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Abstract 

 
The immunomodulatory ability of mesenchymal stem cells (MSCs) has attracted interest as a unique property that 
makes them interesting tools for the treatment of inflammatory and autoimmune diseases. Eugenol is a volatile 
compound from the phenylpropanoids class of chemical compounds. Despite extensive investigations on the 
biological and pharmacological properties of Eugenol, its effect on stem cells, especially, on MSCs remains to be 
clarified. Therefore, this study was designed to evaluate the effect of Eugenol on the expression of genes (Tlr3, 
Tlr4, Ccl2, and Ccl3) involved in immunomodulatory potency of mouse bone-marrow derived MSCs by 
quantitative real-time PCR (qRT-PCR). To do so, MSCs were isolated from 4-8 weeks old mouse bone marrow 
(BM). The effect of Eugenol on the viability of BM-MSCs was evaluated by MTT assay at 24, 48, and 72h after 
treatment. The results showed that Eugenol reduced the number of BM-MSCs in a dose- and time-dependent 
manner. In addition, the half maximum inhibitory concentration of Eugenol on MSCs was 400μg/ml at 24 and 48h 
and 200μg/ml at 72h after treatment. Moreover, about 90% of MSCs were alive at the concentration of 12.5μg/ml 
24h after treatment. The qRT-PCR results indicated that Tlr3, Tlr4, and Ccl3 genes were up-regulated 1.6-, 1.8-, 
and 2.2-fold, respectively, in Eugenol-treated BM-MSCs compared to untreated controls (Fold change > 1.5; P 
≤0.05). In conclusion, we suggest that Eugenol may somewhat regulate the immunomodulatory potency of MSCs 
and thus this study provides a background for further studies on the effect of Eugenol on MSCs characteristics and 
functions, which may finally improve their potency for cell-based therapy applications.  
 
Keywords: Eugenol, Mesenchymal stem cells, Immunomodulatory potency, Mouse 
 
 

Introduction1� 

 
Mesenchymal stem cells, or MSCs, are 

multipotent stromal cells, which have received 
considerable attention in clinical cell-based 
therapies during the past decade. MSCs are easily 
isolated from various fetal and adult tissues (Hass 
et al., 2011; Huang et al., 2014; Savickiene et al., 
2015; Wang et al., 2015). They have also 
remarkable self-renewal, migratory and 
immunomodulatory potentials and can differentiate 
into a variety of cell types (Zhao et al., 2016; 
Sisakhtnezhad et al., 2017). In addition to 
producing and secreting various factors, increasing 
evidence has also suggested that the main 
therapeutic potential of MSCs results from their 
immunomodulatory activity. Interestingly, MSCs 
show flexible immunomodulatory functions and 
they have two immunomodulatory phenotypes, pre-
inflammatory (MSC1) or anti-inflammatory 
(MSC2) phenotypes, which have the 
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immunoactivatory and immunosuppressive ability, 
respectively. MSCs can also switch from 
immunosuppressive to immunoactivatory 
phenotype (Zhao et al., 2016). Recent studies have 
been indicated that the immunomodulatory potency 
of MSCs is controlled by inflammatory factors in 
vivo (Ma et al., 2014). It has been shown that 
inflammatory environment induces or suppresses 
the expression of a large number of chemokines, 
cytokines, adhesion molecules and their 
correspondence receptors such as CXCRs ligands, 
CCRs ligands, intercellular adhesion molecule -1 
(ICAM-1) and vascular cell adhesion molecule -1 
(VCAM-1) (Ren et al., 2008; Ren et al., 2010). 
Renner et al., reported that low levels of 
inflammatory factors induce immunosuppressive 
properties of MSCs, while high levels of 
inflammation promote the immunoactivatory 
potential of MSCs (Renner et al., 2009). This 
conceptual change has crucial implications for the 
clinical applications of MSCs. Therefore, there is 
attention to new strategies to induce pre-
inflammatory (MSC1) or anti-inflammatory 
phenotypes (MSC2) of MSCs to affect the immune 
system for treating human diseases, such as cancer 
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and autoimmune diseases. It also suggests that the 
immunomodulatory potency of MSCs may 
purposefully alter by adding the influential external 
factors in the cell culture medium.  
Today, natural products, especially herbal active 
ingredients, as an alternative to chemical drugs 
have received considerable attention to prevent and 
treat a range of human diseases. Eugenol is a 
volatile compound in the essential oils of some 
plants. Some in vitro and in vivo studies have 
demonstrated the widespread pharmacological 
effects of Eugenol. In this regard, it was reported 
that Eugenol has a wide range of anti-microbial, 
anti-oxidant, anti-inflammatory, 
immunomodulatory, anti-nociceptive, anti- 
tumourigenic, anti-genotoxic and neuroprotective 
effects (Ito et al., 2005; Raghavenra et al., 2006; 
Singh et al., 2007; Bachiega et al., 2012; Kamatou 
et al., 2012). Despite the well-known biological and 
pharmacological capabilities of Eugenol, its effect 
on the characteristics and function of stem cells, 
especially MSCs, remains to be studied and 
clarified. Given the importance of 
immunomodulatory potency of MSCs in cell-based 
therapy applications and extensive biological and 
pharmaceutical effects of Eugenol, this study, for 
the first time, was aimed to evaluate the effect of 
Eugenol on the expression of genes involved in the 
immunomodulatory potency of the mouse BM-
derived MSCs in vitro. 
 
Materials and Methods 
 
Isolation and culture of mouse BM-MSCs 

For the derivation of mouse MSCs, 4-8 weeks 
old NMRI mice were obtained from the Laboratory 
of Cell & Developmental Biology at Razi 
University (Kermanshah, Iran). Isolation of MSCs 
from mouse bone marrow (BM) was carried 
out under the approval (permit number 395-1-111) 
and the bioethics guidelines of the Deputy Research 
of Razi University. In the current study, cervical 
dislocation method was used to kill mice. 
Consequently, BM was isolated and collected from 
the tibias and femurs of mice. The BM from one 
animal were cultured in a T25 flask in the presence 
of Dulbecco's modified Eagle's medium (DMEM) 
(Gibco, Scotland) containing 15% (v/v) fetal bovine 
serum (FBS) (Gibco, Scotland), 2mM L-glutamine, 
and 1x penicillin-streptomycin  (Pen-Strep) 
(Bioidea, Iran) at 37oC and 5% CO2. After 72h, the 
cell culture medium was replaced to remove 
unattached cells. The cultured cells of BM were 
reached to confluency after 7-10 days. The 
confluent primary culture of BM cells was then 

trypsinised by trypsin-EDTA (0.25%-1mM) 
(Bioidea, Iran) and the sub-cultured cells were 
incubated under previous conditions. Finally, the 
obtained cells in passage 3 were used for following 
studies.  

 
Characterization of BM-MSCs 
Phenotypic characterisation of MSCs by Flow-
cytometry 

The BM-MSCs were detached by 0.25% trypsin-
1mM EDTA. After centrifugation, result pellet was 
solved in phosphate-buffered saline (PBS) and then 
1×106 cells were used for flow-cytometry analysis. 
The phenotypic characterization of cells was 
carried out on a FACS Caliber for the presence of 
mesenchymal stem cell markers CD44, CD90, 
CD105 and hematopoietic marker CD45 and CD34. 

 
Differentiation of MSCs to adipocytes in vitro 

MSCs at third passage were cultured in an 
adipogenic medium composed of DMEM 
supplemented with 10% FBS, vitamin C (50 µg/ml) 
(Sigma, Germany), dexamethasone (1×10-3 
µmol/ml) (Osvah, Iran), indomethacin (50 µg/ml) 
(Sigma, Germany) and 0.1 x Pen-Strep. After 21 
days, the differentiation of MSCs into adipocytes 
was confirmed by Oil-red O (Acros, USA) staining. 
 
Differentiation of MSCs to osteoblasts in vitro 

To induce differentiation of BM-MSCs to 
osteoblasts, cells were cultured in an osteogenic 
medium containing DMEM supplemented with 
10% FBS, vitamin C (50 µg/ml), dexamethasone 
(1×10-3 µmol/ml), β-sodium glycerolphosphate (10 
mM) (Sigma, Germany) and 0.1 x Pen-Strep for 21 
days. Consequently, the differentiation of MSCs 
into osteoblasts was investigated by Alizarin-red S 
(Acros, USA) staining. 

 
The effect of Eugenol on BM-MSCs viability 

BM-MSCs were cultured in 96-well plates at 8 × 
103 cells per well and incubated at 37oC and 5% 
CO2 overnight. Consequently, Eugenol at 
concentrations of 12.5, 25, 50, 100, 200, 400, 800, 
1600, 3200 μg/ml was added to each well. To 
evaluate the cytotoxicity effect of Eugenol, the 
tetrazolium-based colourimetric assay was used at 
24, 48, and 72h after treatments. To do so, 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) (Sigma, Germany) solution at the 
concentration of 5 mg/ml was added to each well 
and incubated at 37oC and 5% CO2 for 4h. The 
MTT salt was cleaved by mitochondrial enzymes of 
metabolically active cells and produced purple 
formazan crystals. The resulting crystals were 
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solubilised with 150 μl of dimethyl sulfoxide 
(DMSO) and the absorption of the solution was 
then measured at 570 nm in an ELISA reader. MTT 
assay was carried out at least in triplicate and the 
percentages of living cells against the controls were 
calculated by the following equation for each 
treatment:  

Cell viability (%) = The mean absorbance of 
Eugenol-treated cells in each well / The mean 
absorbance of control cells × 100 

Morphological evaluation 
BM-MSCs in passage 3 were cultured in 6-well 

plates at 0.5×106 cells per well and incubated at 
37oC and 5% CO2 overnight. Cells were then 
treated with different concentrations of Eugenol 
and morphological changes were evaluated under 
an inverted microscope 24h after treatments. 

Gene expression analysis 
The effect of Eugenol on the immunomodulatory 

potential of MSCs was investigated by evaluating 
the expression of Tlr3, Tlr4, Ccl2, and Ccl3 genes 
using real-time PCR. To evaluate the effect of 
Eugenol on the expression of the genes in BM-
MSCs, first, the half maximal inhibitory 
concentration (IC50) of Eugenol was determined 
24h after treatment. BM-MSCs were then treated 
with Eugenol at IC50 for 24h. Consequently, total 
RNA was extracted from the Eugenol-treated and 
control BM-MSCs using RNX-Plus reagent 
(SinaClon, Iran). The RNA samples were then 
treated with RNase-free DNase I (Fermentas, 
Germany) according to the manufactures’ 
instruction. Finally, 1 μg of the DNase-treated total 
RNA was converted into cDNA using reverse 
transcription (RT)-enzyme (Fermentas, Germany) 
at 42oC for 60 min. In this study, Allele ID (version 
6) software was used to design primers (Table 1)
for the gene expression analysis by quantitative RT-

PCR. To assess and compare the expression of 

genes in the Eugenol-treated BM-MSCs relative to 
untreated control cells, quantitative gene expression 
analysis was performed in duplicates using specific 
primers and SYBR Green PCR master kit (Takara, 
Japan) in a real-time PCR instrument. The real-time 
PCR reactions were carried out in a 10 μl reaction 
volume using the two-step time and temperature 
program, including 10 sec at 95oC and 30 sec at 
60oC for 40 cycles. The beta-actin (β-actin) gene 
was considered as housekeeping gene and the 
expression of interesting genes (Tlr3, Tlr4, Ccl2, 
and Ccl3) were normalised to the β-actin 
expression. Quantitative real-time PCR (qRT-PCR) 
reactions were performed in duplicates and each 
experiment was repeated three times. The standard 
deviations were calculated for the expression of 
each gene. The comparative Ct method was used to 
calculate the relative quantification of the gene 
expression in the Eugenol-treated BM-MSCs 
relative to untreated control cells (Livak & 
Schmittgen 2001). Finally, the fold-change more 
than or equal to 1.5 was considered as significant to 
identify differentially expressed genes in the 
Eugenol-treated BM-MSCs in comparison to 
untreated control cells. 

Statistical analysis 
Data analysis was carried out using the SPSS 

software package (version 21.0) for Windows 
through a Student’s t-test. Data were also expressed 
as mean value ± standard deviation and differences 
were also considered significant when the P-value 
was 0.05 or less. 

Results 

Culture of BM-MSCs 
The mouse bone marrow tissue was cultured and 

cells from the BM tissue were started to attach on 
the surface of the flask. After 72h, the cell culture 

medium was replaced and, thereby unattached cells 

Table 1: Nucleotide sequences of the primers used for the gene expression analysis by qRT-PCR. 

Gene 
Accession 
number 

Primer Sequence 

Tlr3 NM_126166
Forward 5´-GCCACCAGCGAGAGCACTTTC-3´ 
Reverse 5´-GAGAAGGAACCGTTGCCGACATC-3´  

Tlr4 NM_021297 
Forward 5´-TGGGAGGGAAGAGGCAGGTG-3´  
Reverse 5´-TGGTGTCAGGCAGGAGAAGAAC-3´  

Ccl2 NM_011333
Forward 5´-AGAGAGCCAGACGGGAGGAAG-3´  
Reverse 5´-TGAATGAGTAGCAGCAGGTGAGTG-3´  

Ccl3 NM_011337
Forward 5´-ACACCAGAAGGATACAAGCAGCAG-3´
Reverse 5´-GTAGGAGAAGCAGCAGGCAGTC-3´

Β-actin NM_007393 
Forward 5´-GGCTGTATTCCCCTCCATCG-3´ 
Reverse 5´-CCAGTTGGTAACAATGCCATGT-3´ 
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were removed from the primary culture. The 
primary culture was reached to confluency after 7-
10 days and, therefore, it trypsinised and sub-
cultured to new flasks. Finally, the purified BM-
MSCs in passage 3 were used for following studies. 
The mouse bone marrow-derived primary cell 
culture and the purified BM-MSCs are shown in 
Figure 1A & B, respectively. 

Flow-cytometry analysis 
Phenotypic characterization of cells was 

achieved using flow-cytometry analysis. Results 
indicated that although cells derived from mouse 
BM were positive for the MSCs markers CD44, 
CD90, CD105, they were also negative for 
hematopoietic markers CD45 and CD34 (Figure 2).  

Adipogenesis potential of BM-MSCs 
Results of differentiation assay showed that the 

adipogenic medium induced the conversion of BM-
MSCs into adipocytes. Twenty-one days after the 
culture of BM-MSCs with the osteogenic medium, 
the Oil-red O staining and microscopic 
observations of cells demonstrated distinguishable 
primary lipid droplets in cells (Figure 3A). Results 
also indicated that lipid droplets were not detectable 
in untreated BM-MSCs (Figure 3B). 

Osteogenesis potential of BM-MSCs 
Twenty-one days after treatment of BM-MSCs 

with the osteogenic medium, Alizarin-red S 
staining was used to evaluate osteogenesis in the 
cells. The differentiated cells displayed a red colour  

Figure 1. Mouse bone marrow-derived cell cultures. The primary cell culture derived from BM tissue (A) and the 
BM-derived MSCs in passage 3 (B). 

Figure 2. Phenotypic characterization of BM-MSCs by Flow-cytometry. Results showed that the mouse BM-MSCs 
were positive for CD44, CD90 and CD105, but they were negative for hematopoietic cell markers CD45 and CD34. 
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after staining (Figure 3C), while this 
phenomenon was not observed in untreated BM-
MSCs (Figure 3D). 

Cytotoxic effect of Eugenol on MSCs 
The cytotoxic effect of Eugenol was evaluated 

on BM-MSCs by MTT assay at 24, 48, and 72h 
after treatment. Results demonstrated that Eugenol 
reduced the viability of BM-MSCs in a dose- and 
time-dependent manner and the IC50 values for 
Eugenol were 400 μg/ml after 24 and 48h, and 200 

μg/ml after 72h. Moreover, the results of the MTT 
assay showed about 90% cell viability at the 
concentration of 12.5 μg/ml 24h after treatment 
(Figure 4). 

Morphological changes 
Microscopic observations demonstrated that 

Eugenol affects the shape of the BM-MSCs in a 
dose-dependent manner and prominent 
morphological alterations were common 24h after 
treatments. The morphological changes of BM-

 

 
Figure 4. The cytotoxic effect of Eugenol was evaluated on BM-MSCs by MTT assay at 24, 48, and 72h after 

treatment. 

Figure 3. Differentiation potency of BM-MSCs. Oil-red O staining demonstrated that lipid-rich vacuoles formed in 
the BM-MSCs after 3 weeks of adipogenic induction (A); untreated BM-MSCs were considered as negative control 

(B). Alizarin-red S staining showed that mineralised nodules formed in the BM-MSCs after 3 weeks under the 
osteogenic induction. After 3 weeks of osteogenic induction, alizarin-red S staining indicated the osteocyte formation 

(C), while untreated BM-MSCs were negative for osteogenesis (D). 
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MSCs treated with 100 and 300 μg/ml of Eugenol 
are shown in Figure 5A & B. To note, the 
morphological alterations were not detectable in 
untreated BM-MSCs (Figure 5C). 

 
Gene expression analysis of the Eugenol-treated 
BM-MSCs 

The effect of Eugenol on the expression of 
genes involved in the immunomodulatory 
potency of BM-MSCs, including Tlr3, Tlr4, 
Ccl2, and Ccl3, was evaluated at transcript 
level by qRT-PCR method. The results of the 
gene expression analysis showed that Tlr3, 
Tlr4, Ccl2, and Ccl3 genes were up-regulated 
1.6-, 1.8-, 1.3-, 2.2-fold, respectively, in the 
Eugenol-treated MSCs compared to untreated 
control cells (Figure 6). These findings 
indicated that Tlr3, Tlr4, and Ccl3 have the 
fold change of expression more than 1.5 in 

Eugenol-treated BM-MSCs relative to 
untreated cells. Moreover, Ccl3 and Ccl2 had 
the highest and the lowest levels of expression 
in the Eugenol-treated cells. 
 
Discussion 
 
Immunomodulatory potency is a unique property of 
MSCs and, therefore, it makes them interesting 
tools for the treatment of inflammatory and 
autoimmune diseases. Scientists have tried to find 
the influential factors that influence the 
immunomodulatory properties of MSCs in vitro. 
Eugenol is a volatile compound from the 
phenylpropanoids class of chemical compounds, 
which has widespread biological and 
pharmacological properties. Despite extensive 
investigations on the biological and 
pharmacological effects of Eugenol (Ito et al., 
2005; Raghavenra et al., 2006; Singh et al., 2007; 

 
Figure 5. The effect of Eugenol on the morphology of BM-MSCs. Microscopic observations demonstrated the 
morphological alterations in the mouse BM-MSCs treated with 100 (A) and 300 μg/ml (B) of Eugenol, while 

untreated BM-MSCs were not showing the morphological changes (C). 
 

 
Figure 6. qRT-PCR for Tlr3, Tlr4, Ccl2, and Ccl3. The gene expression analysis showed that Tlr3, Tlr4, Ccl2, 
and Ccl3 genes were over-expressed in the Eugenol-treated BM-MSCs in comparison to untreated control cells. 

However, results indicated that Tlr3, Tlr4, and Ccl3 have 1.6, 1.8 and 2.2-fold change of expression, respectively, 
in Eugenol-treated mouse BM-MSCs relative to untreated cells. 
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Bachiega et al., 2012; Kamatou et al., 2012), its 
effect on MSCs remains to be clarified. Therefore, 
in the current study, we investigated the effect of 
Eugenol on the expression of genes, including Tlr3, 
Tlr4, Ccl2, and Ccl3, involved in the MSCs 
immunomodulatory potency. The results of qRT-
PCR showed that Eugenol influence the expression 
of Tlr3, Tlr4, and Ccl3 genes in BM-MSCs. 
Interestingly, MSCs can be polarised into two anti-
inflammatory (MSC1) or a pro-inflammatory 
(MSC2) phenotype through activation of different 
Toll-like receptors (TLRs) (Waterman et al., 2010). 
It has been found that MSCs express different types 
of TLRs, including TLRs-1, 2, 3, 4, 5, 6, 7, 8 and 9 
(Najar et al., 2017). The role of TLR3 and TLR4 in 
regulating the function of MSCs has been shown in 
different studies. Waterman et al. demonstrated that 
MSCs polarisation process toward MSC1 or MSC2 
phenotype may occur depending on the type of 
TLR activated. They found that MSC1 and MSC2 
phenotype express TLR4 and TLR3, respectively 
(Waterman et al., 2010). Interestingly, TLRs 
signalling pathways induced MSC migration and 
immunomodulatory factor secretion (Tomchuck et 
al., 2008; Hwang et al., 2014). For example, 
activation of TLR3 amplifies MSCs multifunctional 
trophic factors and enhances therapeutic potency 
(Mastri et al., 2012). Activation of TLR3 enhances 
the therapeutic potential of MSCs by stimulating 
the expression and secretion of interleukin-6 (IL-6), 
IL-8 IFNγ, STO-1, hepatic growth factor (HGF), 
and vascular endothelial growth factor (VEGF) 
(Tomchuck et al., 2008; Mastri et al., 2012; O'Neill 
et al., 2013). Activation of TLR4 increases the 
production and secretion of IL-6 and IL-8 by of 
MSCs, as well (Tomchuck et al., 2008). The 
therapeutic advantages of TLR3 and TLR4 
activation are not only limited to secretion of 
trophic factors but also to its immunoregulatory 
response (Delarosa et al., 2012). A recent study 
revealed that stimulation of TLR3 signalling by 
RNA mimetic polyinosinic-polycytidylic acid 
[Poly(I:C)], enhanced the immunosuppressive 
ability of human umbilical cord-derived MSCs 
(UC-MSCs) through microRNA-143 inhibition 
(Zhao et al., 2014). Moreover, Zhang et al., 
demonstrated that the activation of TLR3 and TLR4 
in human UC-MSCs stimulates the expression of 
inflammatory markers (Zhang et al., 2015). A study 
by Rashedi et al., also showed that activation of 
TLR3 or TLR4 in MSCs increases Treg induction 
via the Notch pathway (Rashedi et al., 2017). 
Mechanistically, it has been found that stimulation 
of TLR3 and TLR4 by lipopolysaccharide and 
Poly-IC, respectively, resulted in enhanced 

phospho-IKKα/β and phospho-MAPK and thus 
activation of NF-kB and/or MAPK signalling in 
MSCs. Significantly, TLR3 induced the expression 
of stem cell markers and inhibited the 
differentiation potential of UC-MSCs into 
osteocytes. On the other hand, TLR4 inhibited the 
expression of stem cell markers and, therefore, 
increased the osteogenic differentiation of UC-
MSCs (Zhang et al., 2015). Eugenol exhibits anti-
inflammatory and immunomodulatory activities 
through inhibiting the activity of enzymes such as 
COX-1/2, 15-LOX, 5-LOX manganese 
prostaglandin H synthase (Mn-PHS) and NF-KB 
signalling pathway. It induces the production of 
free radicals, like tyrosyl, and lipid peroxidation, 
and also preventing the production of inflammatory 
mediators such as prostaglandin (PGE2) and 
leukotrienes (LTC-4) (Ito et al., 2005; Raghavenra 
et al., 2006; Singh et al., 2007; Bachiega et al., 
2012). Generally, it has been found that the anti-
oxidant and anti-inflammatory activity of Eugenol 
is achieved at low concentrations, while at higher 
concentrations it acts as a pro-oxidant, which 
leading to tissue damage by increasing the 
production of free radicals (Kabuto & Yamanushi 
2011; Kamatou et al., 2012). The protective effects 
of Eugenol on immune cells have also been proven 
in a few studies. Our quantitative gene expression 
analysis also showed that Eugenol at 10 μg/ml 
somewhat enhanced the expression of Tlr3 and Tlr4 
genes in BM-MSCs. Therefore, we propose that 
Eugenol can also influence on MSCs characteristics 
in vitro. Moreover, although Eugenol slightly over-
expressed Tlr3 or Tlr4 in BM-MSCs, more 
experimental studies will be necessary to confirm 
the effect of Eugenol on the immunomodulatoty 
potency of MSCs. 
In addition to TLRs, the pro-inflammatory 
chemokine (C-C motif) ligands (CCLs) are 
important regulators of the immunomodulatory 
properties of MSCs. Collectively, different studies 
revealed that MSCs exhibit changes in gene 
expression indicative of a pro-inflammatory 
phenotype, with increased expression of CCL2, 
CCL3, CCL4, CCL5, CCL7, CCL20, CXCL6, 
CXCL10, CXCL12 and IL-8 mRNA (Anton et al., 
2012; Pyo et al., 2015; Lee et al., 2017). 
Functionally, the secretion of pro-inflammatory 
chemokine (C-C motif) ligands, including CCL2, 
CCL3 and CCL12 by MSCs stimulates the 
migration of immune cells such as monocytes and 
T cells and recruits them into inflamed tissues to 
induce wound repair at the site of injury (Le Blanc 
& Davies 2015; Lee et al., 2017). Mechanistically, 
it was also elucidated that CCL2 increases the 
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duration of the MSC–T cell contacts through 
enhancing the expression of VCAM-1 in T cells 
(Pyo et al., 2015; Lee et al., 2017). In the present 
study, we also found that Eugenol significantly up-
regulated the expression of Ccl3 in BM-MSCs. 
Therefore, we suggest that Eugenol may enhance 
the immunomodulatory potency of BM-MSCs 
through activation of Ccl3 expression. However, 
the exact mechanisms and the roles of this 
regulation are needed to be elucidated in further 
study.  
In this study, we investigated the effect of Eugenol 
on the mouse BM-MSCs through evaluation of the 
expression of Tlr3, Tlr4, Ccl2, and Ccl3, which are 
involved in the immunomodulatory potency of 
MSCs. Our findings showed that Eugenol 
somewhat affects the expression of Tlr3, Tlr4, and 
Ccl3 in BM-MSCs. Therefore, we declare that 
Eugenol can influence on MSCs characteristics. 
This study also provides a background for further 
studies on the effect of Eugenol on MSCs 
characteristics and functions, especially their 
immunomodulatory potency, which may finally 
improve their potency for cell-based therapy of the 
human inflammatory and autoimmune diseases. 
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Abstract 

 
Osteoarthritis (OA) is the single most prevalent disorder in older adults having a predicted value of 130 million 
patients in 2050. Several clinical chemotherapeutic approaches are being applied to treat early or late osteoarthritis. 
It has been recommended that autologous mesenchymal stem cells (MSCs) from OA patients could be the gold 
standard to treat OA as these cells have high proliferation and chondrocyte lineage differentiation potential. In this 
work, human MSCs, derived from adipose tissue (Ad-MSCs), loaded on Polyurethane/Hydroxyapatite (PUHA) and 
Demineralized Bone Matrix (DBM) and their proliferation, differentiation capabilities were determined by MTT 
assay and Alizarin Red S staining and the expression of mRNA into osteoblast lineage were determined using Real Time PCR 
. The result showed that MSCs were more viable on PUHA when compared with DBM and the expression of lineage 
specific markers showed that differentiation potential of PUHA and DBM was not much different. The osteoblast 
lineage cells were stained positively with Alizarin Red S in completely similar in both groups. Electron microscopy 
analysis indicated attachment of Ad-MSCs when cultured on the PUHA and DBM. It was concluded that PUHA can 
be used in clinics as Osteo-inductive scaffold to treat OA easily, however further investigations are required before 
moving to clinical studies. 
 
Keywords: Demineralized Bone Matrix, Osteoarthritis, Osteo-like Cells, Polyurethane/Hydroxyapatite 
 
 

Introduction1� 

 
Osteoarthritis (OA) is a long-term chronic 

degenerative disorder with undiscovered origin that 
identified by the atrophy of cartilage in joints. The 
main symptoms of OA are rigidity, pain and 
restricted movements when bones rubbed together. 
OA has been known as a most common disease with 
a worldwide distribution (Baharvand et al., 2004). 

According to the United Nations, people aged over 
60 will account for more than 20 percent of the 
world’s population by 2050 which are the prime 
victims of OA rising a danger of 130 million OA 
patients of whom 40 million will be disordered by 
the severity of disease (Bahrami et al., 2011). There 
are several therapeutic approaches including 
physical activity, surgery, medication etc. but 
recently stem cells especially mesenchymal stem 
cells (MSCs) have emerged as promising agents to 
treat OA because of their excessive proliferation and 
multilineage differentiation capability (Brodie and 
Humes, 2005, Caplon, 2005). Their clinical trials 
and promising results with enhanced healing and 
improved joints recovery have resulted in the 
applications of these cells in comparison with other 
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cells to treat various osteo-diseases(Chakkalakal et 
al., 2001, Dexheimer et al., 2011). These cells can be 
isolated from approximately all parts of body 
including skin, blood, pancreas, adipose, liver, brain, 
lungs, heart, umbilical cord blood and kidneys. 
Among these issues, adipose tissue is the most 
common source of these kinds of stem cells with 
limited oncogenicity, which could be derived from 
the lipoasparate in routine liposuction (Friedenstein 

et al., 1987, García-Álvarez et al., 2011, Ghannam et 
al., 2010).  
In comparison to the misconception that OA is easily 
a “wear and tear” disease, it is now obvious that pro-
inflammatory cytokines and moderators are 
involved in the onset and advancement of this 
disease (Hare et al., 2009). In this regard, the 
potential effect of inflammatory cytokines exist in 
the joint space must be thought when estimating 
stem cell-based therapies and a good scaffold can 
induce precise differentiation for bone healing and 
recovering the damages (Hofmann et al., 2008). 
Scaffold based engineering may result in the 
generation of tissues resistant to inflammations, a 
major challenge in tissue engineering. Considering 
the importance of a scaffold, demineralized bone 
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graft (DBG) that is derived from the bone tissue, 
have been applied by researchers for bone healing 
and treatment of OA (Hosea Blewett, 2008).. 
Mineralized bone matrices with osteoconductive and 
osteoinductive properties (Hsieh et al., 2015, Jiang 
et al., 2002), have been utilized widely for the most 
of bone disorders with non-union characteristics 
(Labusca et al., 2012, Lee et al., 2008, Levenberg et 
al., 2003). Demineralized bone matrix is constituted 
of native compositions of ECM, which enhance its 
osteoinductive characteristics. Osteoconductive 
features of DBM are consequence of its collagenous 
network (Maetzel et al., 2004). Efficient alternatives 
to DBM remained a challenging step in stem cell-
based treatment of osteo-diseases and it has been 
considered that natural derivatives could be the ideal 
agents for cellular seeding to induce towards osteo-
like cells (Maniatopoulos et al., 1988). In this work, 
PUHA as a combination of PU (Polyurethane) and 
HA (Hydroxyapatite) has been used to seed the cells 
and to study cellular behavior on it. Cellular 
behavior has been studied and compared with DBM 
as a current gold standard in tissue engineering and 
transcriptional based approaches have been applied 
to find out the molecular switching (RUNX2, 
COL1A1, BGLAP and SPARC) of seeded MSCs on 
PUHA and DBM. 
 
Materials and Methods 
 
Isolation and characterization of Adipose MSCs 

Human adipose-derived mesenchymal stem cells 
(Ad-MSCs) were extracted from adipose tissue as 
previously mentioned (Martin et al., 1999, Mulliken 
et al., 1981, Murphy et al., 2002, Polo-Corrales et al., 
2014). Adipose tissues were isolated from three 
patients using liposuction surgery with written 
agreement at Razavi Hospital (Mashhad, Iran). Cells 
were separated using collagenase type I (Gibco, 
Australia) and MSCs were subsequently derived by 
centrifugation and cultured in Dulbecco’s Modified 
Eagle’s Medium-Low Glucose (DMEM-LG; Gibco, 
Australia) supplementary with 10% fetal bovine 
serum (FBS; Gibco, Australia), 100 µg/ml 
streptomycin and 100 U/ml penicillin (Biowest, 
UK). The recognition of extracted human Ad-MSCs 
was affirmed by their expression of particular cell 
surface antigens as explained before (Martin et al., 
1999). 

 
Culturing of MSCs on Scaffold 

Ad-MSCs in passage three were applied for 
culturing on the scaffolds. Cells were separated from 
culture plates with trypsin/EDTA (Gibco, Australia) 
then added into each well. A seeding density of 

1×106 cells was applied for both PUHA and DBM 
(TRC, Iran) scaffolds and 2D culture of Ad-MSCs 
was used as control group. In order to loading the 
cells in scaffolds, Ad-MSCs were resuspended in 
FBS. Then, all samples were incubated at 37ºC under 
5% of CO2 conditions for 15 min, after which, 1 ml 
of DMEM-LG supplemented with 10% FBS was 
added to each well. After 48h incubation, the 
matrices were cultured in induction media (DMEM-
LG supplemented with 10% FBS, 100 µg/ml 
streptomycin and 100 U/mL penicillin plus 0.1 µM 
dexamethasone,10 mM β-glycerophosphate, and 10 
mM ascorbic acid)  for 21 days. 

 
Cell Viability Assay 

Cell viability assay was applied to estimate the 
rate of Ad-MSCs proliferation and viability. Cell-
seeded on DBM and PUHA scaffolds in 12-well 
tissue culture plates were cultured in osteogenic 
induction medium for 14 and 21 days. The 
mitochondrial activity of ADSCs into the DBM and 
PUHA scaffolds can be determined by the 
conversion of 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (Sigma, USA) to 
formazan crystals. Cells were incubated in the 
existence of 0.5 mg/mL 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazoliumbromide (MTT) for 3 
hours. The optical densities (OD) of the formazan 
were read with a spectrophotometer at a wavelength 
of 570 nm. This absorbance was caused by Ad-
MSCs seeded in DBM and PUHA for 14 and 21 days 
after culture. 
 
Alizarin Red staining 

Scaffolds were fixed with 4% paraformaldehyde, 
incubated with Alizarin Red S solution for 20 min. 
The samples were washed with distilled water and in 
order to quantitative analysis the scaffolds were 
detained in 10% acetic acid. The concentration of 
dye in solution was measured with the 
spectrophotometer at 405 nm. 

 
Gene Expression Analysis 

Total RNAs were isolated from all three groups of 
MSCs cultured on DBM, PUHA and control group 
after 21 days and cDNAs were synthesized and 
subjected to reverse transcription polymerase chain 
reaction (RT-PCR) to observe the expression of 
RUNX2, BGLAP, SPARC and COL1A1 using 
specific primers as shown in Table 1. The relative 
expressions of osteo-lineage markers were 
determined using real time quantitative RT-PCR. 
For this purpose, synthesized cDNAs were mixed 
with 2x SYBR® Green Real Time PCR Master Mix 
(Parstous, Iran) in 8-strip tubes (Gunster Biotech, 
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Taiwan). and the mixture was subject to CFX96 
Touch Real-Time PCR Detection System (Bio-Rad, 
USA) using following parameters:  initial 
denaturation at 94°C for 10 minutes, 40 cycles of 
94°C for 15 seconds, 60°C for 30 seconds and 72°C 
for 30 seconds, followed by a final extension at 72°C 
for 2 minutes. 
Electron Microscopy 

One sample from each category was set with 2.5% 
glutaraldehyde solution (Sigma) for 4 hours at room 
temperature in order to scanning electron 
microscopic (SEM) analyses. After dehydration in a 
gradient series of ethanol (50%, 70%, 90%, 100%, 
for 10 min in each one), specimens were dried, 
coated with gold and analyzed by SEM (LEO, 
Germany). 

 
Statistical Analysis 

Statistical analyses were carried out by SPSS and 
applying one-way ANOVA test. Results are 
exhibited as mean values ± standard deviation. A 
significance value of p < 0.05 was approved as 
statistically significant. 
 
Results 
 
Characterization of Ad-MSCs 

Flow cytometry analysis was carried out to 
characterize Ad-MSCs. We used 6 different 
antibodies against CD90, CD105, CD44, CD45, 
CD34 and CD11b. Majority of these cells express 
CD90, CD105 and CD44 markers, whereas CD45, 
CD34 and CD11b are expressed in low percentage 
of the cells (data not shown).  

 
Cell viability 

MTT assay was used in order to evaluate the rate 
of Ad-MSCs proliferation and viability.  The cells 

seeded on DBM and PUHA scaffolds in osteogenic 
induction medium for 14 and 21 days. The OD of the 
formazan product produced by Ad-MSCs seeded in 
DBM and PUHA 14 days after culture were similar. 
On day 21, the viability of the cells in two types of 
scaffolds and control groups was similar although in 
PUHA group was increased, slightly (Figure 1).  
 
Alizarin Red staining 

In order to analyze calcium crystals in cells or 
matrix fibers, alizarin red staining carried out.  The 
Ad-MSCs seeded on DBM and PUHA scaffolds for 
21 days with osteogenic induction medium. The 
Alizarin Red staining of the cells culture in the two 
types of scaffolds was the same, as analyzed by 
absorbance of the solvent as shown in Figure 2. 

 
Expression of Osteogenic genes in Ad-MSCs 
seeded on scaffold 

At day 21, in order to examine the expression of 
osteogenic-related genes in the Ad-MSCs seeded in 
DBM, real time quantitative RT-PCRwas 
performed. The expressions of Runt-related 
transcription factor 2 (RUNX2), Collagen, Type I, Alpha 
1 (COL1A1), Bone gamma-carboxyglutamate (Gla) 
protein or osteocalcin (BGLAP) and secreted protein 
acidic and rich in cysteine or osteonectin (SPARC) in 
relation to TATA binding protein (TBP) gene are 
shown in Figure 3. The expression of RUNX2, 
SPARC and COL1A1 was increased in the Ad-MSCs 
seeded on DBM in presence of the induction 
medium, significantly. However, expression of 
BGLAP was similar in Ad-MSCs loaded on DBM 
and PUHA. 

 
Electron microscopy analysis 

Significant integration of cells to the DBM and 
PUHA scaffolds were also affirmed by SEM images. 

Table 1. List of primers used for mRNA expression analysis using real time quantitative RT-PCR. 
SPARC: secreted protein acidic and rich in cysteine or osteonectin, COL1A1: Collagen, Type I, Alpha 1, 
BGLAP: Bone gamma-carboxyglutamate (Gla) protein or osteocalcin, RUNX2: Runt-related transcription 

factor 2, TBP: TATA binding protein gene. 
 

Name of 
Gene 

Forward Primer Reverse Primer 
Length of 

Primer 

SPARC CTGTATTCTGGTGTTCTCTTCTAC AATGACTGAATGAGCCAATGC 170 bp 

COL1A1 GACGAAGACATCCCACCAAT CGTCATCGCACAACACCTT 124 bp 

BGLAP CTCACACTCCTCGCCCTATTG CTCTTCACTACCTCGCTGCC 134 bp 

RUNX2 CTCACTGCCTCTCACTTG ATGTATTAACCTGGATTCTGG 163 bp 

TBP TTGTGAGAAGATGGATGTTG AGATAGCAGCACGGTATG 151 bp 
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Ad-MSCs attached and proliferated into well in the 
DBM and PUHA (Figure 4). In DBM and PUHA 
groups, Ad-MSCs were directly injected in the 
scaffolds, the cells would attach into the scaffold 
holes and its surface. In these groups, Ad-MSCs 
adhere on the scaffolds via pseudopodia. SEM was 
shown PUHA was better than demineralized bone 
graft. 
 
Discussion 
 

Stem cell-based tissue-engineering approaches 
are currently being investigated at high pace and are 
setting up a new era of learning that how to control 
the body’s constitutional capacity to repair and 
renew skeletal tissues. For this purpose, MSCs are 
being introduced as reparative cells to the disorder 
site to fill the injury and to promote the body’s self-
repair by managing its intrinsically self-renewal 
capacity by its unmatched paracrine effects 
(Rosenthal et al., 1999).  
Covering the challenge of autologous stem cell 
treatment demand, MSCs are being taken from 
young, healthy donors exhibiting enhanced 
expansion and differentiation potential for OA 
patients as it was hypothesized that onset of OA may 
decrease the chondrogenic potential of stem cells 
(Supronowicz et al., 2013). Studies approved that 
MSCs from OA patients can be derived, amplified, 
and differentiated into the chondrocyte lineage and 
then transplanted again (Thibault et al., 2009, Tran 
et al., 2009). However, raised age and obesity are 
both critical risk factors for OA and may influence 
the characteristic of stem cells (Hare et al., 2009, 
Upton et al., 1984).  
Many of conventional cell culture investigations for 
clinical purpose have been applied in 2-dimensional 
(2D) culture systems; nevertheless, these culture 
systems are significantly limited in simulation of cell 
fortune in native tissues (Vilalta et al., 2008). 
Therefore, three-dimensional (3D) culture systems 
have been improved as a strategy to overcome this 
challenge and cells are being cultured using different 
scaffolds to reduce the variations in cell 
morphology, migration, signaling and adherence 
(Wang et al., 2009, Yang et al., 2015) and steps have 
been taken to generate a natural microenvironment 
in vitro which is more proper for investigation of cell 
interactions with ECM constituents (Yang et al., 
2011). Biomaterial scaffolds indicated to operate as 
supporting structures to osteogenic cells playing a 
crucial role in bone tissue engineering (Yoon et al., 
2007). Various types of adopted chitosan have been 
performed as 3D scaffolds including chitosan 
hydrogel and chitosan sponges to study their 

potential to induce MSCs towards osteo-lineage and 
to keep cells viable in culturing systems (Zotarelli 
Filho et al., 2013). 

DBM have been known as the ideal scaffold for 
osteo-lineage induction of stem cells but the 

Figure 1. The proliferation and viability of adipose 
derived mesenchymal stem cell cultured on the 

PUHA and DBM (P<0.05). 
 

Figure 2. Alizarin Red S staining of adipose derived 
mesenchymal stem cell cultured on the PUHA and 

DBM for 14 and 21 days (P<0.05). 
 

Figure 3. Gene expression of adipose derived 
mesenchymal stem cell cultured on PUHA and DBM 

(P<0.05). 
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availability of DBM depends upon the existence of 
dead bone, a major challenge in the scaffold 
preparation (Hosea Blewett, 2008). PUHA, an ideal 
conjugation of PU (Polyurethane) and HA 
(Hydroxyl Appetite) have emerged as an ideal 
candidate to generate in vitro microenvironment as 
PUHA provides more vitality to cells as compared to 
other available scaffold matrices (Yoon et al., 2007)  
and an excellent three-dimensional structure for 
bone tissue ingrowth and cell migration and 
hopefully could be used as an substitute to DBM in 
near future for bone tissue regeneration (Zuk et al., 
2002).. It has been shown that this 3D co-culture 
system could supply a novel foundation for the 
improvement of complex tissue engineered 
constructs with high regeneration ability (Zuk et al., 
2001).. In current study, we used Ad-MSCs and 
studied their viability while cultured on DBM and 
PUHA. It was observed that PUHA is much more 
viable scaffold as compared to DBM for ad-MSCs 
whereas both scaffolds showed equal amount of 
osteogenic differentiation as determined by MTT 
and Alizan red assay respectively, as shown in 
Figure 1 and 2. Results obtained by qRT-PCR, 
confirmed the consistency of our  
previously mentioned reports regarding their 
osteogenic differentiation (Figure 3). Considering 
the challenges in deriving DBM and advantages of 

PUHA, it can be concluded from the current work 
that PUHA could be used as a novel scaffold for 
bone tissue engineering as there was no significant 
difference  in cell viability, differentiation, 
molecular expression and electron microscopic 
morphology, when we compared both scaffold. 
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Abstract 

 
Co-expression analysis is a useful tool to analysis data and detection of genes that act in the same pathway or 
biological process. Echinacea purpurea is one of the most important medicinal plant of the Asteraceae family that is 
known as antioxidative and antiviral agent. Despite medicinal importance of E. purpurea, very few reports are 
available for metabolic mechanisms in this plant. With the aim to elucidate the gene expression profiling and 
identification of modules in E. purpurea, we performed a systems biology analysis on publicly available 
transcriptome data. Gene ontology and KEGG pathway enrichment analysis revealed that the unigenes were highly 
related to the cellular process, primary metabolic process, carbon metabolism and biosynthesis of antibiotics. The co-
expression networks divided genes into multiple modules. Of these, module M2 associated with secondary metabolic 
process. Moreover, a total of 47 transcription factor families such as bHLH, bZIP, C2H2, MYB and WRKY in 
modules were identified. These findings can provide an overall picture for better understanding the gene expression 
patterns and common transcriptional mechanisms in E. purpurea.  
 
Keywords: Co-expression analysis, Echinacea purpurea, Transcriptomics data 
 
 

Introduction1� 

 
The emergence of sequencing technology and 

bioinformatics tools provide an opportunity for 
study important aspects of metabolic processes and 
complexity of transcriptome in non-model plant 
species. Gene co-expression analyses can uncover 
the functional interaction between genes. A co-
expression network represents pairwise interactions 
among genes which based on these relationships, it 
is possible to find gene clusters (modules) that 
involved in common biological pathways (Guo et al., 
2014; Lee et al., 2010). Currently, availability of 
transcriptomics data for various medicinal plants 
also can be used as tools to explore transcriptome 
information and molecular mechanisms, specifically 
related to the secondary metabolites. The 
biosynthesis of secondary metabolites is a complex 
process and regulate by transcriptional, translational 
and post-translational mechanisms. The 
accumulation and synthesis of these metabolites 
affect by different factors. Transcriptome analysis 
can facilitate identification of key genes and 
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regulators associated with such bioactive 
compounds (Graham et al., 2010; Xiao et al., 2013). 
Investigation of the network controlling the 
biosynthesis, transportation, accumulation of 
secondary metabolites will be helpful for production 
of these metabolites. Engineering biosynthetic 
pathways can be considered as an approach but is 
still limited, partially due to complexity of 
biosynthesis pathways (Yang et al., 2012). 
Identification and annotation of transcription factors 
as regulatory proteins of gene expression can assist 
greatly in this regard. 
Echinacea purpurea is an important medicinal plant 
which belongs to Asteraceae family. The roots, 
flowers and aerial parts are used mainly for 
medicinal purposes. In recent years, E. purpurea has 
been considered for high medicinal value and 
industrial applications in pharmaceutical and food 
industries. It has antioxidant, anti-inflammatory and 
immuno-stimulating properties and is used for 
treating viral and inflammatory diseases. Nowadays, 
numerous photochemical constituents include 
polysaccharides, caffeic acid derivatives and 
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alkylamides; have been identified from E. purpurea 
(Pellati et al., 2004; Tsai et al., 2012). Despite the 
importance of this plant, mechanism and regulation 
of biosynthesis of metabolites have been rarely 
investigated. In this study, by using transcriptome 
data and gene co-expression network analysis, we 
provide global expression patterns of genes and 
detected pathways, modules and transcription 
factors to achieve insights into particularly 
molecular mechanisms of secondary metabolism-
related genes in E. purpurea. 
 
Materials and Methods 
 
Data collection and functional annotation 
analysis 

The raw expression data of different tissues of E. 
purpurea were obtained from the Medicinal Plant 
Genomics Resource database (MPGR, 
http://medicinalplantgenomics.msu.edu/) (Góngora-
Castillo et al., 2012). All expressed transcripts were 
searched against the Arabidopsis Information 
Resource (TAIR) (http://www. Arabidopsis.org) 
using the BLASTX. 

GO enrichment analysis of the transcripts was 
performed using Gene Ontology (GO, 
http://wego.genomics.org.cn/cgi-bin/wego/index.pl) 
database for categories of biological process (BP), 
molecular function (MF) and cellular components 
(CC).  DAVID database (Dennis et al., 2003) was 
carried out to find important pathways according to 
the KEGG pathway database. Significantly enriched 
pathways were determined using a Benjamini test (P 
value <0.05). 

 
Co-expressed gene network analysis 

A Co-expression analysis was conducted with the 
Weighted Gene Co-expression Network Analysis 
(WGCNA) (Langfelder and Horvath, 2008). First, 
transcripts with low expression were filtered out, 
then expression matrix was used to cluster groups of 
highly co-expressed genes. The pairwise gene 
correlation matrix was transformed into a weighted 
matrix with a soft thresholding power of 10 to 
calculate a topological overlap matrix (TOM) and 
creating a hierarchical cluster tree. Finally, the 
modules were identified with minimum module size 
of 100, the power of 8 and TOMType of signed. 

 
Enrichment analysis of modules 

To interpret of functional characterization of 
modules that were identified by the WGCNA 
analysis, a separate enrichment analysis was 
performed to transcript list of modules using agriGO 
(Du et al., 2010).  Moreover, to identify and classify 

transcription factors (TFs) corresponding to each 
module, transcripts were aligned to AtTFDB 
database (http://arabidopsis.med.ohio-
state.edu/AtTFDB/) using BLASTX with a cut-off 
E-value ≤ 10−5. 
 
Results and Discussion 
 
Gene ontology (GO) and KEGG pathway 
analysis 

To obtain insight into functions and characterize 
the E. purpurea transcriptome, all unigenes from 
different tissues were annotated using BLASTX 
searches against the TAIR database. A total of 
73,643 unigenes (69.74%) were matched to TAIR 
database.  GO analysis was used to predict the 
function of unigenes by classifying them into three 
major functional categories (biological process, 
cellular component and molecular function) (Figure 
1). In the category of molecular function, catalytic 
activity (GO:0003824) with 4,168, binding 
(GO:0005488) with 2,421 and transporter activity 
(GO:0005215) with 1,071 transcripts were 
predominant. In the biological process group, unique 
sequences related to cellular process (GO:0009987) 
with 4056, primary metabolic process 
(GO:0044238) with 3872, localization 
(GO:0051179) with 1408, and cellular component 
organization (GO:0071840) with 999 transcripts 
were found. Moreover, secondary metabolic process 
(GO:0019748) was one of most common categories. 
In the cellular component domain, cell part 
(GO:0044464), organelle (GO:0043226), and 
macromolecular complex (GO:0032991) were 
shown to be the top 3 clusters. 
KEGG pathway enrichment analysis of unigenes 
was also carried out in web-based DAVID. Of the 
15,085 unigenes, 2,129 genes were categorized into 
41 pathways which 7 pathways include carbon 
metabolism, biosynthesis of antibiotics, 
glycolysis/gluconeogenesis, peroxisome, 
glycerolipid metabolism, endocytosis and fatty acid 
degradation, were significantly enriched (Table 1).  

 
Identification of the genes associated with 
phenylpropanoid biosynthesis 

In plants, phenylpropanoid pathway is a source of 
metabolites and starting point for the generation of 
secondary metabolites such as phenolic volatiles, 
flavonoids and lignans (Fraser and Chapple, 2011; 
Vogt, 2010). The phenylpropanoids and their 
derivatives play also key roles in plant responses to 
biotic and abiotic stresses. In this study, a total of 491 
unigenes were obtained that related to  
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phenylpropanoid biosynthesis pathway (Figure 
2). Several key enzymes such as phenylalanine 
ammonia-lyase [EC:4.3.1.24], peroxidase 
[EC:1.11.1.7] and caffeoyl-CoA O-
methyltransferase [EC:2.1.1.104] that involved in 
phenylpropanoid biosynthesis were expressed. 
Phenolic compounds are derived from phenylalanine 
through the phenylpropanoid pathway. The pathway 
is initiated by ammonia-lyase (PAL) and cinnamate-
4-hydroxylase (C4H), which their activities are 
positively correlated to phenylpropanoid product 
accumulation (Ali and McNear, 2014; Lee and 
Scagel, 2010). The enhancement of PAL and C4H 
activities was accompanied with an increase in the 
cichoric acid content in E.purpurea. In addition, 

previous studies have reported that enzyme activity 
of PAL changes by application of GA3 that has 
resulted in accumulation of flavonoids, lignin and 
starch (Abbasi et al., 2012). 
 
Gene co-expression network analysis 

To detect networks of co-expressed genes in E. 
purpurea, systems biology approach was performed 
by weighted gene correlation network analysis 
(WGCNA). WGCNA clusters genes based on gene 
expression similarity into modules. After low 
expression filtering, a FPKM (fragments per 
kilobase of transcript per million fragments mapped) 
matrix of different tissues include 21,363  

transcripts were obtained for construct gene co-

 

Figure 1. Gene Ontology classification of the unigenes into three major categories, biological process, molecular 
function and cellular component. 

Table 1. The KEGG pathway enrichment analysis of the total unigenes. 
 

Term Gene count* Percentage p-value 

Carbon metabolism 217 1.5 0.000 

Biosynthesis of antibiotics 353 2.4 0.000 

Glycolysis / Gluconeogenesis 97 0.6 0.009 

Peroxisome 76 0.5 0.013 

Glycerolipid metabolism 48 0.3 0.013 

Endocytosis 117 0.8 0.026 

Fatty acid degradation 38 0.3 0.040 
* The number and percentage of genes in each pathway. 

 

Figure 2. Pathway map of phenylpropanoid biosynthesis. Boxes coded violet are EC number of the enzymes 
encoded by identified genes. 
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expression networks. The genes were clustered 
based on similar patterns. A dendrogram and 
correlation heat map was generated to visualize 
topological overlap values between genes in the 
modules (Figure 3).  In total, 25 modules were 
identified which ranged in size from 1,783 members 
to 245 members and tagged with different colors. 
Turquoise (containing 1,783 genes), blue (1,495 
genes), brown (1,472 genes), yellow (1,326 genes) 
and green (1,310 genes) were five major modules. 
Based on the eigengenes and a minimum cut height 
(0.5), modules grouped in seven distinct clades 
(Figure 4). Subsequently, the MEtur and MEsalmon 
modules had very similar expression profiles, thus 
these modules were merged and renamed as M1. 
Similarly, MEdarkturquoise and MEpink were 
merged and renamed as M2, whereas MEcyan, 
MEgreen, MEbrown and MEmidnightblue were 
merged and renamed as M3. MEdarkgreen, MEred, 
MElightgreen and MEyellow were renamed as M4. 
MEmagenta, MEturquoise, MEroyalblue and MEtan 
were renamed as M5. MEgrey60, MEorange, 
MEdarkred, MElightyellow, MEblack and 
MEgreenyellow were merged and renamed as M6. 
MElightcyan, MEdarkgrey and MEpurple were 
renamed as M7. 
 
Functional annotation of modules 

To find the biological functions associated with 
modules, the modules were submitted to enrichment 
analysis. A FDR<0.01 was used to define 
significantly enriched terms. All of the modules 
were significantly enriched for at least one GO term. 
The biological process GO terms of each module are 
presented in Additional file. Module M1 was 
associated with aspects of the cellular process 
according to gene ontology, and the module was 
highly enriched for cellular component organization 
(GO:0016043), reproductive process 
(GO:0022414), reproduction (GO:0000003), 
metabolic process (GO:0008152) and response to 
stimulus (GO:0050896) terms that are related to the 
immune system (Table S1). Also, 583 genes were 
identified from this module that were involved in 
primary metabolic process. Module M2 enriched for 
functions related to metabolic process. The module 
also was associated with several GO terms that 
involved in developmental process (GO:0032502) 
and multicellular organismal process 
(GO:0032501). Interestingly, 37 and 20 genes were 
associated with secondary metabolic process 
(GO:0019748) and pigment metabolic process 
(GO:0042440), respectively (Table S2). Module M3 
linked to localization (GO:0051179), immune 
system process (GO:0002376), response to stimulus 

(GO:0050896) and growth (GO:0040007).  
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Figure 3. Topological overlap matrix plot (TOMplot) for all WGCNA modules. Modules are illustrated by different 
colors. Red color in the heat map represents the genes that showed high correlation. 

 

Figure 4. Clustering dendrogram of modules. The horizontal line showing merge cut height of 0.5. 
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Under biological regulation, 205 genes also were 
associated with regulation of primary metabolic 
process (GO:0080090). For the response to stimulus, 
51 genes were associated with the response to auxin 
stimulus (GO:0009733) (Table S3). Module M4 was 
related to reproductive process (GO:0022414), 
primary metabolic process (GO:0044238) and 
macromolecule metabolic process (GO:0043170). 
Moreover, genes that are involved in organ 
development (GO:0048513) were in this module 
(Table S4). Likewise, in module M5, M6 and M7, 
enriched for functions related to chromatin 
organization multicellular organismal process 
(GO:0032501), developmental process 
(GO:0032502) and reproduction (GO:0000003) 
(Table S5, S6 and S7). The results showed that these 
modules involved in various biological processes. 
In functional annotation observed that some genes of 
module M2 involved in secondary metabolic 
process. To evaluate details of metabolites related to 
module M2, metabolome data of E. purpurea 
available at PMR database (PMR; 
http://metnetdb.org/PMR/) (Hur et al., 2013) was 
used. The genes present in module M2 were 
searched against correlation data of metabolomes to 
determine metabolites synthesized by module M2. 
The results indicated that module M2 was 
significantly correlated with biosynthesis of 
monoterpenoids, fatty acid derivatives, 
isoflavonoids and anthocyanidins. 
 
Identification of transcription factors association 
with modules 

Transcription factors (TFs) are key set of proteins 
that regulate gene expression and function as central 
regulators in many important biological processes 
such as growth, development and secondary 
metabolism (Mitsuda and Ohme-Takagi, 2009; Patra 
et al., 2013). To assess the regulatory mechanisms of 
detected modules, unigene sequences of first five 
WGCNA modules were searched against AtTFDB 
database. Based on BLASTX, TFs were assigned to 
different modules and classified into different 
families. Generally, 47 TF families such as 
AP2/ERF-ERF, bHLH, bZIP, C2H2, MYB and 
WRKY were identified in all five modules (Table 2). 
The turquoise module was enriched in bHLH, HB-
HD-ZIP, bZIP, TUB and WRKY TF families.  The 
blue module also included C2H2, AP2/ERF-ERF 
and bHLH TF families which associated with 
gibberellic acid mediated signaling pathway. The 
brown module displayed the largest number of 
GRAS, AP2/ERF-ERF and WRKY TF families. The 
yellow and green modules were particularly 
enriched for AP2/ERF-ERF, WRKY and bHLH. 

The different TF families were also reported to 
regulate anthocyanin and flavonoid biosynthesis. 
The anthocyanin biosynthesis starts from amino acid 
phenylalanine. Most of the structural genes in the 
pathway are coordinately regulated by the MBW 
complex, which is composed of the MYB, bHLH 
and WDR proteins. TFs belonging to these three 
groups are functionally conserved among plant 
species. In Arabidopsis, early genes of anthocyanin 
pathway are positively regulated by MYB TF 
family, MYB11, MYB12 and MYB111, however 
late pathway genes are regulated by MBW complex. 
However, the MYB (phMYB27) negatively 
regulates anthocyanin biosynthesis in Petunia. The 
phMYB27 is up-regulated in shadow-grown leaves 
and is repressed under high light. Light-induced 
expression pattern of TFs as activator or repressor in 
Arabidopsis and Petunia is similar that suggest the 
conserved controlling mechanism of anthocyanin 
synthesis in vegetative tissues (Patra et al., 2013). In 
Arabidopsis, over-expression of the MYB TF 
(AtPAp1) Led to up-regulation of PAL, CHS and 
DER genes that subsequently enhanced production 
of lignin (Deluc et al., 2006). Additionally, NAC TF 
family has transcriptional activation effect on 
anthocyanin pathway genes in high light condition 
(Patra et al., 2013).This TF family especially present 
in brown and green modules. AP2/ERF-ERF and 
WRKY TF families present in all modules. These TF 
families act as regulatory proteins of major indole 
alkaloids pathway (Patra et al., 2013). C2H2 TF, as 
a member of Zinc-finger proteins (ZFPs) 
transcription factor family, is involved in controlling 
various abiotic stress and phytohormone responses, 
floral development (Wu et al., 2008), secondary 
metabolism and cell wall structure (Liu et al., 2015).  
In Aspergillus nidulans, C2H2 TF (MtfA) have been 
identified that regulate the secondary metabolism 
(Ramamoorthy et al., 2013). GRAS proteins are an 
important TF family that play key regulatory role in 
the development, abiotic stress and phytochrome 
signaling (Hirsch and Oldroyd, 2009). According to 
our data, GRAS TF family was strongly enriched in 
brown, yellow and green modules, this result 
suggests that this TF might associate with secondary 
metabolite production. Moreover, GRAS proteins 
function as regulator in GA3 signaling and 
biosynthesis. In E. purpurea, GA3 treatment resulted 
in higher production of caftaric acid, cichoric acid 
and anthocyanins. We propose GRAS TF family has 
the potential to secondary metabolic engineering in 
E. purpurea. 
In conclusion, this study, using systems biology 
approach, provides a transcriptional overview of E. 
purpurea. The analysis also highlights several 
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important TFs which their function as regulatory 
elements involved in secondary metabolism and 
stress responses. Although, some pathways have not 
yet been identified for E. purpurea, these TFs such 
as GRAS, AP2/ERF-ERF, bHLH, bZIP, C2H2, 
MYB and WRKY can be considered as promising 
candidates for pathway studies and manipulation 
toward accumulation of valuable products. 
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Abstract 

 
Staphylococcus aureus is a common pathogen potentially able to cause a wide range of infectious diseases in human 
and animals and coagulase enzyme is one of the important virulence factors of this bacterium. Polymorphism of the 
coagulase encoding gene (coa) is one of the molecular-based typing methods of S. aureus isolates. In this study, the 
polymorphism of the coagulase gene among MRSA and MSSA isolates were investigated using PCR-RFLP analysis. 
To perform coagulase gene typing, the repeated units encoding hypervariable regions of coagulase gene of 30 clinical 
isolates of S. aureus were amplified by the PCR technique; this was followed by AluI restriction enzyme digestion 
and analysis of restriction fragment length polymorphism (RFLP) patterns. In total two amplicons (680 bp and 750 
bp) and four distinct RFLP banding patterns (280+400, 340+340, 280+470, and no digested amplicon of 750 bp) 
were observed. Genotype with PCR-RFLP patterns of 280+400 bp was predominated. The results indicated 
polymorphism in the investigated regions of coagulase gene. This polymorphism can be used for identification of S. 
aureus isolates and showing the epidemiological relationship among them. 
 
Keywords: Staphylococcus aureus, coa gene, PCR-RFLP, Polymorphism 
 
 

Introduction1� 

 
     Staphylococcus aureus is a common pathogen 
potentially able to cause a wide range of infectious 
diseases, including skin and soft tissue infections, 
urinary tract infections, sepsis, endocarditis, 
pneumonia, deep abscess formation and 
osteomyelitis in both community and hospitals 
(Daum, 2007, Muder et al., 2006). In addition, S. 
aureus is responsible for toxin-mediated diseases, 
such as toxic shock syndrome (Dinges et al., 2000). 
The emergence of hypervirulent strains and the rise 
in antibiotic resistance increased public health 
concern of S. aureus (Shorr et al., 2006). Several cell 
wall associated components and extracellular 
proteins of S. aureus act as pathogenicity factors 
(Foster, 2005). Staphylocoagulase is an important 
virulence factor during S. aureus infection process, 
causes the clotting of host plasma and is required for 
abscess formation, bacterial persistence in host 
tissues and S. aureus lethal bacteremia (Cheng et al., 
2010, McAdow et al., 2012). The biological activity 
of coagulase is caused by prothrombin binding 
domain. At the 3' end of coagulase encoding gene, 
81 bp heterogenic tandem repeats encoding repeated 
27 amino acid sequences have been recognized 
which are polymorphic in both number and 
sequence. Clotting occurs independently of the 
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repeats but polymorphism of this region can be used 
for differentiation of S. aureus isolates and 
investigating the epidemiological relationship 
among them (Mahmoudi et al., 2017, McAdow et al., 
2012). Because of diversity in size and sequence, 
PCR amplification of 3' end of the coa gene from 
different S. aureus species may yield amplicons of 
different sizes and different restriction sites. PCR 
products of the coa gene can be digested by AluI, 
CfoI, HaeIII (Janwithayanuchit et al., 2006). AluI 
appears to yield the highest RFLP in restriction 
enzyme analysis and allows a greater discriminatory 
power than others. So coa gene PCR- and AluI 
RFLP-based typing can be used as a simple and 
effective method for typing of S. aureus clinical 
isolates (Schwarzkopf et al., 1994).  
The present study was aimed to investigate coa gene 
polymorphism in clinical isolates of methicillin 
resistant and methicillin sensitive Staphylococcus 
aureus from various infection sources in Rasht, the 
north of Iran, using PCR and AluI restriction 
fragment length polymorphism. 
 
Materials and Methods 
 
Bacterial isolates  
     A total of 30 S. aureus isolated from various 
sources including urine (n=17), skin (n=6), blood 
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(n=3) and synovial fluid (n=2) were identified using 
several tests such as gram staining, catalase test, 
growth onto MSA, haemolysis onto blood agar and 
tube coagulase test. A single isolate from individual 
patients was subjected to this study and all S. aureus 
isolates were screened for methicillin resistance by 
disc diffusion (6 μg/ml oxacillin) on Mueller Hinton 
agar with 2% NaCL. 
 
DNA extraction and Ribotyping 
     The bacterial genomic DNA was extracted using 
Kit for the isolation of DNA from gram positive 
bacteria (Cinnagen, Iran). All the isolates were 
confirmed as S. aureus as described previously ( 
Izadpanah & Asadpour, 2015 ) . 
 
Coa gene amplification 
     The coa gene was amplified by using Forward 
primer: 5′ ATAGAGATGCTGGTACAGG 3′ and 
reverse primer: 5′ GCTTCCGATTGTTCGATGC 3′ 
as described previously (Anggraini et al., 2017) with 
a thermal cycling program of 94°C for 5 min, 
followed by 30 cycles of 95°C for 30 sec, 55°C for 
45 sec and 72°C for 2 min. The final elongation step 
was 10 minutes at 720C. PCR products were 
electrophoresed on a 1.5 % agarose gel, stained with 
gel red DNA stain and visualized under UV light. 
The 100-bp marker (MBI Fermentas) was used as a 
size standard for the calculation of the sizes of the 
coa gene. 
 
RFLP of Coa gene amplicon 
     The coa gene restriction analysis was carried out 
by using AluI (MBI Fermentas). 10μl of coa gene 
PCR products were digested with 10U of AluI 
restriction enzyme in a 20 μL reaction mixture and 
incubated at 37ºC for 16 hours.  
PCR- RFLP reproducibility was tested by twice 
submitting PCR products to AluI digestion. The 
generated restricted fragments were separated on 1.5 
% agarose gel.  
 
Results 
 
     In total 30 S. aureus strains were isolated from 
clinical samples using conventional biochemical 
test. 21 isolates (70%) phenotypically recognized as 
MRSA. PCR amplification of coa gene of the 
isolates resulted in two different size fragments 
including 680 bp (17 isolates) and 750 bp (13 
isolates). All the PCR products were digested with 
Alu I enzyme and four different RFLP patterns were 
observed. Digestion of 680 bp amplicons in 13 
isolates produced two fragments of 400 bp and 280 
bp (pattern 1) and in 6 isolates only one fragment of 

340bp was obtained (pattern 2). For 4 isolates AluI 
digestion produced two size fragments of 470 bp and 
280 bp (pattern 3) and in 7 isolates AluI had no 
restriction site on the amplicon (pattern 4). Some of 
the obtained results are shown in figures 1and 2. 
 

 
 
Figure 1. Polymorphism in coa gene PCR amplicons. 
Lane 1: 100bp DNA marker, Lane 2: 750 bp PCR 
amplicon, Lane 3: 680 bp amplicon. 
 

 
 
Figure 2. RFLP patterns obtained from AluI digestion of 
coa gene amplicons. Lane 1: 100bp DNA marker, Lane 2: 
pattern 4 (750 bp PCR product without digestion), Lane 
4: pattern 1 (two size fragments of 400 bp and 280 bp). 
 
Out of 21, 7 MRSA isolates (33%) showed 
restriction pattern 1, 5 isolates (23%) showed 
restriction pattern 2. In addition, pattern 3 and 4 were 
observed in 4 (19%) and 5 (23%) isolates, 
respectively.  
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Discussion 
 
     In the present study, the polymorphism existing 
in coa gene of 30 S. aureus strains including MRSA 
and MSSA isolated from clinical samples in Rasht 
city, north of Iran, was investigated.  The result of 
PCR-based RFLP on coa gene of the test bacteria 
showed 2 coa PCR type and 4 different RFLP 
pattern. In different studies, the coa gene 
polymorphism has been used as a simple and 
accurate method for molecular typing of S. aureus 
strains. In a study conducted by Babu et al, the PCR-
RFLP results of 14 coagulase positive S. aureus gave 
two different sets of amplicons and 5 different AluI 
digestion patterns ( Babu et al., 2014). Ishino et al 
(2007) classified 678 S. aureus isolates into 8 classes 
and the sizes of the PCR products of coa gene ranged 
from 350 to 917 bp. Sanjiv et al (2008) found three 
types of coa gene products of 600, 680 or 850 bp size 
and three distinct RFLP patterns in 20 S. aureus 
isolates. Talebi-Satlou et al (2012) determined 4 
classes of PCR amplicons ranging from 410-790 bp 
and 6 distinct HeaIII RFLP patterns in the 3' end of 
coa gene in 26 S. aureus isolates associated with skin 
and urinary tract infections in Urmia, Iran.  
In our research, amplified products with an 
approximate size of 680 bp and 750 bp were 
obtained. This variation in the size of amplicons 
indicates the presence of only one more 81 bp repeat 
in strains with 750 bp PCR product. AluI digestion 
of coa gene PCR products lead to 4 distinct patterns. 
Pattern 1, the most common pattern (43% isolates), 
includes two fragments of 400 bp and 280 bp. The 
pattern 2 with two fragments of 340 bp from 680 bp 
amplicon suggested that the amplicon was cut into 
two equal halves of 340 bp by AluI. Single fragment 
pattern of digestion was also obtained by Sanjiv et al 
(2008) when S. aureus coa gene amplicon of 600 bp 
was digested with AluI.  AluI digestion of 750 bp 
amplicon in 4 isolates produced two size 
fragments 470 bp and 280 bp (pattern 3) and 750 
bp amplicons without AluI digestion (in 7 
isolates) designated as pattern 4. Lack of 
enzyme restriction sites amongst the amplicons 
has been previously reported by Sarvari et al, 
2014. According to the results, MRSA isolates were 
found in each of the four patterns without 
discrimination. Similar results were obtained by 
Himabindu et al (2009) who found that coa PCR-
RFLP typing method cannot be used to distinguish 
MRSA and MSSA. Also, we found no 
discriminative pattern to distinguish between 
various microbial sources including urine and skin. 
These results are contrary to those of Talebi-Satlou 

et al (2012) who reported tissue-specific tendency of 
some genotypes. 
The results of this study demonstrated genetic 
diversity in S. aureus clinical isolates in Rasht. The 
variation in the size of PCR amplicons indicates the 
variation in the coa gene lengths and differences in 
the RFLP patterns reflects the presence of VNTRs in 
the coa gene of S. aureus isolates. These coa gene 
variants are different from those reported in the 
previous studies in Iran ( Afrough et al., 2013,  
Mahmoudi et al., 2017, Rezaee et al., 2016, Saei et 
al., 2009, Sajadi et al., 2017, Talebi-Satlou et al., 
2012). So the presence of many variants of S. aureus 
in the country is concluded. 
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Abstract 

 
The influence of ZnSO4, FeSO4, ZnO, and Fe2O3 at 80 µM on the expression of desaturase genes and fatty acid 
composition of Pleurotus ostreatus was investigated. Fatty acid was extracted by lipid extraction and methylation 
procedure using acidic methanol: normal saline: hexane solution followed by gas chromatography-mass spectrometry 
(GC-MS). The most prominent fatty acids in P. ostreatus were linoleic acid (44.7%), palmitic acid (8.6%), oleic acid 
(8.5%), stearic acid (2.9%), pentadecanoic acid (2.6%) and heptadecanoic acid (2.3%). ZnO strongly and Fe2O3 
slightly lead a decrease in unsaturated fatty acid (UFA), polyunsaturated fatty acid (PUFA) and omega-6 and an 
increase in the monounsaturated fatty acid (MUFA), omega-7 and omega-9 content. Accordingly, our results 
considerably confirmed the different effects of ZnSO4 and ZnO on fatty acid content. These differential effects for 
FeSO4 and Fe2O3 were not significant. Δ9-desaturase and Δ12-desaturase expression but not Δ15-desaturase were 
upregulated in the seeds cultured in media containing ZnO and Fe2O3.  
 
Keywords: Pleurotus ostreatus, essential fatty acid, desaturase 
 
 

Introduction1� 

 
In recent years, mushrooms have been appreciated 
for texture, flavor, nutritional and medical 
applications. They have been reported as therapeutic 
food in preventing diseases such as hypertension, 
hypercholesterolemia, atherosclerosis, diabetes 
mellitus and cancer. They presented potent 
cholesterol-lowering, glucose-lowering, antitumor, 
antiviral, antithrombic and immunomodulating 
effects (Rathore et al., 2017; Roncero-Ramos and 
Delgado-Andrade, 2017).  Biological and functional 
characteristics of mushroom are mainly due to their 
chemical composition, since they are characterized 
as a useful source of carbohydrates, fibers, proteins, 
essential amino acids, non-essential amino acids, 
lipids, unsaturated fatty acids, essential fatty acids, 
vitamins, vitamin precursors, minerals and a large 
variety of secondary metabolites like organic acid, 
alkaloids, terpenoids, steroids and phenolic 
compounds (Stephan et al., 2018; Zhang et al., 
2017). 
Fatty acids, especially unsaturated fatty acids and 
essential fatty acids, are used as indicators of 
nutritional, medicinal and pharmacological purposes 
of foodstuff. Linoleic and linolenic acids are 
essential fatty acids for synthesis of other 
polyunsaturated fatty acids during biological 
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pathways in mammals. They are building blocks of 
cell membranes; support the defensive barrier and 
also are involved in cholesterol metabolism. 
Moreover, it has been shown that essential fatty 
acids can reduce the rate of cancer colony formation, 
prevent breast cancer, regulate blood pressure, 
decrease the level of cholesterol, improve diabetes, 
and ameliorate the body's immunological resistance 
against antigens (Freitas et al., 2017; Zarate et al., 
2017).  
Among mushrooms, Pleurotus ostreatus is a 
culinary and medicinal mushroom with beneficial 
biological and medicinal properties. P. ostreatus, as 
a nutritional and therapeutic mushroom, is a valuable 
source of carbohydrates, vegetable proteins and 
amino acids, fibers, vitamins and vitamin precursors, 
minerals, organic acids, phenolic and flavonoid 
compounds and low levels of lipid and essential fatty 
acids with low calories (Poniedziałek et al., 2017; 
Gasecka, et al., 2016). Unlike plants, mushrooms do 
not require agricultural land, and their resulting 
metabolite profile could be manipulated and 
changed substantially by simply varying their 
growth conditions. In this study, we decided to 
evaluate the influence of ZnSO4, FeSO4, ZnO, and 
Fe2O3 on the expression of desaturase genes and 
fatty acids profiling in P. ostreatus. 
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Materials and Methods 
 
Materials 

Glucose (CID: 79025), ZnSO4 (CID: 24424), 
FeSO4 (CID: 24393), ZnO (CID:14806), Fe2O3 
(CID:14833), KH2PO4 (CID:516951), MgSO4 (CID: 
24083), NaCl (CID: 5234), 2,2 Dimethoxypropane 
(CID: 6495), Methanol CID: 887, Sulfuric acid 
(CID: 1118), Hexane (CID: 8900), Formic acid.  

 
Mushroom Strain and Preparation of Seed 
Culture 

P. ostreatus edible-medicinal mushroom was 
obtained through Arian's Mushrooms Research 
Company (Tehran, Iran). The seeds were grown in 
200 mL of basal medium (glucose 50.0 g/L, yeast 
extract 10.0 g/L, casein hydrolysate 10.0 g/L, 
KH2PO4 1.0 g/L, distilled water 1 L, and pH 6.0) in 
500 mL Erlenmeyer flask at 25°C, on a rotary 
shaker, at 110 rev/min for 7 days. The obtained seed 
culture was used for inoculation (Turlo et al., 2010). 

 
Preparation of Basal Liquid Media Containing 
ZnSO4, FeSO4, ZnO, and Fe2O3 

The composition of the basal liquid medium for 
mycelium cultivation was beet molasses 50 g/L (beet 
sugar factory, Isfahan, Iran), soybean flour 5 g/L 
(IPP company, Isfahan, Iran), KH2PO4 1 g/L, 
MgSO4ꞏ7H2O 1 g/L (Merck, Germany) and distilled 
water 1 L with initial pH 6.0. The liquid media was 
enriched with 0.08 mM of ZnSO4, FeSO4, ZnO, and 
Fe2O3. All liquid culture media were sterilized by 
autoclaving at 121°C for 20 min. After cooling, 
cultivation had been carried out in polypropylene 
containers containing 95 mL of liquid medium and 
inoculated with five mL of the seed culture 
(Poursaeid et al., 2015). 
 
Biochemical Analysis 

The total lipid content was quantified by sulphuric 
acid-phosphoric acid-vanillin reagent using sesame 
oil (1mg/mL in ethanol) as standard and monitoring 
light absorbance at 530 nm. Briefly, 100 mg of 
powder carefully was suspended in 500 µL of 
ethanol. 1 mL of concentrated sulfuric acid (98%) 
was added to the samples and then heated at 100°C 
for 10 min. After cooling in room temperature (25-
27°C), 1 mL phosphoric acid-vanillin reagent (0.6 g 
vanillin in 100 mL deionized water and 400 mL 
concentrated phosphoric acid) was added and the 
sample incubated for 15 min at room temperature 
(Mishra et al., 2014). 
 
Fatty Acids Methylester Profiling by GC-MS 

Mushroom powder (200 mg) was put into 
extraction glass test tubes. Then 1.0 mL of acidic 
methanol (methanol: sulfuric acid in 85:15 v/v) was 
added to glass tubes. The tubes were placed in 
shaking water bath at 80°C for 120 min. Next, tubes 
were placed in the vortex until they come to room 
temperature. 1.0 mL of normal saline was added to 
tubes and vortexed for 5 min. Afterward, 1.0 mL of 
hexane was added to tubes, and vortexed for 5 min 
then centrifuged for 20 min at 3000g.  The upper 
phase (hexane phase) was extracted and transferred 
to gas chromatography vials for gas chromatography 
- mass spectrometry (GC-MS) (Agilent 7890B GC 
7955A MSD) analysis according to manual 
instruction (Woldegiorgis et al., 2015). 
 
Real-Time Quantitative PCR Analysis 

P. ostreatus that were grown in different liquid 
media were frozen in liquid nitrogen and then stored 
at -70°C for RNA isolation. Total RNA was 
extracted from 100 mg of mushroom using the RNX-
Plus buffer (Cinnagen, Tehran, Iran) according to the 
manufacturer’s instructions. Quantification of total 
RNA was performed with a Nano Drop ND 1000 
spectrophotometer at 260 nm (Thermo Fisher 
Scientific, Wilmington, DE, USA). DNase treatment 
was carried out using a Fermentas DNase Kit 
(Fermentas, Hanover, MD, Germany) using the 
manufacturer’s protocol. The integrity of RNA was 
checked by visual observation of 28S rRNA and 18S 
rRNA bands on an agarose gel electrophoresis 
before real-time PCR analysis (Figure S1 in the 
supplemental file). 5 µg of DNase-treated RNA was 
converted to cDNA with a Revert Aid First Strand 
cDNA Synthesis Kit (Thermo Scientific, Fermentas) 
using the manufacturer’s protocol in a 20 µL final 
volume.  
Primers for the target (D9-desaturase, D12-
desaturase, D15-desaturase) and internal control 
(beta-actin) genes were designed using Allele ID 7 
software (Table 1). Primers for the PCR reactions 
were designed to have a melting temperature of 
about 55°C to 65°C and to give a PCR product 
between 100 and 200 bp. Real-time PCR was 
performed using a line Gene K Thermal cycler 
(Bioer Technology Co, Hangzhou, China). The 
cDNA samples were diluted 1:5 by using nuclease-
free water, and 5 µL of cDNA was used for real-time 
PCR. The final volume for relative real-time PCR 
was 20 µL containing 4 pmol of each primer, 5 µL 
(diluted) of the first-strand cDNA and 1x SYBR 
Premix Ex Taq TM Π (Takara, Japan). The initial 
denaturing time was 5 min., followed by 40  
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PCR cycles consisting of 94 °C for 10 s, annealing 
temperatures of each primer 15 s, and 72 °C for 30 
s. A melting curve was recorded after the PCR cycles 
followed by heating from 50 to 95 °C. A Proper 
control reaction was carried out without the reverse 
transcriptase treatment. For each sample, the 
subsequent real-time PCR reactions were performed 
in twice under identical conditions.   
For real-time data analysis, the relative expression of 
the target gene in each sample was compared with 
the control sample, and was determined with the 
delta-delta Ct method. The Ct for each sample was 
calculated using the Line-gene K software (fqdpcr 
ver. 4.2.00), where Ct refers to the threshold cycle 
determined for each gene in the exponential phase of 
PCR amplification. In this analysis method, the 
relative expression of the target gene in the control 
sample was equal to one (20) by definition (Livak 
and Schmittgen, 2001). 
 
Results and Discussion 
 
Fatty Acid Composition 

Biochemical analysis of P. ostreatus cultivated in 
beet molasses, and soybean flour using sulfuric acid-
phosphoric acid vanillin (SPV) as chromogen 
confirmed a total fatty acid content of 5660 mg/100 
g dried weight (Table 2).  Our experimental analysis 
clearly demonstrated that ZnSO4 and ZnO or FeSO4 

and Fe2O3 had no significant effects on the total fatty 
acid content but GC-MS analysis revealed a 
significant difference between the qualities of the 
fatty acid composition. It has been shown that 
cultivation of Mortierella ramanniana mushroom in 
the presence of dextrose-yeast extract with FeCl2 and 
ZnSO4 lead to a significant increase and decrease in 
the biomass, respectively (Dyal et al., 2005). Tan et 

al. (2017) reported that metal ions such as ZnSO4 and 
FeCl3 increased biomass and lipid content in 
Mortierella. Sajbidor et al. (1992) examined the 
effects of various concentrations of calcium, 
magnesium, manganese and iron ions on lipid 
synthesize by Mortierella. Based on the results, all 
above-mentioned ions exception manganese inhibit 
lipid accumulation and arachidonic acid production. 
Moreover, iron had an inhibitory effect on 
arachidonic acid production by Mortierella. Hansson 
and Distalek (1988) indicated that Cu2

+ and Zn2
+ 

have positive effects on lipid accumulation and 
gamma-linolenic acid production by Mortierella. 
Accordingly, there are various reports in the 
literature for the stimulatory effects of metal ions on 
the production of biomass or lipid content in the 
mushroom. The difference may be related to 
mushroom species, basal medium composition, 
inoculation condition, type of metal ion salts (for 
example; ZnSO4, ZnO, FeCl2, FeCl3, FeSO4, FeO, 
Fe2O3).   
GC-MS analyzed of P. ostreatus indicated different 
components in the mushroom including fatty acids 
(73%) and other metabolites (27%) including 
limonene, organic acid, and phenol compounds 
(Table 3).  FeSO4 and ZnSO4 had not a significant 
effect on total fatty acid content while ZnO and 
Fe2O3 significantly reduced fatty acid content. Fe2O3 
significantly increased while ZnO significantly 
reduced secondary metabolite of P. ostreatus while 
FeSO4 and ZnSO4 did not display significant effect.    
The most prominent fatty acids in P. ostreatus were  
linoleic acid (44.7%), palmitic acid (8.6%), oleic 
acid (8.5%) stearic acid (2.9%), pentadecanoic acid 
(2.6%) and heptadecanoic acid (2.3%) (Table 3). 
The most prominent fatty acid in ZnSO4 enriched P. 
ostreatus were linoleic acid (44.7%), palmitic acid 

Table 1. Primer used in this study 

Genes Primer sequence TM Length 

Δ9 Desaturase F TCATTGCCTTGTGTAACTTCA 62 21 

Δ9 Desaturase R TGTCTCTGCCTCCTTCTG 62 18 

Δ12 Desaturase F TGGGTCAACCAyTGGCT 57 17 

Δ12 Desaturase R TCAATACCAGAGTCGCTGG 57 19 

Δ15 Desaturase F TGGATTTTGGCyCATGAATG 57 20 

Δ15 Desaturase R ATGGCCAGTAGCTTTATGATG 57 21 

18S rRNA F CAGCGAAATGCGATAAGTAAT 55 21 

18S rRNA R CCAACAATCCAAACATCACAA 55 21 

Primers for target genes and internal control gene were designed using Allele ID 7 software. 
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(7.5%), oleic acid (7.35%), pentadecanoic acid 
(4.2%), heptadecanoic acid (2.8%), and stearic acid 
(1.8%) (Table 3). The most prominent fatty acids in 
P. ostreatus enriched with ZnO were linoleic acid 
(25%), oleic acid (14.45%), palmitic acid (12.4%), 
palmitoleic acid (3.95%), and stearic acid (2%) 
(Table 3). The most prominent fatty acid in P. 
ostreatus enriched with FeSO4 were linoleic acid 
(38%), palmitic acid (9.6%), oleic acid (8.85%), 
pentadecanoic acid (5.4%), myristic acid (3.6), 
heptadecanoic acid (2.95%), and stearic acid 
(1.85%) (Table 3).  The most prominent fatty acid in 
P. ostreatus nriched with Fe2O3 were linoleic acid 
(35.85%), palmitic acid (9.93%), oleic acid (8.85%), 
palmitoleic acid (3.25%) and stearic acid (2.4%) 
(Table 3).  
Yilmaz et al. (2006) reported that the main fatty acid 
composition of P. ostreatus were linoleic acid 
(44%), oleic acid (20%), palmitic acid (12%), and 
stearic acid (5%). Woldegiorgis et al. (2015) 
reported that the main fatty acid composition of P. 
ostreatus were linoleic acid (1663 mg/g), oleic acid 
(323 mg/g), palmitic acid (310 mg/g), and stearic 
acid (39 mg/g).  Pedneault et al. (2007) reported that 
the main fatty acid composition of P. ostreatus were 
linoleic acid (79%), palmitic acid (11%) and oleic 
acid (5.6%). Ergonul, et al. (2013) reported that the 
main fatty acid composition of P. ostreatus were 
linoleic acid (65.3%), palmitic acid (12.4%), oleic 
acid (10.4%) and stearic acid (3.7%). Based on the 
above-mentioned studies, the proportion of 
unsaturated fatty acids were higher than saturated 
fatty acids in P. ostreatus which is consistent with 
our data. 
The results of individual fatty acids including 
saturated fatty acids (SFA), unsaturated fatty acids 
(UFA), monounsaturated fatty acids (MUFA) and 
polyunsaturated fatty acids (PUFA), as well as 
omega-6 fatty acids, omega-7 fatty acids, and 
omega-9 fatty acids have shown in Table 4. PUFA 
especially omega-6 fatty acid constitute the most 
proportion of fatty acids of P. ostreatus. ZnO 

strongly and Fe2O3 slightly lead a decrease in UFA, 
PUFA and omega-6 and an increase in the MUFA, 
omega-7 and omega-9 content that were close to the 
values already reported by Pedneault, et al., (2008), 
Ogwok, et al., (2017) and Warude, et al., (2006).  
Linoleic acid (C18:2n6) as an omega-6 fatty acid, is 
the precursor of 1-octen-3-ol, known as the alcohol 
of fungi. Aromatic compounds which exist in most 
fungi and might contribute to mushroom flavor 
originates from 1-octen-3-ol (Ribeiro et al., 2009).  
Palmitic acid (16:0) is the most common saturated 
fatty in human food. This saturated fatty acid is the 
precursor of long fatty acids like oleic acid (18:1) 
(Ohlsson, 2010). Oleic acid (C18:1n9) is a bioactive 
compound that decreases cholesterol serum level. 
This fatty acid is a good substrate for the liver 
enzyme known as Acyl CoA:cholesterol 
acyltransferase (ACAT), a liver enzyme. ACAT 
transfer a fatty acid (such as oleic acid) from 
coenzyme A to the hydroxyl group of cholesterol 
and convert it to cholesterol ester (the hydrophobic 
form of cholesterol) (Won et al., 2007). Stearic acid 
(C18:0) as compared to cholesterol-raising SFAs 
decreases LDL while raises LDL as compared with 
unsaturated fatty acids (Mensink, 2005). 
Pentadecanoic acid (15:0) is the member of odd 
chain saturated fatty acids (OCS-FA). It has been 
shown that consumption of OCS-FAs rich foods, 
such as dairy fats, could reduce the risk of 
developing metabolic diseases (Jenkins et al., 2015).  
Accordingly, the biological action of P. ostreatus 
fatty acid extract on the above-mentioned activities 
must be investigated.  

 
Desaturase Gene Transcription 

Fatty acid desaturases play a critical role in the 
biosynthesis of PUFA by catalyzing the addition of 
double bond in specific positions of fatty acid chain. 
The most predominant fatty acids analyzed 

Table 2. Total fatty acid content of cultivated P. ostreatus in medium enriched by ZnSO4, ZnO, 
FeSO4 and Fe2O3. 

Treatments Lipid (mg/100g) 

Control 5660 ± 10 
ZnSO4 6820 ± 12 
ZnO 5240 ± 11 

FeSO4 5840 ± 14 
Fe2O3 5120 ± 12 

Values are means with triplicate determination. Means sharing the same superscript across column 
are not significantly different at P< 0.05.  
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in this study were palmitic acid (16:0), stearic acid 
(18:0), oleic acid (18:1n9) and linoleic acid (18:2n6). 
The conversion of palmitic acid to stearic acid 
catalyzed by elongase. Δ9-desaturase catalyzes the 
conversion of stearic acid to oleic acid, an omega-9 
fatty acid. Oleic acid then converted to, linoleic acid 
(an omega-6 fatty acid) by the action of Δ12-
desaturase. Δ15-desaturase then converts linoleic 
acid to α-linolenic acid (18:3n3), an omega-3 fatty 
acid. Δ12-desaturase and Δ15-desaturase was not 

found in animals but present in plants, algae and 
fungi. Accordingly, linoleic and linolenic acid are 
essential fatty acids and must be obtained from diet. 
Our experimental results showed ZnO and Fe2O3 
upregulated Δ9-desaturase but FeSO4 and ZnSO4 did 
not significant effects on the upregulation of these 
genes (Figure 1). P. ostreatus has the potential to be 
a strain for production of omega-6 and omega-3 
polyunsaturated fatty acid.  The biosynthesis of the 
omega-6 and omega-3 fatty acid is catalyzed by 

Table 3. Fatty acid composition (percent of total fatty acid) of cultivated P. ostreatus in medium enriched by 
ZnSO4, ZnO, FeSO4 and Fe2O3. 

 

Fatty acid Control ZnSO4 ZnO FeSO4 Fe2O3 
Dodecanoic acid (C12:0) 1.00 1.00 1.00 1.00 1.85 
Tridecanoic acid (C13:0) 0.01 0.01 0.01 0.01 0.01 
Tetradecanoic acid (C14:0) 0.20 0.15 1.50 3.60 0.50 
9-Tetradecenoic acid (C14:1n5) 0.02 0.02 0.02 0.02 0.02 
Pentadecanoic acid (C15:0) 2.60 4.19 1.23 5.42 0.96 
Hexadecanoic acid (C16:0) 8.60 7.55 12.40 9.60 9.93 
9-Hexadecenoic acid (C16:1n7) 1.28 1.20 4.00 1.60 3.25 
7,10-Hexadecadienoic acid (C16:2n6) 0.03 0.03 0.03 0.03 0.03 
7,10,13-Hexadecatrienoic acid (C16:3n3) 0.04 0.04 0.04 0.04 0.04 
Heptadecanoic acid (C17:0) 2.26 2.80 0.60 2.95 0.35 
Octadecanoic acid (C18:0) 2.90 1.79 1.95 1.85 2.40 
9-Octadecenoic acid (C18:1n9 Trans) 0.04 0.04 0.04 0.04 0.04 
9-Octadecenoic acid (C18:1n9 Cis) 8.50 7.35 14.45 8.85 8.85 
10,13-Octadecadienoic acid (C18:2n5) 0.02 0.02 0.02 0.02 0.02 
9,12-Octadecadienoic acid (C18:2n6 Trans) 0.03 0.03 0.03 0.03 0.03 
9,12-Octadecadienoic acid (C18:2n6 Cis) 44.70 44.65 25.00 37.90 35.85 
9,12,15-Octadecatrienoic acid (C18:3n3) 0.03 0.03 0.03 0.03 0.03 
6,9,12-Octadecatrienoic acid (C18:3n6) 0.20 0.45 0.37 1.20 0.35 
Docosanoic acid (C22:0) 0.40 0.35 0.10 0.20 0.08 
Total lipid 72.86 71.70 62.81 74.39 64.58 
 The most prominent fatty acids are linoleic acid > palmitic acid > oleic acid. 
 
 
Table 4. Saturated and unsaturated fatty acid composition (percent of total fatty acid) of cultivated P. ostreatus 

in medium enriched by ZnSO4, ZnO, FeSO4 and Fe2O3. 
 

Fatty acid Control ZnSO4 ZnO FeSO4 Fe2O3 
Saturated fatty acid (SFA) 17.77 17.69 17.29 21.03 15.57 
Unsaturated fatty acid (UFA) 54.89 53.86 44.03 49.76 48.51 
Monounsaturated fatty acid (MUFA) 9.84 8.61 18.51 10.51 12.16 
Polyunsaturated fatty acid (PUFA) 45.05 45.25 25.52 39.25 36.35 
Omega-3 fatty 0.07 0.07 0.07 0.07 0.07 
Omega-5 fatty 0.02 0.02 0.02 0.02 0.02 
Omega-6 fatty 44.96 45.16 25.43 39.16 36.26 
Omega-7 fatty 1.28 1.20 4.00 1.60 3.25 
Omega-9 fatty 8.54 7.39 14.49 8.89 8.89 
 The most prominent UFA are PUFA especially omega-6. 
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desaturase enzymes, including Δ9-desaturase, Δ12-
desaturase, Δ15-desaturase, and Δ6-desaturase.  The 
5ʹ upstream flanking sequence of desaturase genes 
contain regulatory elements, including metal-
responsive element. The presence of this special cis-
acting response elements in the promoter region of 
desaturase genes implies that their transcription is 
regulated by metal ions (Lee, et al., 2016).  Tan et al. 
(2017) reported that metal ions such as ZnSO4 and 
FeCl3 could stimulate polyunsaturated fatty acid 
production and upregulate Δ9-desaturase, Δ12-
desaturase, Δ5-desaturase and Δ6-desaturase gene 
transcription in Mortierella sp.  
 
Conclusion 

Our results clearly revealed that the most 
predominant fatty acids in P. ostreatus were linoleic 
acid, palmitic acid, oleic acid and stearic acid.  This 
mushroom also can be considered as an edible 
source of PUFA and omega-6 fatty acid content. 
ZnO strongly and Fe2O3 slightly lead to a decrease 
in UFA, PUFA and omega-6 and an increase in the 
MUFA, omega-7, and omega-9 content. Our results 
considerably revealed differential effects of FeSO4, 
ZnSO4, ZnO, and Fe2O3 on fatty acid content of the 
mushroom that may be attributed to differential co-
factor activity of zinc and iron on the biochemical 
pathway for fatty acid synthesis. 
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Abstract 

 
MicroRNAs (miRNAs) are 20-24 nucleotide small RNAs which are processed from nuclear-encoded transcripts. 
miRNAs control the expression of target transcripts by cleaving or translational inhibition of the target RNAs. 
Artificial microRNAs (amiRNAs) are modified endogenous miRNA precursors in which the miRNA: miRNA duplex 
is replaced with sequences to silence a target gene. amiRNAs are used as new transformation techniques in eukaryotes 
and have been proven to be more effective in specificity and stability than other RNA-mediated gene silencing 
methods. amiRNA-based antiviral defense is an effective and new approach to engineer resistance to plant viruses. 
Here, we summarize the role of miRNAs in resistance to plant viruses.  
 
Keywords: amiRNA, Gene silencing, miRNA, Plant viruses, Resistance 
 
 

miRNA History 1� 

The first report on microRNAs (miRNAs) dates 
back to 19 years ago when Lee et al., screened the 
Caenorhabditis elegans genes to study the 
development of its larvae. lin-4 gene was shown to 
control the timing of larval development. Further 
studies indicated that lin-4 RNA binds to 3' 
untranslated region of lin-14 mRNA and blocks its 
translation. This function of lin-4 is part of the 
regulatory pathway which triggers a transition from 
L1 (larval stage 1) to the L2 stage (Lee et al., 1993; 
Wightman et al., 1993). miRNA genes have been 
found in mammals, fish, worms, flies, plants and 
many other eukaryotic organisms (Bartel, 2004). 
 
Pre-miRNA Transcription 

miRNA encoding genes are located on non-
coding parts of the genome. Plant miRNA genes are 
gathered together in the form of gene families.  

miRNAs are long strands (sometimes even longer 
than 1000 nucleotides), which are bending on 
themselves and forming stem-loop structures. They 
are capped and polyadenylated at 5' and 3' ends, 
respectively. These features indicate that plant 
miRNA genes are probably transcribed by RNA 
Polymerase II (Devers et al., 2011; Tanzer et al., 
2008).  
 
miRNA Processing 

Plants and animals differ in miRNA synthesis at 
the post-transcriptional stage. The main step in 
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miRNA maturation process is cleaving the mature 
miRNA from its precursor. In animals, this is 
performed by Drosha and Dicer enzymes. Plants 
have a ‘Dicer-like’ protein, DCL1, analogous to 
Dicer and Drosha, that generates the double-stranded 
miRNA: miRNA (Tanzer et al., 2008; Bazin et al., 
2012; Wang et al., 2007). HYPONASTIC 
LEAVES1 (HYL1) protein also appears to 
contribute to DCL1 in plants. The HYL1 protein 
helps DCL1 to recognize cleavage site. The next step 
in the maturation process of plant miRNAs is 
methylation of the 3' end of “miRNA: miRNA” 
double-stranded molecules by HUA ENHANCER1 
(HEN1) in the nucleus. Methylation of this molecule 
prevents its degradation (Kai and Pasquinelli, 2010). 
After cleaving by DCL1 and methylation by HEN1, 
“miRNA: miRNA” double strands are transferred 
from the nucleus into cytoplasm via a Ran-GTP-
dependent mechanism, by HASTY (HST), a 
member of importin β family of nucleocytoplasmic 
transport receptors (Figure 1) (Jones-Rhoades et al., 
2006; Mendes et al., 2009). 

 
RNA-induced Silencing Complex (RISC) 

The synthesis stage is the formation of double-
stranded “miRNA:miRNA” molecules in the 
cytoplasm. A helicase breaks the bonds between the 
two strands of the molecule and separates them. The 
“guide strand” of a miRNA is incorporated into 
silencing complex and enables target recognition via 
complementary base pairing (Wang et al., 2007; Kai 
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and Pasquinelli, 2010; Jones-Rhoades et al., 2006; 
Mendes et al., 2009; Hammond et al., 2007). RISC 
has an affinity for strands with a less stable 5' end. 
“Passenger strands” are often degraded (Thomas et 
al., 2010; Winter et al., 2009), although recent 
findings indicate that some of them may play an 
important role in regulating gene expression or 
triggering silencing mechanisms (Fullaondo and 
Lee, 2012). 

 

 
Figure 1. miRNA biogenesis and its regulation 
mechanisms in plants. Transcription of miRNA by RNA 
polymerase II produces a pri-miRNA of about 1 kb. This 
pri-miRNA is cleaved into pre-miRNA by DCL1 and 
other proteins to yield the fold-back precursor pre-
miRNA. Duplex miRNAs are exported to the cytoplasm 
out of the nucleus by HST (Exportin-5). These proteins 
process the pre-miRNA to form a miRNA–miRNA 
duplex, which is loaded on the RISC. The RISC complex 
is guided by the miRNA to target mRNAs. The cleaved 
target mRNAs are degraded by XRN4 protein. Secondary 
small interfering RNAs (siRNAs) are generated from the 
action of RNA-dependent RNA polymerase (RdRP). The 
RISC can also cause translational inhibition (Kidner and 
Martienssen, 2005). 
 
Translation Repression 

The RISC-miRNA complex can repress 
translation of the target RNA in two ways. In 
animals, miRNAs often repress translation of their 
target RNAs by an imperfect sequence which is 
matched with 3' untranslated region (UTR) 
(Sontheimer and Carthew, 2005). After binding to 3' 
UTR, miRNAs can prevent translation of mRNAs by 
interfering with translation initiation factors or 
disrupting poly(A) tail’s function (Gu and Kay, 
2010). It has also been shown that RISC may form a 

stable complex with polyribosomes and prevent 
translation, even after its initiation and at the 
elongation phase (Bartel, 2004). 
 
mRNA Degradation 

Whether a miRNA represses translation or 
degrades its target RNA, depends on the degree of 
complementarity between their sequences (Lu et al., 
2008). It has been observed in plants and mammals 
that a nearly perfect base complementarity between 
miRNA and its target RNA leads to degradation of 
the target rather than repressing its translation 
(Bartel, 2004; Kadotani et al., 2004; Nakayashiki, 
2005). A perfect base complementarity appears to be 
required for effective mRNA cleavage by miRNAs 
(Wang et al., 2007). MiR-172 has been shown to act 
as a translation repressor in Arabidopsis (Sontheimer 
and Carthew, 2005). As soon as the target is 
effectively cleaved, the miRNA molecule is able to 
cleave other target RNAs or direct them toward 
mRNA processing bodies to be subsequently 
degraded (Bartel, 2004).  

 
Transcriptional Gene Silencing 

miRNAs turn off genes at transcription level by 
methylation of chromatin in plants. The effects of the 
level of sequence complementarity between 
miRNAs and its target RNA on the degree of RNA 
methylation is not yet clear (Jones-Rhoades et al., 
2006).  
 
RNA silencing mechanism to induce resistance 
against plant viruses 

RNA silencing is a powerful antiviral defense, 
although viruses have also evolved suppressor 
proteins to counteract RNA silencing (Tahmasebi 
and Zangeneh, 2010). Post-transcriptional gene 
silencing (PTGS) has been developed to induce 
resistance in plants against viruses. Various 
constructs have been introduced for enhancing the 
efficiency of this mechanism (Kavosipour et al., 
2012). Hairpins with sense and antisense strands 
have been used to develop resistance to Barley 
yellow dwarf virus (BYDV-PAV) in bread wheat 
(Yasaie et al., 2011). Hairpins of the b2 gene have 
also induced resistance to Cucumber mosaic virus 
(Kavosipour et al., 2012). 
RNA interference (RNAi) can be used to degrade the 
target RNA sequences or prevent their translation 
through the PTGS process (Kavosipour et al., 2012). 
Application of RNAi against two subunits of 
Vacuolar-ATPase enzyme in the insect vector 
Peregrinus maidis showed that targeting vector 
genes can be a novel strategy for insect control and 
also for studying the genes involved in controlling 
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interactions of Peregrinus maidis and Maize mosaic 
virus (Yao et al., 2013). Gene silencing can be used 
as an effective tool against plant viruses and their 
vectors. 
 
The role of miRNAs in plants 

Plant miRNAs play a role in development, 
adaptive responses to nutritional stress and biotic 
and abiotic stresses, metabolism, suppression of 
plant defenses in order to enable symbiosis with 
nitrogen-fixing bacteria, nodule formation and 
symbiosis with rhizo-fungi (Lu et al., 2008; Jones-
Rhoades et al., 2006). 

 
miRNAs in antiviral defense 

miRNAs have been shown to play an important 
role in defense against viruses (Lu et al., 2008). In 
fact, many viruses have the ability to escape the 
host's RNA silencing pathway. Human adenovirus 
can stop the synthesis of host miRNAs which would 
prevent its replication; tissue culture experiments 
have shown that primate foamy virus type I (PFV-1) 
can escape RNA silencing mechanism mediated by 
miR-32 using a silencing suppressor protein known 
as Tas. miRNA-based defense is not always able to 
overcome viral attacks (Wang et al., 2007). It has 
been proposed that plant miRNAs-based RNA 
silencing plays two main roles in an antiviral defense 
response: targeting viral RNAs and triggering the 
biogenesis of siRNA responsible for the antiviral 
defense.  
Antiviral function of endogenous miRNAs has been 
described in animal systems (Qu and Fang, 2007). 
 
Interaction of viral suppressors and miRNAs in 
plants 

Many viruses encode silencing suppressors which 
directly interfere with the miRNA pathway. HEN1-
dependent methylation of 3'-terminal nucleotides is 
an important step in the formation of plant miRNAs. 
Several viral suppressors of RNA silencing (P1/HC-
Pro, p21, p19) prevent methylation of miRNAs by 
HUA ENHANCER1 (HEN1) methyl transferase. 
The 21 kDa protein p21 of Beet yellows virus, the 19 
kDa protein p19 of Tomato bushy stunt virus and 
P1/HC-Pro silencing suppressor of Turnip mosaic 
virus all inhibit the miRNA pathway (Yu et al., 
2006). Some viral suppressors of RNA silencing 
inhibit the function of AGO proteins that have a 
pivotal role in the antiviral RNA silencing 
(Carbonell and Carrington, 2015). Taken together, 
viral suppressors of RNA silencing cause major 
changes in the plant miRNA-mediated gene 
silencing pathway. 
 

miRNA targets 
miRNAs act as molecules to direct the silencing 

complex toward target mRNAs, and it is necessary 
to understand the mechanisms by which miRNAs 
recognize the target RNA and target mRNAs can be 
predicted for a miRNA sequence (Tanzer et al., 
2008). A few interactions between miRNAs and 
mRNAs have been characterized and confirmed that 
they are available in ‘Tarbase’ database. Perfect 
complementarity between miRNA and its target is 
not necessary, most miRNA-mRNA pairs form 
imperfect double strands. miRNA-mRNA double 
strands are asymmetric, with the bond between 5' 
end of miRNA and 3' end of the target molecule. The 
average number of targets per miRNA is low in 
plants and is often limited only to closely related 
genes (Tanzer et al., 2008). 

 
Detection and prediction of miRNAs and their 
target sites 

There are numerous methods (e.g. PCR, cloning 
and sequencing and computer-based predictions) for 
detecting miRNAs and their targets in various 
organisms. Most miRNAs have been identified using 
bioinformatic approaches, homology search against 
known miRNAs and thermodynamic stability 
analysis of the stem-loop structures of miRNA 
precursors. 
In closely related species, phylogenetic data can also 
be used to find conserved sequences in stem-loops. 
Several software packages including RNAmicro, 
miralign, miRseeker, miRscan, PicTar and Target 
Scan are available for detecting miRNAs in genomes 
of various organisms (Meziere and Enright, 2007). 
PicTar and Target Scan showed better results for 
detecting miRNAs in the genome (Thomas et al., 
2010). 
 
Trans-acting (ta) siRNAs 

miRNAs and trans-acting (ta) siRNAs are 
generated through different pathways in plants, 
although both lead to degradation of their target 
mRNAs. miR173 and miR390 regulate the ta-siRNA 
precursor processing. The generation of pre-ta-
siRNA transcripts is accompanied with the help of 
miRNAs by RDR6 and Dicer. ta-siRNAs regulate 
expression of target genes (Allen et al., 2005). 

 
Artificial miRNA 

Artificial miRNAs (amiRNAs) are produced 
using endogenous miRNA precursors in which the 
mature miRNA region is replaced with the target 
viral genome (Table 1). This method was first used 
in animals and then in plants. The precursor can be 
altered without affecting its normal processing and  
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secondary structure. amiRNAs should not have 
any sequence complementarity with other parts of 
the host’s genome. Another point is that they should 
have the minimum hybridization energy with their 
targets (less than -30 kcal/mole). 
A convenient and fast way to design amiRNAs is 
using the Web miRNA designer service. The 21-nt 
amiRNA sequence should not have mismatches at 
nucleotides 10 or 11, as these regions are binding 
sites of miRNA with its target. Preferably, there 
should also be no mismatches at 5' end. Some of the 
precursors including Arabidopsis MIR319a, rice 
MIR528 and Chlamydomonas MIR1157 are used to 
design amiRNAs (Table 1).  Constructs with strong 
promoters (e.g. CaMV 35S) are highly expressed in 
plants. Overlapping PCR is used for mutagenesis 
and introduction of the viral sequence into a pRS300 
vector harboring miRNA precursor. A 20 bp part of 

MIR319a is replaced with the 21 bp viral sequence. 
The pRS300 plasmid is derived from pBluescript. 
The 21-nt viral sequence is inserted into pRS300 by 
overlapping PCR method. amiRNA is inserted into 
the pBI221 vector and then introduced into 
pCAMBIA 1300 binary vector for cloning and 
expression of the p35S-miRNA construct. The 
binary vector is finally transformed into 
Agrobacterium tumefaciens for the production of 
transgenic plants. Tissue-specific or inducible 
promoters can also be used to control the expression 
of amiRNAs. amiRNA-directed degradation of the 
target is confirmed by RACE-PCR which amplifies 
degraded segments. Sensitive and resistant plants 
can be checked using ELISA and PCR methods and 
symptoms of viral infection (Qu and Fang, 2007; 
Pérez-Quintero and López, 2010). 
 

Table 1. Plant miRNA precursors and target viral regions for resistance against plant viruses 

Plant species MiRNA backbone Virus Target viral region 

 
Arabidopsis thaliana 

 
Arabidopsis pre-miR159 

 
TYMV, TUMV 

 
P69, HC-Pro 

Nicotiana benthamiana Arabidopsis miR159a, 
miR167b and miR171a 

PPV P1/HC-Pro 

Nicotiana benthamiana Arabidopsis pre-miR171a CMV 2b 
Arabidopsis thaliana Arabidopsis pre-miR159 CMV 3'-UTR  
Arabidopsis thaliana, Nicotiana 
benthamiana 

Arabidopsis pre-miR159 TuMV P69 

Nicotiana tabacum Arabidopsis miR159a, miR167b, 
and miR171a 

PVY, PVX HC-Pro, TGBp1/p25 (p25) 

Solanum lycopersicum Arabidopsis pre-miR159a CMV 2a and 2b viral genes, 3'-UTR 
Nicotiana benthamiana Arabidopsis pre-miR159a WSMoV Conserved motifs of L 

(replicase) gene  
 

Triticum Rice miR395 WSMV Conserved region 
Vitis vinifera Arabidopsis pre-miR319a GFLV Coat protein (CP) 
Nicotiana benthamiana Cotton pre-miR169a CLCuBuV V2 
Solanum lycopersicum Arabidopsis premiR319a, Tomato 

pre-miR319a and pre-miR168a 
ToLCV The middle region of the AV1 

(coat protein), the overlapping 
region of the AV1 and AV2 
(pre-coat protein) 

Nicotiana benthamiana Arabidopsis pre-miR319a PVY CI, NIa, NIb, CP 
Zea mays Maize pre-miR159a RBSDV Conserved region 
Nicotiana benthamiana Barley pre-miR171 WDV Conserved region 
Oryza sativa Rice pre-miR528 RSV, 

RBSDV 
Middle segment, 3' end and 3'-
UTR region of the CP gene 

Nicotiana benthamiana Arabidopsis pre-miR159a CBSV, 
UCBSV 

P1, P3, CI, Nib and CP 

Nicotiana benthamiana Arabidopsis pre-miR159a TSWV N, NSs 
Nicotiana benthamiana Six amiRNAs PSTVd Structural domains 
 
TYMV, Turnip yellow mosaic virus (Potyviridae); TuMV, Turnip mosaic virus (Potyviridae); CMV, Cucumber mosaic virus 
(Bromoviridae); PPV, Plum pox virus (Potyviridae); PVY, Potato virus Y (Potyviridae); PVX, Potato virus X (Alphaflexiviridae); 
WSMoV, Watermelon silver mottle virus (Bunyaviridae); WSMV, Wheat streak mosaic virus (Potyviridae); GFLV, Grapevine 
fan leaf virus (Secoviridae); CLCuBuV, Cotton leaf curl Burewala virus (Geminiviridae); WDV, Wheat dwarf virus 
(Geminiviridae); RSV, Rice stripe virus (unassigned); RBSDV, Rice black streaked dwarf virus (Reoviridae); CBSV, Cassava 
brown streak virus (Potyviridae); UCBSV, Ugandan cassava brown streak virus (Potyviridae); TSWV, Tomato spotted wilt virus 
(Bunyaviridae); PSTVd, Potato spindle tuber viroid (Pospiviroidae); ToLCV, Tomato leaf curl virus (Geminiviridae) (Liu et al., 
2017). 
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amiRNAs-mediated resistance to plant viruses 
Plant miRNAs have the potential to trigger 

antiviral defense, this theory is supported by 
bioinformatic analyses. Transgenic Arabidopsis and 
tobacco plants with amiRNAs containing sequences 
from Turnip mosaic virus, Turnip yellow mosaic 
virus and Cucumber mosaic virus have shown 
resistance to these viruses. The precursor of 
grapevine miR166f has been used to produce 
amiRNAs by replacing 21 nucleotides of Grapevine 
virus A with 21 nucleotides of the precursor. The 
viral sequences used in that study were ORF1 
(replicase) and ORF5 (RNA silencing suppressor). 
amiRNAs induced resistance to Grapevine virus A 
in tobacco (Roumi et al., 2012). amiRNAs could also 
prevent replication, movement and transmission of 
the virus. Using viral suppressors of RNA silencing 
sequences in amiRNAs will therefore enhance plant 
resistance against viruses (Pérez-Quintero and 
López, 2010). 

 
Advantages and disadvantages of amiRNAs 
 
Advantages 

The amiRNA method can be used to 
simultaneously silence a group of associated genes 
or selectively silence a gene in an inducible or tissue-
specific manner. amiRNAs have been successfully 
applied to silence genes in dicotyledons 
(Arabidopsis, tomato and tobacco), monocotyledons 
(rice), mosses and algae. Precursors from a plant 
species can be expressed in other plant species and 
effectively induce gene silencing. amiRNAs have 
the ability to silence a specific viral sequence. It was 
shown in a study that the majority of tobacco plants 
transformed with miR2b showed no abnormal 
phenotypes; and the plants expressed the highest 
miR2b indicated no viral symptoms and 
accumulation of Cucumber mosaic virus. On the 
contrary, plants with low miR2b levels were highly 
susceptible. It is speculated that miR2b copies were 
not sufficient to activate the host’s RNA silencing 
and suppress the viral infection (Qu and Fang, 2007; 
Pérez-Quintero and López, 2010). Compared to 
other methods, amiRNA-based silencing shows 
fewer environmental problems. The size of the 
transgene is relatively small and the risk of 
horizontal transfer of viral genes is therefore 
reduced. Production of new allergens or toxic 
proteins in transgenic plants is probably less (Pérez-
Quintero and López, 2010). amiRNA transgenes are 
often stable and remain active in the offsprings. 
amiRNAs have retained their activity up to 6 months 
and 500 generations in Chlamydomonas. Such 
advantages can make the amiRNAs as the best 

choice to produce transgenic resistant plants against 
viruses. amiRNAs can be designed for selectively 
silencing an allele or a certain form of a gene. The 
target sequence should be chosen from conserved 
parts of viral genomes, so that it can induce 
resistance to various viral strains. miRNA 
expression level is independent of temperature in 
Arabidopsis, but a number of reports suggest that 
miR2b expression in tobacco is lower at 15°C than 
25°C. The difference between Arabidopsis and 
tobacco may be due to the fact that Arabidopsis 
normally grows at 15°C, whereas this is different for 
tobacco. 
Expression of amiRNAs in plants will probably 
result in better protection against viral infections (Qu 
and Fang, 2007; Pérez-Quintero and López, 2010). 
 
Disadvantages 

Virus variants with minor differences in the target 
sequence are difficult to escape this type of silencing 
mechanism. Viral genomes evolve faster than plant 
miRNAs and viruses will be able to escape 
amiRNAs by mutations or deletions in target 
sequences. This is a barrier to the development of 
gene therapies for diseases. Point mutagenesis in 
viral target sequences has been occurred to escape 
this phenomenon in plant viruses (Plum pox 
potyvirus and Turnip mosaic virus). amiRNAs from 
several different sequences of a virus or even from 
multiple viruses, and preferably using highly 
conserved sequences might serve as a solution to 
overcome these problems. 

 
Conclusion 
 

amiRNA is a novel and effective technique to 
produce transgenic plants. This method can be 
applied to determine gene function with a very high 
speed and without the need for large populations or 
fully sequenced genomes. Advantages of this 
method include high specificity and lack of 
recombination with viral genomes (which 
significantly reduces biosafety risks). Another point 
is that amiRNA-mediated silencing can be stable at 
lower temperatures. Research on amiRNAs has also 
helped the development of other related methods, 
including ta-siRNA. amiRNAs can also be widely 
used in plant genetic engineering and provide an 
efficient mechanism with advantages such as 
stability, environmental safety and high specificity. 
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Abstract 

 
Human activin A is a member of the transforming growth factor-β superfamily consists of two similar beta subunits. 
Activin A is expressed by different cells and displays numerous biological activities such as control of neuronal cell 
proliferation and differentiation, promotion of neuronal survival in the body. Therefore, recombinant production of 
activin A is beneficial because it can be used to treat many neurodegenerative diseases such as Alzheimer's and 
Parkinson diseases. In this study E. coli as a cheap and fast-growing host was selected to produce recombinant human 
activin A. As cytoplasmic expression of human activin A with complex structure and disulfide bonds produces 
inclusion bodies, so periplasmic expression of it can be beneficial. Therefore, we used modified Iranian B. 
licheniformis α-amylase signal peptide as a new signal peptide in order to translocate the recombinant activin A 
through the inner membrane. In this study human pro-activin A cDNA and signal sequence were cloned in pET21b 
vector and resulting vector transformed into the two strains of E. coli BL21. SDS-PAGE and western blot techniques 
were used to confirm recombinant activin A expression. Finally, our results indicated that the signal peptide used in 
this study was effective for secretion of activin A into the periplasmic space of E. coli. 
 
Keywords: Activin A, modified α-amylase signal peptide, periplasmic expression 
 
 

Introduction1� 

 
Activins are members of the transforming growth 
factor β (TGF) super family. They are biologically 
active as dimmers. In mammalians, four isoforms of 
the activin β-subunit have been identified: βA, βB, 
βC and βE. Activin A is dimmer of A subunits 
(βAβA) that are linked together by disulfide bond. 
(Walton et al., 2012; Weiss and Attisano, 2013). 
Activin A participates in numerous physiological 
processes in the body, including cellular 
differentiation, apoptosis, metabolism, wound 
repair, maintenance and survival of the neurons, 
immune response; so, it can be used as a therapeutic 
agent besides many other growth factors (Chen et al., 
2006; Sulyok et al., 2004; Schubert et al., 1990). 
Because of its extensive biological roles, several 
mammalian cell line expression systems have been 
used in order to produce it as a recombinant protein 
(Cronin et al., 1998; Pangas and Woodruff, 2002). 
As these systems have several disadvantages, 
including cost, technical difficulties in maintenance 
of the transfected cell lines and relatively low yields, 
some have used other eukaryotic hosts such as pichia 

                                                 
*Corresponding author E-mail: hajihasan@ut.ac.ir  

pastoris in order to produce activins 
(Papakonstantinou et al., 2009).  
Escherichia coli (E. coli) is the most appropriate 
expression host for expression of many recombinant 
proteins because it has several advantages such as 
fast growth, cheap culture media, well-known 
genetics and many available commercial vectors. 
Therefore, in this work we used E. coli for 
expression of recombinant human activin A. The 
oxidative environment of periplasm of E. coli is 
suitable for expression of proteins with disulfide 
bonds because it contains chaperones and at least 
four enzymes called Dsb (disulfide bond formation) 
proteins which are involved in protein folding and 
disulfide bond formation (Choi and Lee, 2004; 
Berkmen, 2012). Generally, bacteria use different 
secretion systems to transport proteins to the 
periplasm. There are three main pathways for 
extracting protein from the cytoplasmic space in 
bacteria, Sec pathway, SRP dependent pathway and 
Tat pathway. Secretion in each of these pathways 
depends on the signal peptides, which are mainly 
located at the N-terminal of the protein (Natale et al., 
2008). In this study, we investigated the efficiency 
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of modified Iranian Bacillus Licheniformis α-
amylase signal peptide (m.I.B.L.α-amylase signal p) 
to secrete recombinant human activin A protein into 
the periplasmic space of E. coli. To do this, we 
cloned the signal sequence and cDNA of pro-activin 
A into the pET21b (+) expression vector and 
investigated the expression level. 
 
Materials and Methods 
 
Unless otherwise specified, all reagents were 
purchased from Merck Company (Germany). 
 
Bacterial strains, culture conditions and 
recombinant DNA technology 

The BL21(DE3) and BL21(DE3) plysS strains 
were used as the expression hosts and pET21b (+) 
(Novagene-USA) plasmid was used as expression 
vector throughout the experiments. The cDNA of 
human pro-activin A β subunit (Accession No. 
NM_002192) and Iranian B. licheniformis α-
amylase signal sequence (Accession No. 
AY842512) were obtained from NCBI gene bank. In 
order to increase the hydrophobicity of the signal 
peptide, one Met codon (ATG) was inserted between 
bases 39 and 40. The TopPred software was used to 
survey the hydrophobicity of the modified signal 
peptide. Then the fusion of modified signal sequence 
and pro-Activin A cDNA was synthesized by 
ShineGene company (China) and cloned using NdeI 
and EcoRI restriction enzymes (Fermentas-USA) 
into the pET21b (+) vector (Sambrook and Russel, 
2001). The resulting vector was individually 
transformed in E. coli host strains using heat shock 
procedure (Sambrook and Russel, 2001). The 
bacterial cells were grown in Luria-Bertani (LB) 
medium supplemented with 100 μg.ml-1ampicillin at 
37°C. 

In order to detect the colonies with h-pro-activin 
A coding sequence, after isolating recombinant 
clones on selective media, the plasmid DNA from 
each clone was extracted and analyzed by restriction 
mapping and sequence analysis. For the purification 
of plasmid DNA, alkaline lysate method was used 
(Sambrook and Russel, 2001). Double digestion of 
purified plasmid using appropriate restriction 
enzymes was used; in addition, recombinant clones 
were sequenced to confirm the insertion of the h-pro-
activin A gene into the vectors without any base 
deletion or substitution.  

 
Protein expression; Preparation of cytoplasmic 
and periplasmic proteins 
For gene expression, 1% dilution of an overnight 
culture of transformants was transferred into fresh 

LB medium and incubated at 30°C to an OD600nm of 
0.6-0.8. Gene expression was induced by addition of 
1 mM of isopropyl thio-β-D-galactoside (IPTG) to 
the bacterial media. The negative control test was 
carried out with the recombinant strain without 
adding inducer. The cells were grown for additional 
4 hours and harvested by centrifugation at 5000 g. 
To obtain periplasmic proteins, osmotic shock 
procedure with some modifications was used (Libby 
et al., 1987). Cytoplasmic proteins were obtained 
using urea 8M (Hajihassan et al., 2016). 

 
SDS-PAGE and immunoblot analysis 
Proteins were separated by 15% (w/v) sodium 
dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) under denaturing and reducing 
conditions (Laemmli, 1970). For western blotting, 
the proteins from gel were transferred onto a 
nitrocellulose membrane (Millipore-USA) (Demaio, 
1996) and membrane subsequently was treated with 
anti-human activin A monoclonal antibody (Abcam- 
UK; ab89307) with 1:1000 dilution in blocking 
buffer (PBS; 3% W/V skimmed milk). Peroxidase 
conjugated anti-mouse IgG (Sigma-USA; A9044) 
was added as a secondary antibody. 
 
Results and Discussion 
 
Construction of the pET21b::pro-Activin A 
expression vector 
Several working groups produce activin A in 
eukaryotic hosts such as insect cell lines (Cronin et 
al., 1998), CHO (Pangas and Woodruff, 2002) and 
Pichia pastoris (Papakonstantinou et al., 2009). In 
this work two strains of E. coli were used in order to 
produce activin A. As production of complex 
eukaryotic proteins such as activin A with multiple 
disulfide bonds in the oxidative environment of the 
periplasmic space where suitable chaperons are 
present is beneficial (Berkmen, 2012; Rosano and 
Ceccarelli, 2014), we produced activin A in the 
periplasm of E. coli. For effective translocation of 
the protein across plasma membrane, appropriate 
signal peptide is usually located at the N-terminal of 
the target protein. In this study with the aim of 
addressing the recombinant human pro-Activin A in 
the periplasmic space of E. coli a novel signal 
peptide, Iranian B. licheniformis α-amylase signal 
peptide, was used. Usually, signal peptides contain 
three general domains:  N-terminal domain with a 
net positive charge, a central hydrophobic region and 
a C-terminal region with the signal cleavage site. 
The data revealed that even natural signal peptides 
differ in production levels, depending on the type of 
recombinant protein fused to them (Low et al., 
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2013). Even more efficient signal peptides need to 
be developed. As increasing the hydrophobicity of 
the center region of the signal peptide improve 
translocation of recombinant protein towards the 
membrane and into the periplasmic space, in this 
study a methionine residue was inserted between 
proline and leucine residues in the I.B.l.α-amylase 
signal peptide (Sahdev, 2008). Figure 1 shows the 
coding sequence and amino acid composition of 
I.B.l.α-amylase signal peptide and m.I.B.l.α-
amylase signal peptide in comparison. The inserted 
Met residue is obvious in the figure. 
 

 
Figure 1. Amino acid composition (A) and sequence (B) 
of I.B.l.α-amylase signal peptide (Query) and m.I.B.l.α-
amylase signal peptide (sbjct) in comparison. One 
inserted Met (ATG) is underlined. The alignment was 
done using NCBI BLAST. 
 
After constructing the recombinant plasmid, it was 
moved into the BL21(DE3) and BL21(DE3) plysS 
strains of E.coli and a number of colonies in each 
case were isolated from selected media containing 
antibiotic. Plasmid DNA was isolated from the 
bacteria and restriction enzyme (RE) analysis was 
performed in order to release the signal p-pro-activin 
A insert with the size of 1320 bp (Figure 2). As 
shown in the figure (lane 2) double digestion with 
NdeI and EcoRI enzymes results two bands; one 
corresponds to the signal p-pro-activin A insert and 
the other corresponds to vector without insert. Also 
sequencing analysis using T7 terminator primer 
indicates the complete and correct insertion of the 
insert into the vector (data not shown here). The 
confirmed recombinant bacteria were subjected for 
subsequent expression analysis. 
 
Effects of modified Iranian B. licheniformis α-
amylase signal peptide on localization of Activin 
A 
Total protein patterns from the bacteria carrying 
recombinant plasmid after induction with IPTG were 
analyzed by dot blotting using specific anti-human 
activin A monoclonal antibody to evaluate the 
production of rhpro-activin A. The results revealed 
that proteins obtained from both strains of bacteria 
were reactive to anti-human activin A antibody; a 
strong dark color dot indicates reactivity with 

antibody (Figure 3A). Uninduced bacterial extracts 
(protein expression without induction with IPTG) in 
DE3 strain was also reactive to the antibody because 
of basal transcription (promoter leakage) (Tegel et 
al., 2011). 
 

 
Figure 2. Restriction enzyme analysis of h-activin A 
construct by agarose gel (1% W/V) electrophoresis. M: 
DNA Ladder (Fermentas-USA). Lane 1: recombinant 
pET21b::h-pro-activin A DNA without digestion. Lane 2: 
digestion of recombinant pET21b::pro-activin A with 
NdeI and EcoRI restriction enzymes. Lane 3 and 4 are 
digestion of recombinant pET21b::pro-activin A with 
NdeI or EcoRI. 
 
To analyze the efficiency of the signal peptide used 
in this study to secrete the pro-activin A into the 
periplasmic space, cellular fractionation (cytoplasm 
and periplasm) was carried out. SDS-PAGE and 
western blot experiments using anti-human activin A 
monoclonal antibody were done to analyze the 
protein patterns (Figure. 3B and C). Comparison of 
the periplasmic and cytoplasmic protein patterns in 
Figure 3 showed that both strains of bacteria 
harboring recombinant vectors secreted detectable 
amount of pro-activin A in their periplasms. It has to 
be noted that the two bands revealed in the western 
blot analysis are considered as processed and 
unprocessed forms of m.I.B.L.α-amylase signal p-
hpro-activin A protein (48 and 45 KDa). Results 
obtained in this study indicated the periplasmic 
production of activin A in BL21(DE3) and 
BL21(DE3) plysS strains of E. coli. However 
western blot results showed that the detectable 
amount of activin A is yet present in the cytoplasm 
of E. coli; so to improve the secretary efficiency, it 
is suggested that some other modifications are 
necessary for developing a better signal peptide.  
It is worth noting that the results of this study 
confirm the results presented by others about the 



Journal of Cell and Molecular Research (2018) 10 (1), 47-51 
  

50 
http://jcmr.fum.ac 

importance of the role of signal peptides in directing 
the target protein to the secretary machines in 
bacteria. Also, the results of this research and the 
results obtained by others indicated that the signal 
peptide optimization is usually necessary to achieve 
a high level of protein secretion (Han et al., 2017; 
Zamani et al., 2015; Low et al., 2013). There are 
many studies in this field. For example, Hajihassan 
and their coworkers showed that for periplasmic 
secretion of β.NGF in E. coli, DsbA signal peptide is 
the best choice (Hajihassan et al., 2016). In another 
study, Han and their coworkers used different 
natural and modified signal peptides to secrete the 
Alpha toxinH35L in E. coli. They showed that some 
modified signal peptide improved the yield of 
secreted Alpha toxinH35L by 3.5-fold (Han et al., 
2017).  
In conclusion, we introduce a novel and effective 
signal peptide to secrete the recombinant proteins to 
the periplasmic space of E. coli. 
 

 
Figure 3. Dot blot assay of total proteins extracted from 
recombinant bacteria using anti-human activin A 
monoclonal antibody (A). Dots 1-3 are total proteins 
extracted from (DE3) plysS bacteria. 1-3 are proteins of 
bacteria lacking recombinant pET21b plasmid, proteins of 
bacteria carrying pET21b plasmid but without induction 
with IPTG, proteins of bacteria carrying pET21b plasmid 
after 4 h induction with 1 mM of IPTG respectively. Dots 
4-6 are total proteins extracted from DE3 bacteria. 4-6 are 
proteins of bacteria lacking recombinant pET21b plasmid, 
proteins of bacteria carrying pET21b plasmid but without 
induction with IPTG, proteins of bacteria carrying 
pET21b plasmid after 4 h induction with 1 mM of IPTG 
respectively. M is commercial standard human activin A 
(Abcam- UK). SDS-PAGE (B) and western blot (C) 
analysis of the cytoplasmic and periplasmic protein 
patterns of recombinant bacteria carrying the pET21b::h-
activin A plasmid. Lanes 1 and 2 are the cytoplasmic and 
periplasmic proteins of (DE3) plysS bacteria; lanes 3 and 
4 are the cytoplasmic and periplasmic proteins of DE3 

bacteria respectively. M shows the protein size marker 
(Sigma-USA). Recombinant activin A (48 KDa) has been 
shown with arrow. 
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