing the recombinant enzymes showed the ability to degrade various cell-wall components under different conditions, singly
and in combinations. In addition, our group also tested a previously described thermostable xylanase in combination with a
cellulase and a polygalacturonase to study the cumulative effect on the depolymerization of a complex plant substrate. Our results
demonstrate the feasibility of using transplastomic tobacco leaf extracts to convert cell-wall polysaccharides into reducing sugars,
fulfilling a major prerequisite of large scale availability of a variety of cell-wall degrading enzymes for biofuel industry.

1. Introduction

Biofuels are currently obtained from edible vegetable prod-
ucts (sucrose, starch, and triglycerides), but ethical consid-
erations as well as problems of economic sustainability have
stimulated the development of second and third genera-
tion biofuels derived from nonedible cellulosic biomass and
lipogenic unicellular algae [1, 2]. The conversion of plant
biomass and cultivation waste (Agri-Waste) into bioethanol
is considered a sustainable process as it (1) reduces the
dependency on fossil fuels like coal- and petroleum-based
products, (2) reduces the negative impact on the environ-
ment being a carbon-neutral cycle, (3) allows us to obtain
secondary byproducts with application in pharmaceutical
and biotechnological industries from the residual biomass.

The plant cell wall is a complex structure consisting of a
mixture of cellulose, hemicelluloses, and lignin, varying from
plant to plant. Cellulose is the most diffuse source of reduced
carbon in the world, ranking second only to fossil carbon
[3]. In order to convert plant biomass into biofuels, cell-wall
macromolecules must be depolymerized to sugar monomers
that can be fermented to ethanol or other alcohols with a
higher number of carbons through the action of yeast or
bacterial strains. Alternatively they can be used as growth
substrate for lipogenic microorganisms to obtain lipid to
be later transformed in biofuel by different treatments. The
current technology adopted to degrade cellulose uses high
energy-consuming approaches in order to destroy its stable
paracrystalline portion. Several fungi and bacteria synthesize
all the enzymes required to degrade cell-wall polysaccharides
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to simple sugars or oligosaccharides from which they obtain
the energy to support their growth. Some of these microor-
ganisms are thermotolerant and possess enzymes active at
medium-high temperatures (60∘C), reviewed in [4, 5]. A par-
ticularly important need is the availability of large amounts
of suitable enzyme cocktails for the saccharification of huge
amounts of cellulosic residues and wastes. Current estimates
suggest that about 225M tons of cellulosic biomass/year are
available in EU alone [6]. The cost of enzymes used for
saccharification is one of the three crucial parameters for the
economical sustainability of biofuel production [7, 8].

A number of bacterial and fungal strains able to depoly-
merize plant cell walls have been described and characterized
[9, 10]. However, the expression level of these enzymes by
wild-type strains is generally low. The recombinant DNA
technology in combination with improved bioreactors has
been shown to increase significantly the production ofmicro-
bial enzymes. Prokaryotic and eukaryotic expression systems
based on recombinant DNA approaches have been employed
for the production of proteins/enzymes of commercial inter-
est and their advantages and disadvantages evaluated [5, 11–
14]. Enzymes used for industrial applications, among which
biofuel production is found, are currently produced via
microbial fermentation even if the process requires high
investment, production, andmaintenance costs. Several stud-
ies show that protein/enzyme production by plant molecular
farming might offer some advantages over microorganisms,
as plants have both eukaryotic (nuclear) and prokaryotic
(chloroplast) expression systems [15–18] that can be used
singly or in combination. Transgenic plants were shown to be
a valuable system for the production of a variety of antibodies,
proteins/enzymes, and vaccines [19]. A large number of
genetically modified crops expressing genes encoding insec-
ticidal proteins and enzymes conferring resistance to herbi-
cides are grown all over the world [20]. However, the pro-
duction of recombinant proteins/enzymes based on nuclear
transformation remained a major limitation as the level of
recombinant proteins accumulation is generally low. Con-
versely, a chloroplast-based expression system offers several
advantages with respect to the molecular farming notion.
Plastid genome (plastome), being prokaryotic in origin, uses
operons for the expression of multiple foreign genes under
a single promoter. As the integration of transgene con-
structs takes place through homologous recombination, there
is a unique transformation event without any positional
effects, contrary to what is observed in the case of nuclear
transformation due to random integration of foreign genes
into the nuclear genome. Due to independent plastidial
transcription, translation, and protein folding machineries,
recombinant genes were generally shown to be expressed in
chloroplasts at levels higher than that achieved with nuclear-
based expression systems [21]. In most plant species, among
which Nicotiana tabacum, the plastome is inherited mater-
nally thus avoiding transgene dispersion by pollen.Moreover,
tobacco, being a nonfood and nonfeed plant, is ideal as a
recombinant protein expression system since it does not mix
with the food chain, a major issue for regulatory clearances
for commercial activities [22]. The low cultivation cost and
ease of up-scale production of transplastomic plants (plants

with transformed plastid genome) by simply increasing the
cultivation area provide additional advantages. More than a
decade ago, Leelavathi et al. [15] were the first to demon-
strate the feasibility of accumulating a bacterial thermostable
xylanase, which has several industrial applications including
the biofuel industry, using a chloroplast genetic engineering
approach. Later, this approachhas beenused to express a large
number of cellulolytic enzymes [16, 23–26]. Besides pointing
to chloroplast transformation as a promising technology for
the large scale production of recombinant enzymes, the study
of Leelavathi et al. [15] also showed that the plant produced
recombinant xylanase retained all biochemical functions,
similarly to the native bacterial one. It is also noteworthy that
thermostability of recombinant enzymes is a crucial feature
since it allows us to partially overlap the cellulose pretreat-
ment process with its digestion.

In the present work we expressed in tobacco chloro-
plasts five cellulase genes isolated from different microbial
organisms and a polygalacturonase gene from Aspergillus
niger. Leaf extracts containing the recombinant enzymeswere
tested for their ability to degrade various cell-wall compo-
nents under different conditions, singly and in combinations.
Also the previously described thermostable xylanase [15] was
used in combination with cellulases and a polygalacturonase
to study the cumulative effect on the depolymerization of
complex plant biomass. Our results demonstrate the feasi-
bility of converting cell-wall polysaccharides into reducing
sugars using a combination of tobacco cell extracts containing
enzymes with compatible temperature and pH optima.

2. Materials and Methods

2.1. Chemicals. All the reagents and chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Construction of Chloroplast Plastid Transformation Vec-
tors for the Over Production of Cellulolytic Enzymes in To-
bacco. The plastid transformation vector pVSR326 (Figure 1,
GenBank acc. number AF527485) was used to clone all genes
used in the study. pVSR326 vector contains the aadA coding
sequence, which confers resistance to both spectinomycin
and streptomycin, under the constitutive 16S rRNA promoter
and with the terminator of rbcL [15, 21].

The DNA sequences of genes encoding the enzymes
used in the present study stored in the GenBank are GH6
CHGG 10762 (Cel6, exoglucanse) and gh7 CHGG 08475
(Cel7, endoglucanase), GH45 (EndoV, endoglucanase)
CHGG 08509 of Chaetomium globosum [27], GH 5 (CelK1,
endoglucanase) (GenBank acc. number AAL83749) from
Paenibacillus sp. KCTC8848P; GH7 CBH-EG Cel3, exo-
cellobiohydrolase from Phanerochaete chrysosporium
(AAB46373); TF6A (GenBank acc. number M73321); Pga2
(GenBank acc. number XM 001397030); Vlp2 peroxidase
(GenBank acc. number XM 001220787). For cloning into
transformation vector, gene sequences were either amplified
by polymerase chain reaction (PCR) using the primers indi-
cated in Table 1 or got synthesized based on protein sequence.
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Table 1

Gene Forward primer (sequence from 5-3) Reverse primer (sequence from 5-3)
Cel7 TGCTACATCACCCCCTTCAT GTACTTGCGGTGGATGGACT
Cel6 GATGTGGGCCAACGACTACT GTGGATGGTCAGCTCCTTGT
Cel3 ATGGCACAGCAGGCAGGTACAC ATAACACTGGCTGTAATACGGATTC
CelK1 ATGGCCAGCGTTAAAGGTTATTACC TTCTGCTGCTGCTTTTGCCTGTTCTGC
EndoV TACGCCATGGCTCGCTCTACTCCCATTCTTCG AGCTGAGCTCTTAAAGGCATTGCGAGTACCAGTCG
Pga2 ATGGACAGCTGCACGTTCACC CTAACAAGAGGCCACCGAAGG
Vlp2 ATGTCGACCGCAACTCGCACTTTC TTAGGCGTTGACGGTCTTGAACAC
TF6A ATGTCCCCCAGACCTCTTCGC TCAGCTGGCGGCGCAGGTAAG

Alternatively, on the basis of the amino acid sequence
available for celK1 (GenBank acc. number AAL83749) we
designed synthetic cDNA according to tobacco chloroplast
“codon usage” (http://www.kazusa.or.jp/codon/) to optimize
synthesis and accumulation of the relevant enzyme. All
sequences were cloned at NcoI and SacI sites of pVSR326
(Genbank acc. No. AF527485) by replacing the uidA (GUS)
reporter gene. Sequences containing an internalNcoI restric-
tion site (i.e., Pga2) were cloned in two steps. In the first
step the C-terminal end of the Pga2 was cloned as NcoI-
SacI fragment and then the N-terminal end of the genes was
cloned asNcoI-NcoI fragment.The orientation of the ATG in
relation to the C-terminal part was confirmed by PCR and
sequencing. All the genes are placed under the psbA gene
regulatory elements.

2.3. Plant Transformation andMolecular Analysis. Transplas-
tomic tobacco (Nicotiana tabacum cv. Petit Havana) plants
were obtained using the particle delivery method described
earlier [15]. Bombarded leaf explants (T0) were regener-
ated on selective RMOP medium containing spectinomycin
(500mg/L). Regenerated green shoots obtained 30 days after
bombardment were grown to maturity to collect seeds (T1)
that were germinated on agar plates containing spectino-
mycin and streptomycin (500mg/L, each). In order to obtain
homotransplastomic lines, T1 leaf explants were cultured on
RMOPmedium containing spectinomycin and streptomycin
(500mg/L, each).This process was repeated up to three times
(T3).

Southern blot analysis was used to confirm site-specific
integration of transgenes and homoplasticity of transplas-
tomic plants. Total genomic DNA was isolated using the
Trizol method (Sigma-Aldrich, USA), digested with ClaI,
separated on 0.8% agarose gel and blotted onto Nylon mem-
branes that after UV irradiation were probed with 32P labeled
DNA corresponding to rbcL-accD DNA flanking region and
to the coding region of the genes of interest. Northern blot
analysis was carried out to confirm efficient transcription
of all tested genes. In both cases standard procedures were
followed for hybridization and washing [28].

2.4. Protein Extraction and Enzyme Activity. Following a
preliminary screening of activity with leaves of different age,
fully expanded leaves were used to extract the enzymes of
interest. Crude leaf homogenates were used in all cases,

in view of developing a simple and cost-effective indus-
trial saccharification process. A 1 g leaf sample from each
transplastomic plant was cut into small pieces and ground in
a mortar with liquid nitrogen and 3mL of extraction buffer
added to the resulting powder. Acetate or phosphate buffer
was used in the 4.0–8.0 pH range as indicated. The plant
homogenate was then mixed and centrifuged for 10min at
16,873×g and collected the supernatant in a new Eppendorf
tube. In order to eliminate the presence of the endogenous
sugars that may subsequently interfere with the reducing
sugar assay and to concentrate it, the leaf extract was filtered
using Vivaspin 500 (28-9322-18) columns with a cut-off
of 3 kDa. The concentration of total soluble protein (tsp)
was determined using the Bradford reagent (Sigma-Aldrich,
USA) according to the manufacturer’s instructions. For all
enzyme assays a concentration of 0.1mg/mL of total soluble
protein (tsp) content was used.

2.5. Preparation of the PoplarWood Powder. Thepoplar wood
samples used for laboratory analysis are represented from
branches and stem of a poplar clone supplied by the “Franco
Alasia Vivai” company, Savigliano (Cuneo), Italy. Before
conducting the experiments, the wood samples were dried
overnight at 40∘C and then cut into small pieces (length 0.5–
1 cm; width 2-3mm; height 1-2mm) using vineyard scissors.
Wood chips were then ground to fine powder using the mill
MM301 from Retch at the frequency of 30 vibrations/sec for
20 seconds, repeating each cycle for three times.

2.6. EnzymaticActivityAssays. Cellulase activitywas assayed,
incubating for 60min at different temperatures, in 1mL of
the plant extract (0.1mg/mL, tsp) containing 0.02 g of car-
boxymethylcellulose (CMC) or microcrystalline cel-
lulose (MCC); xylanase activitywas determined incubating
the same extractwith 0.02 g of xylan in the same experimental
conditions used for the previous assay; the same procedure
was adopted to test the polygalacturonase activity using
polygalacturonic acid or apple pectin as substrates. In order
to assess the total hydrolytic activity of the leaf extract, 0.02 g
of the wood powder was incubated with 1mL of plant extract;
the amount of released reducing sugars was determined by
dinitrosalicylic acid (DNS) method [29]. A fraction of the
incubated extract (250𝜇L) was added to 250𝜇L of water and
to 1.5mL of DNS reagent in a 2mL test-tube, boiled for 10
minutes, and then cooled down at room temperature. Sample
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Figure 1: Portion of the chloroplast transformation vector map containing the gene coding for Vlp2 (pVSR326Vlp2), integration site of
tobacco chloroplast DNA (cpDNA), and the same region in transplastomic tobacco plants are shown. Also restriction map of vectors
containing genes coding for other cellulolytic enzymes is shown. All the genes coding for cellulolytic enzymes were put under the expression
signals of rice psbA. Lines with double arrow indicate the size of DNA fragments after the restriction digestion with ClaI restriction enzyme.
Dashed arrow indicates the FLK probe (rbcL-aacD flanking region) used to confirm site specific integration of transgenes. A possible
mechanism for site-specific integration of aadA and Vlp2 through two homologous recombination events (crossed lines) is also shown.
Size of the coding region of each gene is shown in brackets.

absorbance at 540 nm was recorded against a water-DNS
mixture blank. A glucose calibration curve (0.2–0.5mg/mL)
was used to determine the amount of reducing sugars
(mg/g of substrate) after the reaction. Celk1 cellulase activity
was tested also using a filter paper as a substrate: disks
of filter paper (5mm of diameter) were incubated at the
indicated temperature with 3mL of the plant extract (pH
5) containing 0.1mg/mL of protein content. The amount of
sugars released was determined by DNS assay after 1.5, 6,
and 20 hours of incubation. A control sample was prepared
incubating the paper sheet with the same volume of acetate
buffer (pH 5). Peroxidase activity of VPL2 was determined
spectrophotometrically at 610 nm monitoring the oxidation
of phenol red [30].

3. Results

3.1. Vector Construction for the Transformation of Tobacco.
Sequences encoding cell-wall degrading enzymes derived
from different sources were cloned into pVSR326 vector by
replacing the coding region of reporter uidA gene with the
sequence of interest (Figure 1). pVSR326 vector integrates the
transgene cassette into the Single Large Copy region between
rbcL and accD noncoding region in a site specific manner
[21]. The recombinant gene encoding the enzyme of interest
was placed under the regulation of chloroplast-specific psbA
gene promoter and terminator (Figure 1). The native rbcL-
accD region was used as flanking regions for a site-specific
integration of transgenes through two possible homologous
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Table 2: Activity of various tobacco chloroplast expressed enzymes on carboxymethylcellulose (CMC) and on microcrystalline cellulose
(MCC) substrates.

Enzyme Activity U/mg protein Type Generation of plants used in the study
CMC MCC

Cel63 0.3 ± 0.02 0.5 ± 0.03 Exoglucanase T3
Cel3 0.36 ± 0.02 0.12 ± 0.005 Endoglucanase T3
CelK1 3.6 ± 0.15 0.2 ± 0.03 Endoglucanase T3
Cel6 0.16 ± 0.03 0.4 ± 0.05 Exoglucanase T1
Cel7 0.25 ± 0.009 0.21 ± 0.03 Endoglucanase T1

recombination events (Figure 1). The pVSR326 contained a
selectable aadA gene conferring resistance to spectinomy-
cin/streptomycin. The direction and the size of the expected
transcripts for all the genes are shown in Figure 1.

3.2. Production of Stable Tobacco Transplastomic Plants. The
Bio-Rad Biolistic PDS-1000/He Particle Delivery System was
used to transform tobacco chloroplasts [21]. Transplastomic
plants were selected under spectinomycin containin medium
[15]. Out of 20 leaves bombarded with each construct, about
30–45 green shoots were obtained, 30 days after bombard-
ment on RMOP selection medium. In order to obtain homo-
transplastomic lines, leaf explants from the regenerated plants
were subcultured again on selective RMOP medium. This
process was repeated up to three times and the degree of
homoplasticity was assessed by southern hybridization. One
of cellulase-producing lines T3 lines, cel3, turned white and
lost its ability to grow autotrophically. Interestingly, these
plants could be maintained in the greenhouse in a hetero-
plasmic state (see Figure S1 in Supplementary Material avail-
able online at http://dx.doi.org/10.1155/2015/289759). Severe
pleiotropic effects were also observed with plants expressing
Bgl1C, Cel6B, Cel9A, and Xeg74 genes from Thermobifida
fusca [25] and therefore these lines were not further consid-
ered. Southern blot hybridization was used to prove stable
and site specific integration of transgenes and the selectable
aadA gene into the tobacco plastid genome. Hybridization
with the flanking region (rbcL-accD probe) has confirmed
site-specific integration of transgenes into the intergenic
region between rbcL and accD genes (Figure 2). Absence of
any band corresponding to the low molecular weight band
observed in the wild type plants is a clear indication for
the homotransplastomic nature of their plastome. The stable
integration of transgenes into plastid genome was further
confirmed by reprobing the blots with gene specific coding
sequences as probes. An expected size band was observed
in all the transformed plants (Figure 2). The aadA gene that
confers resistance against spectinomycin and streptomycin
was used again to test the progeny for stable inheritance of
the transgenes in the T1 generation. All seedlings derived
from seeds produced after self-pollinatination are expected
to remain green when germinated on plates containing both
spectinomycin and streptomycin, if the progeny inherit the
selectable aadA gene [21].When the seeds obtained after self-
pollination of T0 generation plants were germinated on the
agar plates containing both spectinomycin and streptomycin,

all seedlings remained green while the seedlings from the
wild type untransformed plants turned white, providing
evidence for the stable integration and inheritance of the
transgenes by the progeny plants (data not shown). Further-
more, northern blot analysis confirmed efficient transcription
of transgenes since transcripts of the expected sizewere found
in all the transplastomic plants analyzed (Figure 3).The inten-
sity of the transcript bands suggests efficient transcription of
transgenes under psbA gene regulatory elements in tobacco
chloroplasts. In some cases, in addition to the expected size
of transcripts, additional minor bands of higher molecular
weight were observed. These might represent transcripts of
the same transgenes arising from the rbcL gene promoter
present upstream to the site of transgene integration.

3.3. Expression of Cell-Wall Degrading Enzymes in Chloro-
plasts and Their Biochemical Properties. In order to assess
the activity of the chloroplast-accumulated enzymes, crude
extracts obtained from healthy tobacco plants were tested
using commercially available substrates or raw wood.

Among T3 generation plants, those producing CelK1
showed the highest cellulase activity at 60∘C in a pH range
of 5.0–6.0 and using CMC cellulose as a substrate (Table 2).
However, as shown in Figure 4, the amount of reducing
sugars released dropped considerably when the temperature
was raised to 70∘C. Optimal CelK1 enzyme activity was
observed at pH 6.0 and 60∘C (Figure 4). As for the NT. Vlp2
transplastomic plants, we failed to detect peroxidase activity
in leaf homogenates and therefore this transformant was not
further considered.

The transplastomic Nt. Pga2 plant expressing Pga2
showed significant pectinase activity when its leaf extract
was tested on apple pectin substrate. The most efficient Pga2
activity was observed in the 6.0–8.0 pH range and at a tem-
perature ranging between 60∘C and 70∘C; in particular the
polygalacturonidase activity was higher at highest temper-
ature and basic conditions (Figure 5(a)). The amount of
reducing molecules (galacturonic acid monomers or oli-
gogalacturonides) released at 70∘C and pH 8.0 wasmore than
four times the amount of those released at 50∘C and pH
7.0, suggesting that the Pga2 is a thermostable enzyme that
retained its activity when produced in tobacco chloroplasts
(Figure 5(a)). Even when Pga2 was tested using raw popular
wood as a substrate, a very high activity was observed at
60∘C and pH 8.0 (Figure 5(b)). On the other hand, despite
the efficient transcription, no detectable cellulase activity was
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Figure 2: Southern blot hybridization to show site-specific integration of introduced transgenes into tobacco plastid genome for the
representative transplastomic plant. The partial coding region of rbcL and accD was used to show the stable and site specific integration
of transgenes. Gene specific DNA probe was also used to confirm the stable integration of the transgene. Note the lack of any untransformed
plastid DNA in the transplastomic lines. Molecular marker (M), wild type (1), and transformed (2) plants.

observed in the plants transformed with Cel6, Cel7, TF6A,
and EndoV genes.

3.4. A Combination of CelK1 and Xylanase (BSX) or Pga2
with Similar Thermostable Properties Improves the Depoly-
merization of a Complex Cellulosic Biomass. To study the
depolymerization of a complex substrate such as poplar wood
powder we tested a combination of enzymes in different
temperature and pH conditions. CelK1 leaf extract was used
in combination with a homogenate obtained from either
a previously described line overexpressing a thermostable
xylanase (BSX) [15, 18] or a Pga2 transformed line. Since
the final protein concentration in each assay was 0.1mg/mL,

the amount of reducing sugars released from poplar wood
when assayed at pH 7 with a mixture of CelK1 and BSX was
synergistic as compared to the action of each enzyme alone
(Figure 6(a)). The same synergistic effect was also observed
when raw wood powder was exposed to the action of a
combination of CelK1 and Pga2 (Figure 6(b)). As compared
to CelK1 alone, the amount of reducing sugars released
increased by more than twofold when Pga2 was present in
the reaction mixture. These results cannot be explained only
by the fact that the two enzymes use different substrates but
rather suggest that the removal of pectin or xylan makes
cellulose more accessible to Celk1. On the basis of these
encouraging results we tested a mixture of the three enzymes
(BSX, Pga2, and CelK1) for the ability to release reducing
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Figure 3: Northern blot analysis showing the expression of transgenes in tobacco chloroplasts. RNA isolated from untransformed control
(Wt) and plastid transformed (PT) was separated on formaldehyde-agarose gels, blotted on to the Hybond-N+ membrane, and hybridized
with gene specific probes. For the loading control, the same blots were hybridized again with 16S rRNA probe (lower panel): (1) Nt. Vlp2,
(2) Nt. TF6A, (3) Nt. Pga2, (4) Nt. EndoV, (5) Nt. Cel6, (6) Nt. Cel7, (7) Nt. CelK1, and (8) Nt. Cel3. The red asterisks indicate the putative
longer transcript initiated by the upstream rbcL promoter element.
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Figure 4: Reducing sugar released by the recombinant endoglu-
canase Nt CelK1 in different temperature and pH conditions using
CMC as a substrate. The final protein concentration in each assay
was 0.1mg/mL. The activity values are expressed as mg/mL of
reducing sugars assayed by the DNS method.

sugars. As shown in Figure 7, the best results were obtained at
70∘C and pH 8. However, since the temperature optimum of
CelK1 is 60∘C, it might be advisable to perform the digestion
of the biomass in two steps: treat the raw wood powder
first with BSX and/or Pga2 at 70∘C, and then add Celk1 and
continue the incubation at 60∘C. As far as the temperature
is concerned, this is a particular interesting result since at
the industrial process for the production of bioethanol, the
woody biomass is subjected to a heat treatment of over 100∘C
(steam explosion) before the enzyme addition and thus the
possibility of adding cell-wall degrading enzymes at 70∘C

might effectively contribute to reduce the saccharification
time and contribute to speed up the industrial process.

4. Discussion

Expression of cell-wall degrading enzymes in plants using a
nuclear-based transformation approach is a major challenge
as the cellulolytic enzyme(s) can interact with the plant
cell wall and thereby interfere with cell growth and plant
development [31]. To prevent potentially harmful conse-
quences caused by recombinant cell-wall degrading enzymes,
a number of strategies were evaluated among which target-
ing to subcellular compartments [32], rhizosecretion into
hydroponic culture medium [33], and accumulation of a
fusion storage proteins in seed oil bodies [34]. However,
all these approaches are characterized by a low expression
of recombinant enzymes generally associated with nuclear
transformation and expression system. Thus, chloroplast
transformation was deemed more suitable to obtain a high
level of accumulation of recombinant proteins. Although
chloroplast transformation offers the possibility of poly-
cistronic transcription, we chose to express a single enzyme
per transplastomic plant for two main reasons. First, single
cell-wall degrading enzymes find large industrial application.
For instance, cellulases are used in the textile industry (stone-
washing), [35], while xylanases are used for pulp whitening
and animal feed processing [36]. Moreover, the availability
of a repertoire of single enzymes allows a better formulation
of the most suitable cocktail optimal for each lignocellulosic
biomass available (woody biomass, grasses, wastepaper, etc.).

Secondly, whenever an enzyme cocktail is required, the
availability of single enzymes offers the possibility to plan
the timely addition of different enzymes. For instance, the
efficiency at which cell-wall cellulose can be digested will
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Figure 5: Activity of the recombinant polygalacturonase Nt Pga2 in different pH and temperature conditions using different substrates:
(a) apple pectin (Sigma-Aldrich), (b) raw poplar wood. The final protein concentration in each assay was 0.1mg/mL. The activity values are
expressed as mg/mL of reducing sugars.
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Figure 6: Activity of recombinant Nt CelK1 in combination with recombinant Nt BSX (a) or recombinant Nt Pga2 (b) on raw poplar wood
as substrate. The final protein concentration in each assay was 0.1mg/mL. The activity is expressed as mg/mL of reducing sugars released.

be improved if the biomass is pretreated with a polygalac-
turonidase before the addition of cellulases. In fact, a com-
bination of CelK1 and PGA2 enzymes showed an additive
effect on the release of reducing sugars from poplar wood
(Figure 6(b)). Interestingly, when both CelK1 and PGA2
were used together the amount of reducing sugars released
increased by more than twofold those suggesting that the
removal of pectin by PGA2 is making cellulose more accessi-
ble to CelK1.

A third important reason to avoid a simultaneous mul-
tiple expression of several genes refers to a possible incom-
patibility of accumulation of a given protein with chloroplast
physiology. In fact, it was observed that plants singly express-
ing bgl1C, cel6B, cel9A, and xeg74 genes from T. fusca showed
severe pleiotropic effects [25].Therefore, the interference of a
single protein with chloroplast biogenesis and/or stability of
the photosynthetic apparatusmight hamper the expression of
the remaining ones.

In the biorefinery process for the production of bioetha-
nol, a pretreatment of plant biomass is required to make cell-
wall polymers more accessible to the enzymes required for
their deconstruction [37]. Although energy-consuming, such
pretreatment, is necessary to reduce the amount of enzymes,
which represent the most relevant cost of the entire process
[38]. It is tempting to speculate that plant molecular farming,
due to the ease of large scale production of recombinant
enzymes, might effectively contribute to reduce the saccha-
rification cost.

In conclusion, this study proves that a combination of
three enzymes targeting different components of the plant cell
wall but having compatible temperature and pH optima not
only improves the saccharification of cellulose present in a
complex plant biomass but also reduces the number of steps
involved in the downstream processing. Our future endeavor
would include identification of factors involved in the low
or lack of expression/accumulation of beta-glycosidase (Bgl)
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Figure 7: Activity assays of the enzymatic cocktail composed by
recombinant Nt BSX, Nt CelK1, and Nt Pga2 in different pH and
temperature conditions. Raw popular wood was used as substrate.
The activity is expressed as the concentration of reducing sugar
released.

and also identify Bgl genes from other sources having suitable
biochemical properties, in order to improve further the cel-
lulosic biomass saccharification.
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The aim of this study was to verify the viability of lignocellulosic substrates to obtain renewable energy source, through
characterization of the cellulolytic complex, which was obtained by solid state fermentation using Trichoderma viride. Enzymatic
activity of the cellulosic complex was measured during saccharification of substrates filter paper, eucalyptus sawdust, and corncob,
and compared with the activity of commercial cellulase. The characterization of the enzymes was performed by a 22 Full Factorial
Design, where the pH and temperature were the variables of study. Enzymatic saccharification of different substrates appearedviable
until 12 to be viable until 12 h; after this period the activity decreased for both enzymatic forms (cellulolytic complex and commercial
cellulase).The enzymatic activity of the commercial cellulase was favored with the use of corncob as substrate, while the cellulolytic
complex does not show any difference in its specificity by the substrates studied.The largest activities of both enzymeswere obtained
in the temperature and pH range between 40∘C and 50∘C and 4.8 and 5.2, respectively. The cellulolytic complex obtained appeared
to be viable for the saccharification of lignocellulosic residues compared with the commercial cellulase.

1. Introduction

The growing demand for energy for transportation and
industrial processes stimulates the search for new energetic
renewable matrixes to replace fossil fuels that have limited
reserves, turning feasible the use of agroindustrial residues
that besides being abundant reduce the environmental
impact [1, 2].

The lignocellulosic biomass is the largest source of car-
bohydrate, since it is the main plant cellular wall. It consists
of lignins chains, cellulose, and hemicellulose, which are
intertwined and chemically linked by noncovalent forces and
by covalent crossed connections, becoming a substrate of
difficult hydrolysis [3, 4].

The cellulolytic enzymes are synthesized by microorgan-
isms like bacteria and fungi. Cellulomonas fimi, Clostridium
thermocellum [5], and Bacillus subtilis [6] stand out among
the cellulose-producing bacteria. The most studied species of
filamentous fungi areTrichoderma viride [7],Aspergillus niger
[8], Penicillium funiculosum [9], and Rhizopus oligosporus
[10]. These enzymes act in synergism breaking glucosidic
bonds type 𝛽-1.4 from the cellulose chain, resulting in the
release of oligosaccharides, cellobiose, and glucose [11].

The greatest difficulty for the use of the lignocellulosic
residues is represented by the physical barrier formed by the
lignin, which prevents the use of the native cellulose; thus the
enzymes cannot penetrate this barrier easily. The separation
of the lignin may be achieved through physical, chemical,
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or biological treatments or their combination. The chemical
treatment is usually used through acid or alkaline hydrolysis
[11].

The most used techniques in the cellulose biomass
hydrolysis are the chemical and enzymatic methods. The
chemical hydrolysis presents advantages because of its high
rate and unnecessary pretreatment, but the enzymatic hydrol-
ysis is superior to it, in several aspects, as, for instance, before
the possibility to be performed at low temperatures (45∘C–
50∘C) and atmospheric pressure, there is no subproducts for-
mation, increasing the yield of fermentable sugar production.
The enzymatic reactions may occur under mild conditions
of pH (4.8) not causing corrosion problems in equipment.
Thus, to reach high conversion of cellulose it is necessary to
have high concentrations of enzymes, increasing the cost of
production. Therefore, the study of microorganisms, which
produce high productivity cellulases, is very important, as
well as the development of economic production techniques
[8].

Fermentation in solid state consists in the process of
microbial growing in solid substrate, with enough moisture
to guarantee the cells growing and metabolism, and does not
exceed the maximum retention capacity of water of the solid
matrix, that is, exempt of freewater [12].Thematerials used in
the fermentation are resulting from raw materials, products,
and/or agroindustrial residues, where these later show low or
none commercial value [13].

The filamentous fungi present better capacity of growing
under conditions of low levels of water. Trichoderma sp. is
an important microorganism in the production of cellulases,
demonstrating capacity to produce the enzyme from several
substrates, like corncob [14, 15], rice straw [16], wheat straw
[17], and sugarcane straw [18].

According to Leu and Zhu [19], the efficiency of the enzy-
matic saccharification depends on factors such as the type of
pretreatment of the substrate and the catalytic action of the
enzymes (inhibiting effect by the final product formed, deac-
tivation or denaturation due to reaction time, temperature,
stirring and pH, synergic actuation of cellulolytic complex
enzymes, and enzymes and substrate concentrations). The
control of these parameters, aiming at great conditions for
the enzymatic hydrolysis, is important so that greater reaction
yield is obtained.

In this context, the objective was to study the saccharifi-
cation of lignocellulosic residues by the cellulases obtained
by fermentation in solid state using Trichoderma viride,
evaluating the enzymatic behavior during the process of sac-
charification of different substrates (filter paper, eucalyptus
sawdust, and corncob) through a 22 Full Factorial Design
with three center points.

2. Material and Methods

2.1. Microorganism, Maintenance, and Inoculum Preparation.
Themicroorganism used was Trichoderma viride, which was
obtained from the Tropical Foundation of Researches and
Technology André Tosello, Campinas, SP. It was kept in agar
filter paper, containing (g⋅L−1) the following: KH

2
PO
4
, 1.0;

(NH
4
)
2
SO
4
, 0.5; KCl, 0.5; MgSO

4
⋅7H
2
O, 0.2; CaCl

2
, 0.1; yeast

extract, 0.5; filter paper Whatman number 1, 10.0; agar, 20.0.
The maintenance of the cultures was performed in test tubes,
which were kept under refrigeration at 4∘C.

The inoculum was prepared in Erlenmeyer flasks of
1000mL with 50mL of medium agar filter paper, to which
1mL of spores suspension was added, resulting from the
growth in test tubes. The Erlenmeyer flasks were kept in an
oven at 30∘C for 7 d, for later suspension with the addition
of Tween 80 0.1% sterilized, which were filtered in cotton, for
later use as inoculum.

2.2. Delignification of the Substrate. The corncob was the
substrate used in the fermentation processes, which was
delignified according to the method adapted from Suku-
maran et al. [8]. The treatment was performed from a
substrate concentration (lignified raw material) of 10% (w/v)
with alkaline solution (NaOH 0.25mol⋅L−1). This mixture
was placed in stainless steel flasks covered with aluminum
foils for later autoclaving, remaining at 121∘C for 1 h at 110 kPa.
After cooling, the substrate was neutralized with H

2
SO
4

1mol⋅L−1 in the proportion of 0.125mLacid/mLbase until the
pH is close to neutralization. The mixture was washed in
flowing water in order to remove the excess of reagents by
using sieves with opening of 40mesh so that there is no loss
of raw material.

The delignified substrate was submitted to drying in an
oven at 35∘C during 24 h for total removal of moisture,
obtaining a 50% delignified substrate.

2.3. Medium Culture and Fermentation to Obtain the Cel-
lulolytic Complex. The corncob was used as the source
of carbon, which was passed through sieve whose open-
ing was 1.18mm (14mesh). To this substrate was added
30% (v/w) of macro- and micronutrients solution, adapted
from the method described by Aguiar et al. [20], contain-
ing (g⋅L−1) KH

2
PO
4
, 2.0; (NH

4
)
2
SO
4
, 1.4; CO(NH

2
)
2
, 0.3;

MgSO
4
⋅7H
2
O, 0.3; CaCl

2
, 0.3; FeSO

4
⋅7H
2
O, 0.005; MnSO

4
,

0.00156; ZnSO
4
⋅7H
2
O, 0.0014; CoCl

2
⋅6H
2
O, 0.0020. The

substrate moisture was adjusted in 63% with distilled water
and the pH of the medium was adjusted in 4.8 with acid
solution (H

2
SO
4
0.5mol⋅L−1).

Solid state fermentation for the production of cellulolytic
enzymes (cellulolytic complex)was carried out in Erlenmeyer
flasks of 250mLwith 10 g ofmediumculture, 0.5 g filter paper,
and 1.0mL of spores suspension (inoculum), containing
109 spores⋅mL−1. The concentration of spores in suspension
was estimated by counting in microscope, using a Neubauer
chamber. The experiments were incubated at 30∘C for 192 h.

2.4. Saccharification of Different Substrates by Using the
Cellulolytic Complex. The lignocellulosic substrates corncob
(C), eucalyptus sawdust (ES), or filter paper (FP) delignified
were used in the saccharification assays. The enzymes of
the cellulolytic complex (CC) were obtained from the bran
of solid state fermentation with Trichoderma viride. The
commercial cellulase (CE) was used to compare yield of
saccharification.
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Table 1: Enzymatic activity (U/g) of the cellulolytic complex, obtained from the fermented bran, under pH and temperature conditions tested
in the Full Factorial Design with three central points.

Experiment 𝑇 (∘C) pH Substrate
Filter paper Eucalyptus sawdust Corncob

1 40 4.4 10.634d 8.241c 9.200b

2 40 5.2 9.629cd 10.146d 10.785c

3 60 4.4 8.421bc 7.256b 8.271a

4 60 5.2 7.762ab 6.631a 8.992b

5 50 4.8 6.649a 9.391d 9.543b

6 50 4.8 6.984a 10.118d 9.359b

7 50 4.8 6.880a 10.044d 9.086b

In the same column, different letters mean statistical difference at 5% significance.

The saccharification of the substrates was performed by
using a 22 Full Factorial Design (FFD) with three central
points. The studied variables were temperature and pH,
according to the matrix of experiments showed in Table 1.

The experiments were made in Erlenmeyer flasks of
300mL, containing 5 g of substrate and 75mL of citrate buffer
0.05mol⋅L−1, with pH variable according to the experimental
planning. The mixture was submitted to a thermostatic bath
(temperature variable according to the factorial design) for
10min for medium adaptation, after 5 g of fermented bran
containing the cellulolytic complex or 5mL of commer-
cial enzyme with dilution of 1 : 100 (v/v) was added. The
saccharification was made during 24 h, without agitation.
The experiments were performed in triplicate. The control
experiments were performed by using citrate buffer to replace
the source of enzymes.

The enzymatic activity of the cellulolytic complex and
of the commercial enzyme was evaluated according to the
filter paper assay (FPU) adapted from Ghose [21]. Enzyme
cellulase is defined as a cellulolytic complex, which is formed
by three different enzymes (endoglucanases, exoglucanases,
and 𝛽-glicosidases). These enzymes act in synergism, in a
cooperative association, producing substrates to one another
[22, 23].

The efficiency of saccharification was evaluated through
the reducing sugars content after filtration, using the 3.5-
dinitrosalicylic acid (DNS) method by spectrophotometer at
546 nm, using glucose as standard [24].

The results were showed in units, where one enzymatic
unit (U) is defined as a quantity of enzyme which is able
to release 1 𝜇mol of reducing sugar per hour under the
conditions of the experiment. Equation (1) was used for the
calculation of the enzymatic activity:

EA = RS ⋅
V
𝑒

𝐸
⋅
1

0.18 ⋅ 𝑡
, (1)

where EA is enzymatic activity (U/g or U/mL); RS is concen-
tration of reducing sugars (mg/mL); V

𝑒
is volume of extract;

𝐸 is volume of commercial cellulase (mL) or fermented bran
mass (g); 𝑡 is time of the reaction (ℎ); 0.18mg/𝜇mol of glucose
is released.

2.5. Statistical Analysis. The results of the enzymatic activity
obtained in the planning were analyzed through analysis of
variance (ANOVA), with the estimated effects and regression
coefficients being obtained.

3. Results and Discussion

3.1. Formation of Reducing Sugars and Enzymatic Activity dur-
ing Saccharification of the Substrates. Figures 1 to 5 present
the reducing sugars concentrations formed and the activities
of total cellulase during saccharification of the substrates filter
paper (FP), corncob (C), and eucalyptus sawdust (ES) by
using the cellulolytic complex (CC) obtained by fermentation
in solid state and the commercial enzyme (CE).

The cellulolytic complex behavior was similar in all
substrates studied during the saccharification period. This
behavior was not observed for the commercial cellulase,
which presented low conversion values when eucalyptus saw-
dust was used. Therefore, it was verified that the commercial
enzyme has different degrees of specificity among substrates,
while the cellulolytic complex did not present difference
of specificity among the substrates, since no considerable
differences in the values of enzymatic activity among the
available substrates were presented (Figures 1(b)–4(b)). To
the commercial enzyme, the corncob was the substrate
which released greater quantities of reducing sugars, under
experimental conditions of the temperature 40∘C and pH of
4.4 and 5.2.

It was verified that the greatest enzymatic activities were
obtained in initial times of saccharification, regardless of the
source of enzyme used (cellulolytic complex or commercial
cellulase). A high decrease in enzymatic activity was observed
until 12 h of reaction, with later stabilization (Figures 1 to 5).
For this reason, until 12 h of saccharification, the reducing
sugars formation showed gradual increase, remaining stable
after this period. This may be explained by the thermal
denaturation of the enzymes and also by the influence of
substrate concentration on the enzymatic activity, which
according toMichaelis andMentempredicts that the reaction
rates increase because of the substrate concentration until
a limit from which it passes to be constant [25, 26]. These
results demonstrate that it is not feasible to continue the
process of saccharification after 12 h of reaction, because of



4 BioMed Research International

0

1

2

3

4

5

6

0 3 6 9 12 15 18 21 24

[R
A

] (
g/

L)

Time (h)

(FP + CC)
(FP + CE)
(C + CC)

(C + CE)
(ES + CC)
(ES + CE)

(a)

0
10
20
30
40
50
60
70
80
90

100

0 3 6 9 12 15 18 21 24

En
zy

m
at

ic
 ac

tiv
ity

 (U
/g

)

Time (h)

(FP + CC)
(FP + CE)
(C + CC)

(C + CE)
(ES + CC)
(ES + CE)

(b)

Figure 1: Concentration of reducing sugars formed (a) and enzymatic activity (b) during the time of saccharification, under experimental
conditions of the temperature 40∘C and pH of 4.4 (Experiment 1), where FP is filter paper, C is corncob, ES is eucalyptus sawdust, CC is
cellulolytic complex, and CE is commercial enzyme.
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Figure 2: Concentration of reducing sugars formed (a) and enzymatic activity (b) during the time of saccharification, under experimental
conditions of the temperature 40∘C and pH of 5.2 (Experiment 2), where FP is filter paper, C is corncob, ES is eucalyptus sawdust, CC is
cellulolytic complex, and CE is commercial enzyme.
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Figure 3: Concentration of reducing sugars formed (a) and enzymatic activity (b) during the time of saccharification, under experimental
conditions of the temperature 60∘C and pH of 4.4 (Experiment 3), where FP is filter paper, C is corncob, ES is eucalyptus sawdust, CC is
cellulolytic complex, and CE is commercial enzyme.
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Figure 4: Concentration of reducing sugars formed (a) and enzymatic activity (b) during the time of saccharification, under experimental
conditions of the temperature 60∘C and pH of 5.2 (Experiment 4), where FP is filter paper, C is corncob, ES is eucalyptus sawdust, CC is
cellulolytic complex, and CE is commercial enzyme.
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Figure 5: Concentration of reducing sugars formed (a) and enzymatic activity (b) during the time of saccharification, under experimental
conditions of the temperature 50∘C and pH of 4.8 (Experiment 5), where FP is filter paper, C is corncob, ES is eucalyptus sawdust, CC is
cellulolytic complex, and CE is commercial enzyme.

the reduction of the productivity in this period. Table 1 shows
the results of the enzymatic activity in 12 h, obtained in
saccharification of the filter paper, eucalyptus sawdust, and
corncob, by using the cellulolytic complex obtained via SSF.

Themaximum enzymatic activity of the cellulolytic com-
plex on filter paper was shown in Experiment 1 (10.634U/g),
with temperature of 40∘C and pH 4.4; thus it did not show
significant difference (𝑃 > 0.05) relative to Experiment 2
(9.629U/g), and this demonstrates that at the lower level of
temperature (40∘C) the effect of the pH variation was not
significant.The same can be observed in Experiments 3 and 4
(60∘C), in which the values of enzymatic activity do not show
significant difference (𝑃 > 0.05) with variation of pH, with
values of 8.421U/g and 7.762U/g, respectively. The results
of the enzymatic activity obtained in the central points,
performed under conditions mentioned in the literature as
great conditions for cellulase action, do not appear to be the
best actuation conditions of the cellulolytic complex on the

filter paper. So, it can be observed that in one substrate of
simple degradation (pure cellulose) the reaction is favored in
the lower level of temperature (40∘C).

The cellulolytic complex action on eucalyptus sawdust
showed maximum enzymatic activity in the lower level of
temperature (40∘C) and higher level of pH (5.2), with value
of 10.146U/g.These conditions show no significant difference
(𝑃 > 0.05) of the experiments of central points (50∘C and pH
4.8).

The saccharification of the corncob substrate by the
cellulolytic complex was favored under temperature of 40∘C
and pH 5.2 and this condition showed significant difference
(𝑃 < 0.05) from the others. According toMarangoni [27], the
enzymes present optimal ranges in determined temperature
and pH conditions; thus they are characterized by their high
specificity. The effect of the pH on the enzymatic activity is
due to variations in the ionization state of the components of
the system with the pH variation. As enzymes are proteins,
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Table 2: Enzymatic activity (U/mL) of the commercial cellulase under the conditions of pH and temperature tested in the 22 Full Factorial
Design with three central points.

Experiment 𝑇 (∘C) pH Substrate
Filter paper Eucalyptus sawdust Corncob

1 40 4.4 12.807bc 3.276d 26.87b

2 40 5.2 13.563cd 3.272d 25.308b

3 60 4.4 8.805a 1.369b 10.423a

4 60 5.2 11.315b 1.181a 16.099a

5 50 4.8 15.771e 3.692e 25.456b

6 50 4.8 15.419de 2.914c 26.281b

7 50 4.8 15.528de 3.121d 24.310b

In the same column, different letters mean statistical difference at 5% of significance.

they contain many ionizable groups; hence, the catalytic
activity is restrict to a small level of pH.

Annamalai et al. [28] in order to study enzymatic saccha-
rification pretreated rice straw by cellulase produced Bacillus
carboniphilus CAS 3 utilizing lignocellulosic wastes found
that the optimum temperature, pH, and NaCl for enzyme
activity were determined as 50∘C, 9, and 30% and more than
70% of its original activity was retained even at 80∘C, 12, and
35%, respectively. In view of that, the authors suggest that
higher temperature, pH, and halo stability of the purified
cellulase could be useful for harsh industrial and various
biotechnological applications.

Corncob and eucalyptus sawdust substrates show the
lowest enzymatic activities in the experiments corresponding
to temperature of 60∘C. It is verified that the cellulolytic com-
plex obtained a similar behavior in all substrates used, since
this enzymatic form has greater performance in temperature
between 40∘C and 50∘C and pH between 4.8 and 5.2. Gokhale
et al. [29] observed that the enzymatic activity of cellulases
increases gradually until temperature of 50∘C and it reduces
drastically in the temperature of 60∘C, since there is loss
of activity in higher temperatures because of the instability
of the enzyme molecule. They also verified that the activity
reduces when the pH is over 5.1, since the ionizable groups
present in the structure of the enzymes make part of the
catalytic site. By pH variations of medium, changes occur in
its ionic form, resulting in change in the enzymes activity
because of the reduction of its specificity.

By comparing maximum enzymatic activities obtained
in the experiments of the FFD with the three substrates
studied and by using, as source of enzymes, the cellulolytic
complex obtained via SSF, it was verified that there was
no significant difference (𝑃 > 0.05) between the averages
of the enzymatic activity through the Tukey test at 5% of
significance.This demonstrates that the delignification of the
eucalyptus sawdust and corncob was efficient, since these
substrates are complex, containing high amount of lignin
in their original composition (25%), because the enzyme
performed in a similar way to the substrate filter paper,
presenting a simple composition (pure cellulose) in it.

Table 2 shows the results of the enzymatic activity of the
commercial cellulase in the saccharification of the substrates
filter paper, eucalyptus sawdust, and corncob.

Maximum enzymatic activities of the commercial cel-
lulase on filter paper were obtained in the experiments of
the central points (5, 6, and 7) with maximum value of
15.771U/mL, at 50∘C and pH 4.8, and there was no significant
difference between them and Experiment 2 (40∘C and pH
5.2), with value of 13.563U/mL, as it can be observed in
Table 2. In the saccharification of the eucalyptus sawdust, the
best enzymatic activity was obtained in Experiment 5 (central
point), with value of 3.692U/mL, presenting significant
difference from the other experiments (𝑃 < 0.05).

The commercial cellulase showed greater enzymatic
activity in Experiment 1 of 26.787U/mL using corncob as
substrate; however, it did not present significant difference
(𝑃 > 0.05) from Experiment 2, demonstrating that the pH
did not influence the activity of this enzyme in intervals tested
and at 40∘C. The commercial cellulase activity decreases for
all substrates with the transition from level −1 (40∘C) to
+1 (60∘C). According to Marangoni [27], the temperature
influence on the enzyme activity is represented in terms of
activity or rate of reaction. With the increase of temperature
an increase of the enzyme activity is observed until a point
where the high temperature causes a thermal denaturation
and the loss of the enzyme biological activity happens.

Comparing the averages of maximum enzymatic activi-
ties obtained in experiments of the FFD with three substrates
studied and using the commercial cellulase, through the
Tukey test at 5% of significance (15.771U/mL for the filter
paper, 3.692U/mL for eucalyptus sawdust, and 26.787U/mL
for corncob), it was verified that there was significant differ-
ence (𝑃 < 0.05) between the averages obtained.

The commercial cellulase showed greater specificity with
relation to the corncob and then with relation to the filter
paper, and it was less specific for eucalyptus sawdust, showing
maximum enzymatic activity value for this substrate, approx-
imately 90% lower than the more specific substrate.

According to Sun and Cheng [30], the action of the
enzymes may be affected because of the heterogeneity of
many lignocellulolytic substrates, commonly used in bio-
chemical processes, since they present varied amounts of
cellulose, hemicellulose, and lignin in their biomass compo-
sition.

When comparing both forms of cellulase enzyme used,
it is observed that the cellulolytic complex from Trichoderma
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Table 3: Analysis of variance and effects estimated from variables pH and temperature on the enzymatic activity in the experiments of the
Full Factorial Design 22 with three central points.

Substrates Source of variation Cellulolytic complex Commercial enzyme
Effect estimated Level of significance 𝑃 < 0.05 Effect estimated Level of significance 𝑃 < 0.05

Filter paper
𝑋
1

−2.040 0.322 −1.225 0.673
𝑋
2

−0.832 0.663 2.745 0.373
𝑋
1

⋅ 𝑋
2

0.173 0.926 2.674 0.384

Eucalyptus sawdust
𝑋
1

−2.250 0.203 −1.972 0.078
𝑋
2

0.640 0.676 −0.069 0.932
𝑋
1

⋅ 𝑋
2

−1.265 0.429 −0.119 0.883

Corncob
𝑋
1

−1.361 0.005 −12.787 0.059
𝑋
2

1.153 0.009 2.098 0.665
𝑋
1

⋅ 𝑋
2

−0.432 0.105 3.578 0.474

viride showed lower enzymatic activities than the commercial
cellulase in saccharification of the filter paper (approximately
30% lower) and the corncob (approximately 50% lower) and
higher activities for the eucalyptus sawdust substrate, which
could be attributed to better endoglucanases and cellobio-
hydrolases produced by T. viride [31]. The cellulase complex
secreted by filamentous fungi consists of three major enzyme
components, an endo-1,4-𝛽-glucanase (EC 3.2.1.4), a 1,4-𝛽-
D-cellobiohydrolase (EC 3.2.1.91), and a 1,4-𝛽-glucosidase
(EC 3.2.1.21), which act synergistically. Although T. reesei
produces cellobiohydrolases and endoglucanases in high
quantities, it is deficient in 𝛽-glucosidase [32]. The results
obtained were satisfactory, because the cellulolytic complex
used was the gross product obtained by fermentation in solid
state (fermented bran), since it was not submitted to the
purification or geneticmodification processes ofmicroorgan-
isms.

According to Le Ngoc Huyen et al. [33] the sustainability
of ethanol production from lignocellulosic biomass would
imply reduction in the consumption of chemicals and/or
energetic means but also valorization of the lignocellulosic
by-product remaining from enzymatic saccharification. To
use lignocellulose as a feedstock, however, pretreatment is
necessary to achieve industrially relevant rates of enzymatic
saccharification. The pretreatment and enzymatic saccharifi-
cation processes are costly and the outcomes are not easily
predictable. A fundamental understanding of how pretreat-
ment impacts enzyme-substrate interactions, for example,
cellulase access to cellulose, can improve the predictability of
process outcomes towards overall cost reductions [34].

Table 3 shows the analysis of variance and the effects
estimated from variables pH and temperature on the enzy-
matic activity of the cellulolytic complex and the commercial
cellulase, using different substrates in saccharification.

The analysis of variance (Table 3) shows that the enzy-
matic activity of the cellulolytic complex did not have signifi-
cant influence (𝑃 > 0.05) from variables pH and temperature
in saccharification of substrates filter paper and eucalyptus
sawdust. But as for the corncob, variables temperature and
pH were significant (𝑃 < 0.05). The temperature showed
linear effect on the enzymatic activity (−1.361U/g); that is,
by varying the temperature of level +1 (60∘C) to −1 (40∘C),

the enzymatic activity of the cellulolytic complex is favored,
while variable pH showed positive linear effect (1.153U/g);
therefore, varying the pH from lower level (4.4) to higher level
(5.2), an increase in the enzymatic activity occurs.

The enzymatic activity of the commercial cellulase on
substrates filter paper and eucalyptus sawdust was not sig-
nificantly influenced by variables pH and temperature (𝑃 >
0.05). With relation to substrate corncob, variable tempera-
ture influenced significantly, considering a confidence level of
90% (𝑃 = 0.06) in the enzymatic activity of the commercial
cellulase, presenting a negative linear effect (−12.787U/mL);
that is, by transition from the temperature of the lower level,
an increase in the catalytic reaction rate occurred.

4. Conclusions

The enzymes of the cellulolytic complex and the commercial
cellulase present better activity and stability between 40∘C
and 50∘C, and the enzymatic activity is not significantly
influenced at pH (4.4–5.2). Considering the effect of the
temperature on the enzymatic activity, the enzymes of the
cellulolytic complex are less affected by the increase of
temperature than the commercial cellulase enzyme. The
cellulolytic complex shows high specificity for pure substrate
as well as for complex substrates such as delignified corncob
and eucalyptus. On the other hand, the commercial cellulase
is more specific to corncob, followed by the pure substrate
(filter paper). The results obtained demonstrate that fungi
Trichoderma viride has cellulolytic potential to be used in
bioprocesses that aim at obtaining enzymes for later use
for bioconversion of cellulose into glucose. This produced
enzyme shows viability in comparison with the commercial
cellulase enzyme. The synthesis of cellulases by microor-
ganisms from lignocellulosic residues is a process of great
interest, representing the search for renewable sources to
replace the fossil energetic matrix.
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